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Summary

Dear Colleagues,

The unique properties imparted on molecules by fluorine substitution, continues to be the subject
of intense research as the products have widespread application in all areas of science. Incorporation of
fluorine can productively and unpredictably modulate several properties that interest medicinal chemists.
Selected drugs for the treatment of high cholesterol such as Lipitor R© by Pfizer, Crestor R© by AstraZeneca,
Zetia R© by Merck/Schering-Plough and Lescol R© by Novartis all of which contain one or more fluorine
atoms that increase metabolic stability, rank amongst the highest selling prescription drugs ever
developed. Without doubt every current drug discovery and development program includes and evaluates
fluorine-containing drug candidates. A one step 18F-labeling of peptides that contain a specific arene
group has emerged that is rapid and simple to perform for 18F PET (positron emission tomography)
an in vivo imaging technology for medical use has potential wide application. The synthesis of many
pharmaceuticals and agrochemicals with fluorine atoms or groups is closely dependent on the
development of new chemical methodologies by organic and industrial chemists. Monofluoroalkenes
are known as nonisomerable, nonhydrolyzable stable bioisosteres of amide bonds and recently published
highly enantio- and diastereoselective organocatalytic monofluorovinylations reactions have led to the
isolation of monofluorovinylated products. A practical methodology for the enatioselective a-fluorination
of ketene enolates has been optimized by the utilization of a three-component catalysis system provides
an array of a-fluorocarboxylic acid derivatives. A generally useful coupling protocol for copper-catalyzed
1H−perfluoroalkane arylation by aryl iodides allows ready access to a range of perfluoroalkyl substituted
aromatic compounds. Tetrafluoroethylene (TFE) is the organofluorine feedstock for the production of
poly-(tetrafluoroethylene)polymers that have many applications. The transformation of TFE to
a,b,b,-trifluorostyrenes via palladium-catalyzed coupling and arylzincs has been achieved in excellent
yields and paves the way to new fluorine-polymers. The deployment of a fluorine substituted conjugated
polymer in photovoltaic cells exhibited medium band gap yields above 7% attributed in part to the
increased hole mobility of the fluorinated polymer. Organo-fluorine chemistry has had an enormous
global impact on science and society, the fluorine fever continues to flourish and grow and we are
delighted that experts in this field have agreed to contribute their research achievements to this special
issue.

Dr. Helmut Martin Hügel
Guest Editor
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Abstract: The generated resist based defects on the template in addition to the presence of 

particles and contaminants is critical for ultraviolet curing of nanoimprint lithographic 

fabrication. This procedure is proven to be suitable for advanced resist material  

design under the process conditions. Nanoimprint resist material containing an  

ultraviolet reactive fluorine surfactant was developed to modify the fundamental surface  

interactions between resists and the template for defect reduction in nanoimprint  

patterning replication. The developed acrylate type nanoimprint resist material containing 

4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoro-2-hydroxyundecyl acrylate as an 

ultraviolet reactive fluorine surfactant, indicated excellent patterning dimensional accuracy 

by minimizing surface free energy, and having the effect of improving the generated resist 

based defect numbers on the template, with a 500 nm contact hole and 2 μm line patterns, 

in the replication of 20 nanoimprint process cycles. This desirable concept using an 

ultraviolet reactive fluorine surfactant with an acrylate group in the acrylate type 

nanoimprint resist material is one of the most promising processes ready to be incorporated 

into mass fabrication in the next generation of electronic devices. 

Keywords: ultraviolet reactive fluorine surfactant; nanoimprint lithography; resist; defect 

reduction; surface free energy 
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1. Introduction  

Heading towards mass fabrication for the next nano electronic devices, ultraviolet (UV) curing 

nanoimprint lithography is one option for the pattern generation of electronic circuits on wafers.  

In UV curing nanoimprint lithography, the mold of quartz or polymer is used as the template. The 

fluorinated alkyl silane as a fluorinated self assembled monolayer was coated on the template with one 

of the surface modification techniques in UV curing nanoimprint lithography. UV curing nanoimprint 

resist materials are dispensed as droplets on underlayer materials, and then are set with the template 

with low pressure. The nanoimprint resist materials fill the template and are then solidified by brief 

UV irradiation, forming the desired pattern. These processes are repeated across the wafer, similar to 

the step and repeat lithography process.  

UV curing nanoimprint lithography is a promising method recently used for next generation device 

manufacturing because it is of low production cost, high throughput and can be carried out at  

room temperature. In addition, UV curing nanoimprint lithography takes advantage of the synergetic 

effects of micro- to nano-sized patterns on various flexible substrates, three-dimensional patterns, 

direct patterns of metal, and develop-less patterning applications such as magnetic memory structures, 

organic light-emitting diodes, optical sensor devices, hybrid-laser system, biosensor devices, and 

biomedical nanospectrometer devices. 

UV curing nanoimprint lithography offers the opportunity to relax the very complex mask patterns 

by avoiding much of the sub-resolution assist features required for ArF lithography at a comparable 

design rule. In addition, in order to solve the cost issues using mass fabrication methods nanoimprint 

lithography was investigated in nanoelectronic devices [1]. In advanced electronic device applications 

using nanoimprint lithography, a UV curing glucose-based resist material from biomass was studied for 

environmental applicability with 65 nm dense line patterning [2]. A UV sensitive hard mask underlayer 

material with terminal methacrylate groups has been developed, in order to improve the generated  

resist peeling and contamination problem, when the template was removed from the resist after UV 

irradiation [3]. The formulation of advanced resist materials design of fluorinated silicon-based resist 

materials in the step and flash nano imprint lithography for the next generation was reported [4]. The 

thermal nanoimprint lithography for Au electrodeposition was demonstrated [5]. The shrinkage 

behaviors and elimination time of bubbles for different cavity sizes and resist thicknesses were 

investigated [6]. The direct patterning of low-dielectric constant (low-k) materials via nanoimprint 

lithography was evaluated [7]. 

However, the UV curing nanoimprint lithography in the mass fabrication of the next generation 

device manufacturing, faces a challenge because of the various kinds of defects, particles, and 

contaminants positioned between the nanoimprint resist material and the template Examples of which 

are resist peeling, dislocations, voids, and impurities. The defect inspections which focused on two key 

defect types of random non-fill defects occurring during the nanoimprint resist filling process  

together with repeater defects caused by interactions with particles on the substrate, were  

summarized [8]. The new proposed nanoimprint resist material design and the nano imprinting 

processing conditions were investigated to decrease the resist based defect number on the template, 

when the template was removed from the resist material after pressing the template into the resist 
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material [9]. Figure 1 shows the classic optical images of a dirty-template causing the generated resist 

based defects on the template in the repeatability of nanoimprint process cycles. 

Figure 1. Optical images of the generated resist based defects on the template in 

nanoimprint lithography. 

 

UV curing nanoimprint lithography requires the clean separation of a template from a nanoimprint 

resist material, and the force required to create this separation must be minimized to decrease the 

generated resist based defect number on the template. This problem of nanoimprint resist material on the 

template is critical for mass fabrication using UV curing nanoimprint lithography, when the template is 

removed from the nanoimprint resist material after pressing the template into the nanoimprint  

resist material.  

Therefore, the nanoimprint resist material containing a UV reactive fluorine surfactant was 

investigated to modify the fundamental surface interactions between nanoimprint resist material and 

template for defect reduction in nanoimprint patterning dimensional accuracy, by replication of imprint 

process cycles. The effect of reducing the defect numbers on the template with a 500 nm contact hole 

and 2 μm line patterns in the replication of nanoimprint process cycles was demonstrated and is 

discussed in terms of minimizing the surface free energy of nanoimprint resist material. 

2. Experimental Procedure 

2.1. UV Curing Nanoimprint Lithography 

It is essentially a stamping process, the nanoimprint lithography mechanically deforms a 

nanoimprint medium using a three-dimensional template with the desired pattern. The nanoimprint 

medium is then hardened to produce a negative of the template pattern. UV curing nanoimprint 

lithography was focused on in this study as the next generation process of choice for the mass fabrication 

of next generation device manufacturing. Figure 2 shows a schematic of the UV curing nanoimprint 

lithographic process cycles. The cycles were as follows: (1) The underlayer material TPU-UL (Toyama 

Prefectural University) is spin-coated on a substrate [9], and then the underlayer-coated substrate is 

prebaked at 200 °C for 2 min. The nanoimprint resist material containing a UV reactive fluorine 

surfactant was dispensed onto the underlayer-coated substrate. Total volume of nanoimprint resist 

material was 0.15 mL; (2) The template was pressed onto this nanoimprint resist material. The 

nanoimprint resist material filled thetemplate. To examine the effect of improving the issue of the 

50 μm 20 μm

3

G



Appl. Sci. 2012, 2                    

 

 

27

generated resist based defects on thetemplate in the replication of nanoimprint process cycles, the 

transparent quartz template with a 500 nm contact hole and 2 μm line patterns was prepared. The 

imprinting force was 17.4 N, and the template was pressed for 2 min; (3) Once the nanoimprint resist 

material completely filled the template patterns, it was exposed to UV irradiation through the template, 

activating a UV curing reaction to solidify the molded nanoimprint resist material. The UV irradiation 

was performed at an energy density of 3.48 J/cm2; (4) Finally, the template was separated from the 

polymerized nanoimprint resist material. The cycles were repeated across the wafer, similar to the 

step-and-repeat lithography processes. The UV curing nanoimprint lithography is repeatable, and the 

durable template is necessary. This is because the generated resist based defects limit the effectiveness 

of pattern transfer in nanoimprint process cycles. The template was cleaned before each test of the 

different nanoimprint resist material, and the optical microscope images on the template were 

examined every time. 

Figure 2. Schematic of process cycles in UV curing nanoimprint lithography: (1) deposition 

of resist droplets; (2) spreading of resist by nanoimprinting; (3) UV irradiation; and  

(4) template release. 

 

In order to obtain a better understanding of defect reduction on the template in nanoimprint patterning 

replication, the effect of an ultraviolet reactive fluorine surfactant, reacted with the main components in 

nanoimprint resist material, was evaluated using the above process cycles of UV curing nanoimprint 

lithography in this study.  

2.2. Nanoimprint Resist Material Containing a UV Reactive Fluorine Surfactant 

The properties of nanoimprint resist material include low viscosity, low vapor pressure, high 

sensitivity in UV irradiation, minimal film volumetric shrinkage during UV curing process, suitable 

mechanical strength, and suitable thermal stability. The low viscosity of the nanoimprint resist material 

is necessary to enable the dispense technique and the low pressure capillary fill process in UV curing 

nanoimprint lithography. The low vapor pressure of the nanoimprint resist material allows a smaller 

droplet size to be used in the dispense process, which increases the drop pattern resolution and volume 

(1) (2)

(4) (3)
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control, and improves the overall process throughput. The high sensitivity to UV irradiation was 

related to a fast UV curing rate, which enables an ambient temperature imprint process and improves 

the overall throughput in mass fabrication. The low film volumetric shrinkage of the nanoimprint resist 

material in the UV curing reaction is necessary to maintain both patterning dimensional accuracy and 

lithographic resolution in UV curing nanoimprint lithography, in order to prevent pattern distortions 

and crack formations during the UV curing reactions. The nanoimprint resist material needs to have 

suitable mechanical strength and thermal stability, to survive the environmental stress during the 

nanoimprint and etch processes. 

The chemical structures of the developed nanoimprint resist material containing a UV reactive 

fluorine surfactant are shown in Figure 3. Heptadecafluoro-2-hydroxyundecyl acrylate as a UV 

reactive fluorine surfactant was blended with tricylodecane dimethanol diacrylate as a bulk 

polymerizable organic monomer, dipentaerythritol polyacrylate-based composition as a UV 

crosslinker, and 2-hydroxy-2-methyl-1-phenylpropane-1-one as a photoinitiator. The bulk 

polymerizable organic monomers had low viscosity and can be rapidly polymerized. The UV 

crosslinker had the suitable mechanical strength and the thermal stability of the polymerized 

nanoimprint resist. The liquid photoinitiator needed to have a UV curing reaction. The nanoimprint 

resist materials are often formulated from the above process requirements with additional 

modifications tailored for the specific application. Table 1 shows the formulation of the prepared 

nanoimprint resist materials at three different weight ratios of heptadecafluoro-2-hydroxyundecyl 

acrylate; 9.0 wt% (sample name: TPULR9), 4.5 wt% (TPULR4.5), and 0 wt% (TPULR0). The 

resulting nanoimprint resist materials were filtered through an ultrahigh-molecular-weight 

polyethylene membrane filter having an average pore size of 50 nm. 

Figure 3. Chemical structures of the nanoimprint resist material containing a UV reactive 

fluorine surfactant: (a) heptadecafluoro-2-hydroxyundecyl acrylate; (b) tricylodecane 

dimethanol diacrylate; (c) dipentaerythritol polyacrylate-based composition; and  

(d) 2-hydroxy-2-methyl-1-phenylpropane-1-one. 
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Table 1. Formulation of the developed nanoimprint resist materials TPULR9, TPULR4.5, 
and TPULR0. 

Resist 
material 

Heptadecafluoro- 
2-hydroxyundecyl 

acrylate 

Tricylodecane 
dimethanol 
diacrylate 

Di-pentaerythritol 
polyacrylate 

2-Hydroxy-2-
methyl-1-phenyl- 

propane-1-one 

TPULR0 0 wt% 47 wt% 47 wt% 6.0 wt% 
TPULR4.5 4.5 45 45 5.5 
TPULR9 9 43 43 5 

The spin-on underlayer material with terminal methacrylate groups was developed to improve the 

dirty-template-causing resist pattern peeling and defect on the template due to stronger adhesion between 

the resist material and the underlayer, compared with that between the template and resist material [3]. 

The underlayer was then named as TPU-UL. 

2.3. Solvent Resistance of Nanoimprint Resist Materials 

In order to induce the anti-adhesion of the nanoimprint resist material to the template, the resistances 

of the above nanoimprint resist materials to the solvents were evaluated. In this procedure, the solutions of 

the above-mentioned solvent-diluted nanoimprint resist materials TPULR9, TPULR4.5, and  

TPULR0 were spun onto the prepared underlayer material TPU-UL at 2,500 rpm for 60 s and then  

UV-polymerized. UV polymerization was carried out by using a metal halide lamp system (Sun Energy, 

broad band targeted for the 365 nm peak, irradiation intensity: 58 mW/cm2, irradiation time: 40 s). The 

thicknesses of TPULR9, TPULR4.5, and TPULR0 were then measured using a thin film measurement 

system. Ethyl lactate was dispensed on the coated resist materials, and then kept for 120 s, followed by 

spin drying at 5,000 rpm for 60 s. The thickness of each resist layer was then re-measured. The amount 

of stripping was determined as the difference between the initial and final thicknesses of the resist 

layers. 

2.4. Surface Free Energy of Nanoimprint Resist Materials 

The surface free energy of nanoimprint resist materials is essential to prevent the generated resist 

based defects on the template when the template is removed from the nanoimprint resist material after 

pressing the template into the nanoimprint resist material. The surface free energies of TPULR9, 

TPULR4.5, and TPULR0 were calculated using the reported surface free energy components of  

water, n-hexadecane, and diiodomethane, together with the experimental contact angles of water,  

n-hexadecane, and diiodomethane on TPULR9, TPULR4.5, and TPULR0 layers. The following 

Equations (1), (2), and (3) were used, proposed by Owens [10] who extended the Fowkes concept [11].  

 
(1)

 (2)

(3)

γLሺ1 + cos θሻ = 2൫γSd ∙ γLd൯1/2 + 2൫γSp ∙ γLp൯1/2 + 2൫γSh ∙ γLh൯1/2 
γS = γSd+γSp+γSh  

γL = γLd+γLp+γLh

6
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In the criterion,  is surface free energy,  is the dispersive component,  is the polar 

component, and  is the hydrogen-bonded component of the liquid solvent.  is surface free energy 

of the solid nanoimprint resist materials,  is the dispersive component,  is the polar component, 

and  is the hydrogen-bonded component.  

In the contact angle measurement process, which enables the determination of the surface free 

energy, three types of solvents, water, n-hexadecane, and diiodomethane, were selected, and the 

surface free energy components were reported as shown in Table 2 [12]. 

Table 2. Surface free energy components of water, n-hexadecane, and diiodomethane:  

surface free energy, dispersive component,  polar component, and hydrogen-bonded 

component. 

Liquid     

Water 72.8 29.1 1.3 42.4 
n-Hexadecane 27.6 27.6 0.0 0.0 
Diiodomethane 50.8 46.8 4.0 0.0 

TPULR9, TPULR4.5, and TPULR0 were spin-coated onto the underlayer material TPU-UL at  

2,500 rpm for 60 s and then UV-polymerized. The contact angles of water, n-hexadecane, and 

diiodomethane on TPULR9, TPULR4.5, and TPULR0 layers were measured using a dynamic contact 

angle analyzer DropMaster500Z (Kyowa Interface Science) as follows (analysis method: θ/2 method, 

drop amount: 1.0 μL, measurement time after droping: 1.0 s).  

2.5. Film Volumetric Shrinkage During UV Curing Process 

Minimal film volumetric shrinkage during the UV curing process is one of the important criteria for 

developing the nanoimprint resist material. The amount of volumetric shrinkage was determined as the 

difference between the initial and final thicknesses in the UV curing process. TPULR9, TPULR4.5, 

and TPULR0 were spun onto the prepared underlayer material TPU-UL at 2,500 rpm for 60 s and then 

baked on a hotplate at 90 °C for 30 s. The thickness was then measured. UV polymerization was 

carried out by using a metal halide lamp system (Sun Energy, broad band targeted for the 365 nm 

peak, irradiation intensity: 58 mW/cm2, irradiation time: 40 s). The thickness was re-measured after the 

UV curing process. 

3. Results and Discussion  

3.1. Solvent Resistance of Nanoimprint Resist Materials 

TPULR9, TPULR4.5, and TPULR0 must have the UV polymerizable property and solvent 

resistance in order to achieve the excellent patterning dimensional accuracy. The evaluation of solvent 

resistance using ethyl lactate showed no detectable changes in film thickness, indicating that TPULR9, 

TPULR4.5, and TPULR0 do not significantly interact. It was obvious that TPULR9, TPULR4.5, and 

TPULR0 were polymerized on the basis of their solvent resistance. 

Lγ
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3.2. Effect of Surface Free Energy of Nanoimprint Resist Materials Containing a UV Reactive 

Fluorine Surfactant on Defect Reduction in Nanoimprint Patterning Replication 

Table 3 shows the calculated surface free energy components of TPULR9, TPULR4.5, and TPULR0 

with different concentrations of UV reactive fluorine surfactant.  

Table 3. Surface free energy components of TPULR9, TPULR4.5, and TPULR0. 

Resist material     

TPULR0 47 27 12 8.1 
TPULR4.5 20 16 3.6 0.1 
TPULR9 22 21 0.5 0.0 

The surface free energy of TPULR9, TPULR4.5, and TPULR0 were determined as 22,  

20 and 47, respectively. TPULR4.5 and TPULR9 containing 4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11, 

11-heptadecafluoro-2-hydroxyundecyl acrylate showed a better range of surface free energy than 

TPULR0. This was because the surface free energy in the nanoimprint resist materials was considered 

to be related to the rounding of sharp corners due to the surface free energy after the template was 

released from the surface of the nanoimprinted resist material on the template. Therefore, the  

reduction of the surface free energy in TPULR4.5 and TPULR9 was expected to lead to stronger  

anti-adhesion. The surface free energy and the components were related to the concentration of 

4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoro-2-hydroxyundecyl acrylate as shown in Table 1. 

The surface free energy and the components decreased generally as the concentration of the 

prepared UV reactive fluorine surfactant in the resist material increased. In the material combination of 

the developed resist TPULR4.5 and TPULR9 on underlayer TPU-UL, it was not possible to find the 

significant difference of surface energy value between 4.5 wt% and 9 wt%, as the concentration of the 

UV reactive fluorine surfactant increases more than 4.5 wt%. In order to investigate the cause of the 

observed relationship between surface energy value and materials, the influences such as UV cross-link 

reaction ratio, the surface energy value of the underlayer, phase separation, and micro-morphology 

were considered. The optimized concentration was found to be 4.5 wt%, in order to develop the new 

nanoimprint resist with great repeatability and durability of the nanoimprint processes. Therefore, 

TPULR4.5 was used in this study being acceptable for the evaluation of repeatability and durability of 

nanoimprint processes. 

3.3. UV Curing Nanoimprint Lithography 

The repeatable properties of producing lines and trenches with a 500 nm contact hole and 2 μm line 

patterns on the surface of TPU-UL were evaluated, to observe the effect of reducing the defect 

numbers on the template in the replication of nanoimprint process cycles. The same template was used 

to imprint TPULR4.5 and TPULR0 over 20 times. Figure 4 shows the optical microscope images of 

the template with a 500 nm contact hole and 2 μm line patterns in TPULR4.5 containing 

4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoro-2-hydroxyundecyl acrylate as a UV reactive 

fluorine surfactant and TPULR0. 
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Figure 4. Optical microscope images of (a) template and (b) nanoimprint resist material on 

underlayer with 500 nm contact hole and 2 μm line patterns. 

 
(a) 

 
(b) 

The resist patterns of the referenced TPULR0 without a UV reactive fluorine surfactant were  

non-imprinted after one imprint and almost part of the resist patterns was observed on the template. 

The template separation failure was considered to be due to the fact that the adhesion between 

TPULR0 and template was stronger compared with that between TPULR0 and the underlayer material 

TPU-UL, in the case of no approach to use a coated fluorinated self assembled monolayer on the 

surface of template.  

On the other hand, no noticeable changes on the template with a non-coated fluorinated self 

assembled monolayer after 20 nanoimprint process cycles were achieved by using the developed 

TPULR4.5 on TPU-UL. TPULR4.5 on TPU-UL indicated excellent patterning dimensional  

accuracy in the replication of 20 nanoimprint process cycles. Anti-adhesion was found between the 

template and TPULR4.5 containing a UV reactive fluorine surfactant. The nanoimprint lithography 

over 20 nanoimprint process cycle times can be expected to give good repeatability and durability.  

The surfactant 4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoro-2-hydroxyundecyl acrylate as a 

template release component included in TPULR4.5 was confirmed to be effective for the reduction of 

contamination and defect of nanoimprint resist material on the template,and thus as a clean separation 

technology for mass-production using UV curing nanoimprint lithography. It was also believed that 
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this approach to use the developed nanoimprint resist materials containing UV reactive fluorine 

surfactants, produced high fidelity replication by defect reduction, with a single polymeric material as 

a disposable nanoimprint template instead of quartz or silica templates. 

The common surface modification technique in nanoimprint lithography applied a fluorinated self 

assembled monolayer on the template. The fluorinated self assembled monolayer reacts with the free 

silanol groups on the surface of the quartz template in a condensation reaction to form a single layer of 

fluorinated alkyl chains. The treatment using a fluorinated self assembled monolayer is found  

to degrade after repeated nanoimprints, suggesting a breakdown or erosion of the fluorinated  

monolayer [13,14]. The used template surface in this study was not treated with a common fluorinated 

self assembled monolayer. Future study to reduce the defects generated from de-molding is expected; 

in addition to use of a common fluorinated self assembled monolayer on the template. 

3.4. Film Volumetric Shrinkage during UV Curing Process 

The experimental film volumetric shrinkages during the UV curing process in TPULR9, TPULR4.5, 

and TPULR0 were 9.2, 9.0 and 8.9%, respectively. The film volumetric shrinkages of the different 

nanoimprint resist materials have been investigated in the previous study [13]. The film volumetric 

shrinkages of mr-UVCur06 (Micro Resist Technology) with a liquid UV curing polymer system of low 

viscosity and high curing rate as a commercial nanoimprint material, and a second acrylate type resist 

consisting of n-butyl acrylate (27 wt%), isobornyl acrylate (50 wt%), ethylene glycol diacrylate 

(20 wt%), and 2-hydroxy-2-methyl-1-phenyl-1-propanone (3 wt%) were 8.3 and 9.0%, respectively.  

It was found that TPULR9, TPULR4.5, and TPULR0 had good shrinkage of film thickness, 

compared with the referenced resist materials. The bulky structure in tricylodecane dimethanol 

diacrylate was considered to be effective for minimizing film shrinkage. 

4. Conclusions 

The developed nanoimprint resist material containing a UV reactive fluorine surfactant as a 

template release component was successfully applied in UV curing nanoimprint lithography. The 

development of the nanoimprint resist material and the associated lithography enabled the patterning of 

a 500 nm contact hole and 2 μm lines on the underlayer over 20 nanoimprint process cycles. The 

optimized formulation and the surface free energy components of the nanoimprint resist material were 

considered to lead to the high anti-adhesion between template and the nanoimprint resist material. It 

was also shown that the nanoimprint process cycles could be performed using the same template, 

without the use of a fluorinated self assembled monolayer on the template as a common surface 

modification technique. 
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Abstract: Perfluorinated graded-index polymer optical fibers (PFGI-POFs), fabricated by 

replacing the hydrogen atoms of standard polymethyl methacrylate-based POFs with 

fluorine atoms, have been extensively studied due to their relatively low propagation loss 

even at telecommunication wavelength. Recently, Brillouin scattering, which is one of the 

most significant nonlinear effects in optical fibers, has been successfully observed in  

PFGI-POFs at 1.55-μm wavelength. The Brillouin Stokes signal was, however, not large 

enough for practical applications or for detailed investigations of the Brillouin properties. In 

this paper, we review our recent work on Stokes signal enhancement. First, we induce 

stimulated Brillouin scattering based on the so-called pump-probe technique, and discuss its 

applicability to temperature sensors. Then, we investigate the influence of the core diameter 

and length of PFGI-POFs on Stokes signal, and observe the Brillouin linewidth narrowing 

effect. We believe our work is an important technological step toward the implementation of 

practical Brillouin-based devices and systems including distributed strain and temperature 

sensors. 

Keywords: Brillouin scattering; Brillouin gain spectrum; perfluorinated graded-index 
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1. Introduction 

Polymer optical fibers (POFs) [1,2] have attracted considerable attention for the past several decades 

due to their extremely easy and cost-effective connection, high safety, and high flexibility [3] compared 

to conventional glass fibers. Therefore, in spite of their propagation loss being higher than that of silica 

glass fibers, POFs have been made use of in medium-range communication applications such as home 

networks and automobiles
 
[4] as well as in high-strain monitoring applications [3,5].  

On the other hand, Brillouin scattering in optical fibers [6,7], one of the most significant nonlinear 

processes, has been extensively studied, and a great number of useful applications have been reported so 

far, such as optical amplification [7], lasing [7,8], optical comb generation [8], microwave signal 

processing [9], slow light generation [10], phase conjugation [11], tunable delay [12], optical 

storage [13], core alignment of butt-coupling [14], and strain/temperature sensing [15–18]. For the 

purpose of improving the performance of these applications, Brillouin scattering has been investigated 

not only in silica single-mode fibers (SMFs) but also in some specialty fibers. They include, for example, 

silica multimode fibers (MMFs) [14], tellurite glass fibers [19,20], chalcogenide glass fibers [21,22], 

bismuth-oxide glass fibers [23,24], and photonic crystal fibers (PCFs) [25,26].  

Recently, we have succeeded in observing spontaneous Brillouin scattering (SpBS) in POFs, for the 

first time to the best of our knowledge, at the telecommunication wavelength of 1.55 μm [27,28], which 

will offer many advantages of POFs to the conventional Brillouin application fields. The POFs used in 

the experiment were cyclic transparent optical polymer (CYTOP)-based perfluorinated  

graded-index (PFGI-) POFs, which are fabricated by replacing the hydrogen atoms of standard 

polymethyl methacrylate (PMMA)-based POFs with fluorine atoms. Their detailed structure and 

fabrication method are well summarized in [29]. Their Brillouin gain coefficient was estimated to be 

approximately 3.09 × 10
−11

 m/W, which was almost the same as that of silica SMFs, indicating that 

Brillouin scattering in PFGI-POFs can be applied to a variety of practical devices and systems in the 

same way as Brillouin scattering in silica SMFs. We have also investigated the dependences of the 

Brillouin frequency shift (BFS) on strain and temperature in a PFGI-POF at 1.55 μm, and found that 

SpBS in PFGI-POFs can be potentially utilized to develop high-accuracy temperature sensors with 

reduced strain sensitivity [30]. Small Brillouin Stokes signal was, however, a major problem to be 

solved for practical future applications as well as for detailed investigations of the Brillouin gain 

spectrum (BGS). 

In this review, we summarize two methods to enhance the Brillouin Stokes signal. First, stimulated 

Brillouin scattering (SBS) is induced using the so-called pump-probe technique [31], and its 

applicability to temperature sensors is discussed. Second, the influence of the core diameter and length 

of the PFGI-POFs is investigated [32], which will be a good guideline for designing PFGI-POF 

structures suitable for future applications.  

2. Brillouin Scattering in Optical Fibers 

When a light beam is injected into a fiber under test (FUT), it interacts with acoustic phonons, 

generating backscattered light called Stokes light. This phenomenon is called SpBS. Since the phonons 

decay exponentially, the backscattered Brillouin light spectrum, known as BGS, takes the shape of 
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Lorentzian function with the bandwidth of several tens of MHz. If the power of the pump light is higher 

than the Brillouin threshold power Pth, the Stokes light caused by SpBS acts as a seed of stimulated 

scattering, and there occurs a transition from SpBS to SBS. As a result, the power of the Stokes light is 

drastically enhanced. Pth is given as [7] 

21 eff

th

B eff

b A
P

K g L
  (1)  

where b is the correction factor for multimode fibers [33], which can be treated as 2 when the numerical 

aperture (NA) is ~0.2; Aeff is the effective cross-sectional area, which is approximately in proportion to 

the core diameter for multimode fibers [34,35]; K is the polarization coefficient, which is 1, if 

polarization is maintained and 0.667 otherwise; gB is the Brillouin gain coefficient; and Leff is the 

effective fiber length defined as  

 1 expeffL L       (2)  

where α is the propagation loss and L is the fiber length. 

Both in SpBS and in SBS, the frequency where the peak power is obtained in the BGS is 

downshifted by several GHz from the incident light frequency, and the amount of this frequency shift is 

called BFS. In optical fibers, the BFS νB is given by [7] 

2 A
B

p

n v



  (3)  

where n is the refractive index, νA is the acoustic velocity in the fiber, λp is the wavelength of the 

incident pump light. If tensile strain is applied or temperature is changed in a standard silica SMF, the 

BFS moves to higher frequency in proportion to the applied strain (+580 MHz/%) [36] and the 

temperature change (+1.18 MHz/K) [37]. In some specialty fibers, such as tellurite glass fibers, it is 

known that the BFS moves to lower frequency with increasing applied strain (−230 MHz/%) [20] and 

temperature (−1.14 MHz/K) [24]. In both cases, we can derive the strain amplitude and temperature 

change by measuring the BFS in the fiber.  

3. Spontaneous Brillouin Scattering in PFGI-POFs 

A standard POF composed of PMMA
 
[1,2] is optimally designed for light transmission at 650 nm, 

with propagation loss of ~200 dB/km. Its loss at telecommunication wavelength is, however, so high 

(>> 1 × 10
5
 dB/km) that the Brillouin signal cannot be detected. In the meantime, in order to observe 

Brillouin scattering in a PMMA-based POF at 650 nm, we are required to prepare all the necessary 

optical devices at this wavelength, which are not easy from the viewpoint of availability and cost. 

Therefore, instead of PMMA-based POFs, we used PFGI-POFs with lower loss (~250 dB/km) even at 

1.55 μm, which is the optimal wavelength for long distance data transmission in silica optical fibers. 

Up to now, the spontaneous Brillouin scattering properties in a PFGI-POF with 120-μm core 

diameter have been investigated at 1.55 μm [27]. The BFS and the Brillouin linewidth were 2.83 GHz 

and 105 MHz, respectively. Using these values, the Brillouin gain coefficient was calculated to be  

3.09 × 10
−11

 m/W, which is almost the same as that of standard silica SMFs and higher than that of silica 
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GI-MMFs. Here, we should bear in mind that the actual Brillouin gain coefficient may be higher than 

this value due to the multimode nature of the PFGI-POF. The Brillouin threshold power of a  

100-m PFGI-POF was estimated to be as high as 24 W, and the Stokes signal was not sufficiently large 

to be applied to practical devices and systems. 

The BFS dependences on strain and temperature in a 5-m PFGI-POF have also been investigated at 

1.55 μm [30]. They showed negative dependences with coefficients of −121.8 MHz/% and 

−4.09 MHz/K, respectively, which are −0.2 and −3.5 times as large as those in silica fibers. These BFS 

dependences were found to originate from the dependences of the Young’s modulus on strain and 

temperature. Thus, Brillouin scattering in PFGI-POFs has a big potential for high-accuracy temperature 

sensing with reduced strain sensitivity. 

4. Enhancement of Brillouin Stokes Signal (I): Induction of Stimulated Scattering 

In this Section, we describe the observation of SBS in a PFGI-POF with 120-μm core diameter at 

1.55 μm with pump-probe technique [31]. The BGS is detected with extremely high S/N ratio, even 

with a 1-m PFGI-POF, scrambled polarization state, and no averaging. We also investigate the BGS 

dependences on probe power and temperature, and confirm that SBS in a PFGI-POF measured with this 

technique can be utilized to develop high-accuracy temperature sensors as well. 

4.1. Motivation and Principle 

The Brillouin scattering in PFGI-POFs observed in the previous experimental setup [27,28] was not 

stimulated but spontaneous, because the Brillouin threshold of PFGI-POFs was estimated to be as high 

as 24 W, as already described in Section 3. Consequently, the power of the reflected Stokes light was so 

low that we had to face the following four problems: (1) a PFGI-POF longer than several meters was 

required, (2) the polarization state had to be optimized, (3) averaging of the spectral data had to be 

conducted several tens of times, and (4) signal-to-noise (S/N) ratio of the BGS was quite low, even 

when (1), (2), and (3) were cleared. In order to implement practical Brillouin sensors and other systems 

using PFGI-POFs, these problems need to be resolved. 

One solution is to employ so-called pump-probe technique. As described in Section 2, when the 

pump power is higher than the Brillouin threshold, a transition from SpBS to SBS occurs, leading to 

drastic enhancement of the Stokes light. On the other hand, when probe light at the same frequency as 

the Stokes light is also injected into the other end of the FUT, SBS is induced even when the power of 

the pump light is much lower than the Brillouin threshold, because the probe light itself acts as a seed of 

stimulated scattering [38]. This technique, called pump-probe technique, has been used to develop 

Brillouin systems with high S/N ratio [17]. 

4.2. Experimental Setup 

The FUT used in the experiment was a 1-m PFGI-POF (Asahi Glass Co., Ltd., 2009) with a core 

diameter of 120 μm, NA of 0.185, a core refractive index of ~1.35, and propagation loss of 

~250 dB/km at 1.55 μm (manufacturer’s specifications). The experimental setup is schematically shown 

in Figure 1, which is similar to that of Brillouin optical correlation-domain analysis (BOCDA) [16,17]. 
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The light beam from a 1550-nm three-electrode laser diode (LD) was divided into two. One was used as 

the pump light, after being chopped with an intensity modulator (IM) for lock-in detection and being 

amplified with an erbium-doped fiber amplifier (EDFA). The other was used as the probe light, after 

passing two EDFAs, a single-sideband modulator (SSBM), and a polarization scrambler (PSCR). The 

SSBM was employed with a microwave generator (MG) and a proper DC bias control to suppress the 

carrier (pump) and the anti-Stokes component of the two first-order sidebands and to maintain a stable 

frequency downshift from the pump light. This frequency downshift was swept from 2.5 GHz to 

3.5 GHz with a period of 300 ms to obtain the BGS of the PFGI-POF, which is observed approximately 

at 2.8 GHz. The suppression ratio of the other frequency components was kept higher than 25 dB, as 

shown in Figure 2.  

Figure 1. Experimental setup for observing stimulated Brillouin scattering (SBS) in 

perfluorinated graded-index polymer optical fibers (PFGI-POFs) with pump-probe 

technique: LD, laser diode; EDFA, erbium-doped fiber amplifier; FG, function generator; 

FUT, fiber under test; IM, intensity modulator; ISO, isolator; LI-A, lock-in amplifier; MG, 

microwave generator; OSC, oscilloscope; PD, photo-detector; POF, polymer optical fiber; 

PSCR: polarization scrambler; SSBM, single-sideband modulator; VOA, variable optical 

attenuator. 

 

Figure 2. Measured optical spectrum of the SSBM output when the frequency of the MG 

was set to 2.83 GHz. 

 

The PSCR, which can modulate the polarization state at 1 MHz, was inserted to suppress the 

polarization-dependent fluctuations of the signal. The PFGI-POF and the silica SMFs were butt-coupled [27] 

with the gaps filled with index matching oil (n = 1.46) to minimize the Fresnel reflection. The Stokes 
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light was adjusted in power with a variable optical attenuator (VOA), and converted to an electrical 

signal with a 125-MHz photo-detector (PD). After passing a lock-in amplifier (LI-A) with a chopping 

frequency of 5.018 MHz and a time constant of 10 ms, the electrical signal was observed as a BGS with 

an oscilloscope (OSC) synchronized with the frequency sweep of the SSBM. 

4.3. Experimental Results 

Figure 3 shows the measured BGS without averaging when the pump power and the probe power 

were 23 dBm and 22 dBm, respectively. The power was normalized so that the peak power was 1.0. 

Although the PFGI-POF length was only 1 m and the polarization state was scrambled, the BGS was 

observed with much higher S/N ratio than that previously reported [30]. The BFS was 2.86 GHz, which 

is slightly higher than the previously reported value of 2.83 GHz [27]. This discrepancy seems to 

originate from the difference in temperature and the time constant of the LI-A which is not short 

enough. The 3-dB bandwidth of the BGS measured in this experiment was about 160 MHz, but further 

research is needed on the bandwidth because it is also dependent on the time constant of the LI-A (Note 

that, when the time constant was shorter than 10 ms, the BGS was distorted). 

Figure 3. BGS in PFGI-POF observed without averaging. 

 

Figure 4 shows the dependence of the BGS on probe power when the pump power was fixed at  

23 dBm. The probe power was reduced from 22 dBm down to 6 dBm, and averaging was conducted  

30 times for the observable readout when the Stokes power was very low. As the probe power 

decreased, the Stokes power also decreased, which proves that this BGS is caused by the interaction 

between the pump light and the probe light, i.e., SBS. 

Figure 4. Dependence of BGS on probe power in PFGI-POF. 

 

17

G



Appl. Sci. 2012, 2              

 

 

52 

The dependence of the BGS on temperature was also measured as shown in Figure 5(a). The pump 

power and the probe power were 23 dBm and 22 dBm, respectively, and averaging was conducted 

30 times. The temperature was set to 20, 40, and 60 °C. With the increasing temperature, the BGS 

shifted toward lower frequency. The temperature dependence of the BFS is shown in Figure 5(b). The 

slope of −4.05 MHz/K is in good agreement with the previous report [30], which confirms that the BGS 

in a PFGI-POF observed with the pump-probe technique can be applied to high-accuracy temperature 

sensing. 

Figure 5. Dependence of (a) BGS and (b) BFS on temperature in PFGI-POF. 

  

(a)           (b) 

4.4. Summary 

The SBS in a PFGI-POF was successfully observed at 1.55 μm with pump-probe technique.  

We detected the BGS with extremely high S/N ratio, even with a 1-m PFGI-POF, scrambled 

polarization state, and no averaging. We also investigated the BGS dependence on probe power, which 

proved that the measured BGS was caused not by SpBS but by SBS. Besides, we measured the BGS 

dependence on temperature, showing that BGS in a PFGI-POF observed with this technique can be 

applied to temperature sensing with high accuracy. We are sure that use of SBS with large Stokes signal 

will be indispensable in developing Brillouin-based distributed temperature/strain sensing systems using 

PFGI-POFs. 

5. Enhancement of Brillouin Stokes Signal (II): Influence of Core Diameter and Fiber Length  

In this Section, we describe the characterization on the BGS in PFGI-POFs with 62.5-μm core 

diameter [32]. First, using 5-m PFGI-POFs, we show that extremely high Stokes power can be obtained 

compared to that of a PFGI-POF with 120-μm core, and estimate the Brillouin threshold power to be 

53.3 W. Then, we experimentally show that using a PFGI-POF longer than ~50 m is not an effective 

way to enhance the Stokes signal. We also theoretically predict that it is difficult to decrease the 

Brillouin threshold power of PFGI-POFs at 1.55-μm wavelength down to that of km-order-long silica 

SMFs even when their core diameter is sufficiently reduced to satisfy the single-mode condition. Finally, 

we investigate the Brillouin linewidth as a function of pump power, and confirm the linewidth narrowing 

effect. 
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5.1. Motivation 

As described in Section 3, the power of the SpBS Stokes light generated in the PFGI-POFs with 

120-μm core diameter was quite low, and it needs to be enhanced for detailed investigations of the 

BGS [39] including the linewidth narrowing effect. Since the BGS observed with the pump-probe 

technique described in Section 4 is easily influenced by the time constant of lock-in detection, detailed 

evaluation of its linewidth was not feasible. Another approach to enhance the Stokes signal is to make 

use of PFGI-POFs with core diameters smaller than 120 μm. Although PFGI-POFs with 62.5-μm core 

diameter have become commercially available very recently (Sekisui Chemical Co., Ltd., 2011), no 

study has been reported on their Brillouin scattering properties. Therefore, in this Section, we 

characterize the BGS in PFGI-POFs with 62.5-μm core diameter. 

5.2. Experimental Setup 

Irrespective of the length and the core diameter, PFGI-POFs used in the experiment had NA of 0.185, 

a core refractive index of ~1.35, and propagation loss of ~250 dB/km at 1.55 μm. The experimental 

setup was basically the same as that previously reported in [27], where the BGS can be observed with 

high resolution by heterodyne detection. A distributed-feedback laser diode (DFB-LD) at 1,547 nm was 

used as a light source. One end of the PFGI-POF to be measured was optically  

butt-coupled to the silica SMF, and the other end was kept open. 

5.3. Effects of Small Core Diameters 

Figure 6 shows the measured BGS of a 5-m PFGI-POF with 62.5-μm core at pump power Pin of 5, 

10, 15, and 20 dBm. The polarization state optimized for Pin of 20 dBm was employed for all the 

measurements. The center frequency of the BGS, i.e., the BFS, was approximately 2.81 GHz, which is 

slightly lower than previously-reported value of 2.83 GHz [27] due to the difference in room 

temperature [30]. Even when Pin was as low as 5 dBm, small but clear BGS was observed.  

Figure 6. BGS dependence on pump power Pin. 

 

Figure 7 shows the Pin dependences of the relative Stokes power, when 5-m PFGI-POFs with core 

diameters of 62.5 μm and 120 μm (Asahi Glass Co., Ltd., 2009) were employed. The reference power 

was set to about −63 dBm, which is the Stokes power when Pin is sufficiently low. The dependence 
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curve of the PFGI-POF with 62.5-μm core was about 10 dB lower in pump power than that with  

120-μm core, which indicates that, even at the same pump power, we can largely enhance the Stokes 

signal by using a PFGI-POF with a smaller core diameter. 

Figure 7. Relative Stokes power as a function of pump power; comparison between  

PFGI-POFs with 62.5-μm and 120-μm core diameters. 

 

One of the reasons for the 10-dB curve shift is the difference in Brillouin threshold power Pth. By 

substituting into Equations (1) and (2) the values of b = 2 [33], K = 0.667 [7], gB = 3.09 × 10
−11

 m/W [27],  

α = 0.056 /m (= 250 dB/km), and L = 5 m, Pth of the PFGI-POF with 120-μm core (Aeff = 209 μm
2
 

[40]) was calculated to be 97.7 W. On the other hand, Pth of the PFGI-POF with 62.5-μm core  

(Aeff = 108.9 μm
2
) was calculated to be 53.3 W, which is lower than 97.7 W by 2.63 dB. Thus, the 

curve shift observed in Figure 7 can be partially explained by the difference in Pth, but its amount of 

10 dB is much larger than the calculated value. 

Another reason for the curve shift is the improvement of optical coupling efficiency at the butt 

coupling when the Stokes light generated in the PFGI-POF propagates back and is injected into the 

SMF. Although, due to the unstable core alignment and the rough surface of the PFGI-POF, it is 

difficult to measure the coupling loss accurately, we confirmed that the loss with the PFGI-POF with 

62.5-μm core was several dB lower than that with 120-μm core. This fact, along with the difference in 

internal structure designed by different manufacturers, moderately explains the 10-dB curve shift. 

5.4. Effects of Long Fiber Length 

According to Equations (1) and (2), to employ long PFGI-POFs is another way to reduce Pth and to 

enhance the Stokes signal. Figure 8 shows the measured BGS of 80-m and 200-m PFGI-POFs with 

62.5-μm core at Pin of 5, 10, 15, and 20 dBm. Much larger Stokes signals (~7 dB higher at Pin of  

20 dBm) than those of the 5-m PFGI-POF shown in Figure 6 were observed. 

There was, however, almost no difference between the BGS of the 80-m PFGI-POF and that of the 

200-m PFGI-POF, only with a slight discrepancy of the BFS caused by the room-temperature difference. 

This means that the incident light is considerably attenuated after propagation for 80 m in the PFGI-

POF. In order to estimate this effect quantitatively, the effective PFGI-POF length Leff was plotted as a 

function of actual length L as shown in Figure 9, where Leff gradually approaches 18 m  
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(Pth ~ 13 W) with the increasing L. Thus, we proved that employing a PFGI-POF longer than ~50 m is 

not an effective way to enhance the Stokes signal at 1.55 μm. 

Figure 8. BGS dependence on pump power Pin; comparison between 80-m PFGI-POF 

(solid line) and 200-m PFGI-POF (dotted line). 

 

Figure 9. Calculated effective fiber length vs. fiber length. 

 

According to Equations (1) and (2), as the core diameter decreases, the Brillouin threshold Pth also 

becomes lower. When Pin is higher than Pth, SBS is induced and consequently the Stokes signal is 

exponentially enhanced [7]. Here, under the rough assumption that the multimode nature, NA, 

refractive index, and loss do not change with core diameters, we calculated Pth of a 50-m PFGI-POF 

with 10-μm core diameter (hypothetical; Aeff = 17.4 μm
2
) to be 2.22 W (= 33.5 dBm). This value is 

more than one order magnitude higher than the pump power of several tens to hundreds of mW 

commonly used in BGS characterization in silica SMFs [39]. Even when the PFGI-POF is treated as an 

SMF (i.e., b = 1 [7] but Aeff becomes larger [35] in Equation (1)), this difference cannot be 

compensated. Thus, it seems to be difficult to reduce Pth of PFGI-POFs down to the same level of that 

of long silica SMFs by decreasing the core diameter, which is due to the limited effective length of  

18 m associated with the high propagation loss at 1.55 μm. 
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5.5. Brillouin Linewidth Narrowing Effect 

Although the Brillouin linewidth of a PFGI-POF has been reported to be 105 MHz at Pin of 20 dBm 

in [27], detailed investigations were difficult because the Stokes power was extremely low. Here, by 

making use of the enhanced Stokes power, we investigated the Brillouin linewidth dependence on Pin. 

Figure 10(a) shows the measured BGS of the 200-m PFGI-POF with 62.5-μm core at Pin of 14.5, 

17.5, and 23.5 dBm, where the Stokes power is normalized so that the maximum power is 0 dB.  

Figure 10(b) shows the Brillouin linewidth dependence on Pin. From these figures, we can see that, with 

the increasing Pin, the 3-dB linewidth of the BGS decreases, but that its slope gradually becomes small. 

This behavior agrees well with the experiment and theory of the linewidth narrowing effect in  

silica-based SMFs [39]. 

Figure 10. (a) Normalized BGS at pump power of 14.5, 17.5, and 23.5 dBm. (b) Brillouin 

linewidth vs. pump power. 

  

(a)          (b) 

5.6. Summary 

The BGS properties of PFGI-POFs with 62.5-μm core diameter were investigated. The Stokes 

power was extremely high compared to that of a PFGI-POF with 120-μm core, and the Brillouin 

threshold power for 5-m PFGI-POF was estimated to be 53.3 W. It was also shown that employing a 

PFGI-POF longer than ~50 m is not an effective way to enhance the Stokes signal. In addition, it was 

theoretically found that it is difficult to reduce the Brillouin threshold power of PFGI-POFs at 1.55-μm 

wavelength below that of long silica SMFs even if their core diameter is sufficiently decreased to satisfy 

the single-mode condition. Finally, the Brillouin linewidth narrowing effect was confirmed. These results 

will be a good guideline for developing practical Brillouin systems using PFGI-POFs as well as for 

designing new PFGI-POF structures for Brillouin applications in future. 

6. Conclusions 

We reviewed two methods of enhancing the Brillouin Stokes signal in PFGI-POFs for future 

practical applications as well as for detailed investigations of the BGS. 
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In the first half of this paper, using an experimental setup similar to BOCDA system [16,17] based on 

the pump-probe technique, SBS in a PFGI-POF with 120-μm core diameter was, for the first time, 

observed at 1.55 μm. The BGS was detected with extremely high S/N ratio, even with a 1-m  

PFGI-POF, scrambled polarization state, and no averaging. We also investigated the BGS dependences 

on probe power and temperature, and confirmed that SBS in a PFGI-POF measured with this technique 

can also be utilized to develop high-accuracy temperature sensors. 

In the latter half, the influence of the core diameter and fiber length on the Stokes signal was 

investigated by use of PFGI-POFs with 62.5-μm core diameter. First, using 5-m PFGI-POFs, we 

showed that extremely high Stokes power can be obtained compared to that of a PFGI-POF with  

120-μm core, and estimated the Brillouin threshold power to be 53.3 W. Then, we experimentally 

showed that using a PFGI-POF longer than ~50 m is not an effective way to enhance the Stokes signal. 

We also theoretically predicted that it is difficult to decrease the Brillouin threshold power of  

PFGI-POFs at 1.55-μm wavelength down to that of km-order-long silica SMFs even when their core 

diameter is sufficiently reduced to satisfy the single-mode condition. Finally, we investigated the 

Brillouin linewidth as a function of pump power, and confirmed the linewidth narrowing effect. 

Thus, the Brillouin Stokes signal has been drastically enhanced. It is also natural to predict that the 

Stokes signal will be further enhanced if we induce SBS by pump-probe technique using PFGI-POFs 

with 62.5-μm core diameter or less. Therefore, we are sure that the first demonstration of distributed 

temperature sensing based on Brillouin scattering in PFGI-POFs will be possibly carried out in the near 

future, based on optical correlation-, time-, or frequency-domain technology. We believe our work to be 

a significant technological step toward the implementation of such sensing systems and other POF-

Brillouin devices. 
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Abstract: Several fluorinated and trifluoromethylated indanone, tetralone and naphthone 

derivatives have been prepared via Claisen condensations and selective fluorinations in 

yields ranging from 22–60%. In addition, we report the synthesis of new, selectively 

fluorinated bindones in yields ranging from 72–92%. Of particular interest is the 

fluorination and trifluoroacetylation regiochemistry observed in these fluorinated products. 

We also note unusual transformations including a novel one pot, dual trifluoroacetylation, 

trifluoroacetylnaphthone synthesis via a deacetylation as well as an acetyl-trifluoroacetyl 

group exchange. Solid-state structural features exhibited by these compounds were 

investigated using crystallographic methods. Crystallographic results, supported by 

spectroscopic data, show that trifluoroacetylated ketones prefer a chelated cis-enol form 

whereas fluorinated bindone products exist primarily as the cross-conjugated triketo form.  
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1. Introduction 

Molecules which have medicinal, industrial and herbicidal properties are of continued interest to the 

pharmaceutical, chemical and agrochemical communities. For example, indanone derivatives have 

anticoagulant properties and are used in elaborating latent fingerprints, bindone variants comprise 

components of near infrared dyes while certain tetralones and naphthones, ketones similar in structure to 

those shown in Figure 1, have demonstrated bioactive properties [1–6]. Since bioactivity is known to be 

enhanced in many classes of fluorinated molecules [3,7], it is desirous to prepare fluorine-containing 

molecules with similar architecture and gain a better understanding of their structure-property 

relationships. 

Figure 1. Medicinally and industrially important ketones. 

 

Previously, we reported the preparation and structure-property relationships of acyclic fluorinated 

and trifluoromethylated β-diketones, precursors to a variety of heterocyclic molecules [8–10]. While 

the syntheses and properties of these molecules have been investigated thoroughly, the preparation and 

study of selectively fluorinated, cyclic ketones containing the structural features of the molecules 

depicted in Figure 1 remains relatively limited [11].  

The molecules of interest in this study, shown in Scheme 1, provide this sort of molecular architecture. 

This paper addresses the design and synthetic approach to prepare these novel molecules, the interesting 

synthetic results and the unique solid-state structural features that differentiate these molecules. 

Scheme 1. Synthesis of fluorinated ketones. 
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Scheme 1. Cont. 

 
Conditions: i. 1.1 eq Selectfluor®, MeCN, reflux, 10 h; ii. 1.5 eq Selectfluor®, MeCN, RT, 18–30 h; iii. H2SO4, 

MeOH, reflux, 24 h; iv. 1.1 eq Selectfluor®, MeCN, reflux, 16 h; v. CF3CO2Et, NaOMe, Et2O, rt, 18 h; vi. (1) 

3.0 eq LDA, Et2O, 0 °C; (2) 2 eq CF3CO2Et, 0 °C→rt, 24 h; (3) 2 eq CF3CO2Et.  

2. Experimental Section  

2.1. Chemicals 

All chemicals were obtained from the Aldrich Chemical Company, Eastman Kodak, or Fisher 

Chemical Company. All solvents (spectrophotometric grade) and starting materials were checked for 

purity by mass spectrometry prior to use. 

2.2. Instrumentation 

Melting points were obtained on a Mel-Temp melting point apparatus and are uncorrected. NMR 

data were collected using a Varian VXR-200 spectrometer with a broad band probe operating at  

200.0 MHz for 1H, 188.2 MHz for 19F and 50.3 MHz for 13C, and/or a Brüker Avance 300 

spectrometer operating at 300.0 MHz for 1H, 282.0 MHz for 19F and 75.4 MHz for 13C. Unless 

otherwise noted, CDCl3 was used as the solvent and internal standard for 1H and 13C NMR 

experiments while CFCl3 served as the internal standard for 19F NMR experiments. All X-ray 

measurements were made on a Bruker-Nonius X8 Apex2 diffractometer. See the appendix for 

complete crystallographic experimental details. 
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2.3. General Procedure for the Preparation of Trifluoromethyl-β–Diketones and Triketones [12]  

A 100 mL round bottom flask equipped with a magnetic stirrer is charged with 50 mL diethyl ether 

and 60 mmol of sodium methoxide is added slowly. Then, 1eq (60 mmol) of trifluoromethyl ethyl 

acetate is added dropwise slowly while stirring. After 5 minutes, 1eq (60 mmol) of the ketone is added 

dropwise and stirred overnight at room temperature under a calcium chloride drying tube. The resulting 

solution is evaporated to dryness under reduced pressure and the solid residue dissolved in 30 mL 3M 

sulfuric acid. This solution is extracted with ether, and the organic layer dried over Na2SO4. The solvent 

is evaporated under reduced pressure and the crude diketone purified by radial chromatography. 

2.4. General Procedure for the Preparation of Selectively Fluorinated Ketones [10,13] 

A 100 mL round bottom flask equipped with a magnetic stirrer is charged with 40 mL CH3CN and 

the ketone (1 eq: 1–10 mmol). Then, Selectfluor® (1–3 eq (3–30 mmol)) dissolved in 30 mL CH3CN is 

added slowly while stirring. The solution is either allowed to stir at room temperature or refluxed as 

required. Times range from 10–30 h. The resulting solution is evaporated to dryness under reduced 

pressure and the solid residue taken up in distilled water. This solution is extracted with CH2Cl2, and 

the organic layer dried over Na2SO4. The solvent is evaporated under reduced pressure and the crude 

fluorinated ketone purified by radial chromatography. 

2-fluoro-1,3-indanedione (1b). This compound was obtained in 60% yield as pale yellow crystals 

(EtOH), m.p. 97–99 °C lit [14] (m.p. 96–98 °C). NMR: 1H: δ 5.4 (d, 1JH-F = 51.0 Hz, 1H), 7.65–8.22  

(m, 4H). 13C: δ 90.1 (d, 1JC-F = 211.2 Hz, CF), 125.3, 138.9, 141.9, 193.5 (d, 2JC-F = 24.0 Hz, C-CF). 
19F: δ −207.3 (d, 1JF-H = 51.1 Hz, 1F). HRMS (ESI+) Calcd. for C9H5FO2: 164.02740. Found: 

164.027580. 

2,2-difluoro-1,3-indanedione (1c). This compound was obtained in 60% yield from fluorination of 

1b as described in the general procedure above as yellowish-brown crystals (EtOH), m.p. 116–117 °C, 

lit [15] (m.p. 117–118 °C). NMR: 1H: δ 8.0–8.15 (m, 4H). 13C: δ 104.0 (t, 1JC-F = 264 Hz, CF2), 128.8, 

138.2, 139.3 (t, 3JC-F = 4.3 Hz), 185.8(t, 2JC-F = 24.0Hz, C-CF2). 
19F: δ −125.9 (s, 2F). 

[Δ1,2'-Biindan]-1',3,3'-trione (1d). This compound was obtained in 72% yield as orange crystals 

(EtOH), m.p. 207–209 °C, lit [16] (m.p. 205–208 °C). NMR: 1H: δ 4.17 (s, 2H), 7.74–8.04 (m, 8H), 

9.50 (d, J = 7.8 Hz, 1H). 13C: δ 43.4, 123.0, 123.4, 123.5, 125.8, 131.7, 134.2, 135.3, 135.4, 140.4, 

141.2, 141.6, 145.9, 155.4, 189.5, 191.0, 201.2.  

[Δ1,2'-Biindan]-2-fluoro-1',3,3'-trione (1e). This compound was obtained was obtained in 85% 

yield from fluorination of 1d as described in the general procedure above as orange crystals (EtOH), 

m.p. 165–168 °C (dec). NMR: 1H: δ 6.45 (d, 1JH-F = 46.1 Hz, 1H), 7.75–8.20 (m, 7H), 9.50  

(d, J = 7.7 Hz, 1H). 13C: δ 70.8 (d, 1JC-F = 194 Hz, CF), 125.4, 126.6, 129.3, 130.1, 132.0, 137.7, 138.5, 

166.3, 189.3, 191.2, 204.1 (d, 2JC-F = 24 Hz, C-CF). 19F: δ −182.4 (d, 1JF-H = 46.0 Hz, 1F). Analysis 

calcd for C18H9FO3: C, 73.97, H, 3.10. Found: C, 74.06, H, 3.21.  

2-fluoro-2-(2’-fluoro-3'-oxoindenyl)-1,3-indanedione (1f). This compound was obtained in 92% 

yield from fluorination of 1e as described in the general procedure above as yellow crystals (EtOH), 

m.p. 126–129 °C. NMR: 1H: 7.8–8.25 (7H, m), 9.53 (1H, d, J = 6.9 Hz). 13C: δ 89.9, 125.1, 126.3, 

129.5, 130.0, 132.2, 137.1, 138.0 (d, 1JC-F = 254 Hz, CF), 166.1, 185.9, 189.1. 19F: δ −137.3 (s, 1F), 
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−176.7 (s, 1F). HRMS (ESI+) calcd for C18H8F2O3: 310.04415. Found: 310.04415. 

1-trifluoroacetyl-2-indanone (2b). This compound was obtained in 52% yield as a brown oil. NMR: 
1H: δ 3.73 (2H, s), 7.29 (2H, m), 7.60 (2H, m), 14.19 (1H, bs), 13C: δ 40.9, 111.5, 120.4 (CF3, q,  
1JC-F = 277 Hz), 122.9, 123.0, 124.9, 127.7, 128.1, 128.8, 129.6, 154.5 (C-CF3, q, 2JC-F = 37 Hz), 203.0. 
19F: −68.59 (s, 3F). Analysis calcd for C11H7F3O2: C, 57.90, H, 3.09. Found: C, 58.04, H, 3.02. 

1,3-ditrifluoroacetyl-2-indanone (2c). To 30 mL dry Et2O in a round bottom flask equipped with a 

magnetic stirrer is added sodium methoxide (0.449 g, 8.32 mmol) all at once. Then, trifluoromethyl 

ethyl acetate (0.903 mL, 7.57 mmol) is added dropwise slowly while stirring. After 5 minutes,  

2-indanone (1.00 g, 7.57 mmol) dissolved in 20 mL dry Et2O is added dropwise and stirred overnight 

at room temperature under a calcium chloride drying tube. After 24 h, another equivalent of 

trifluoromethyl ethyl acetate is added dropwise and stirred overnight at room temperature under a 

calcium chloride drying tube. The reaction mixture is acidifed with 30 mL 3M sulfuric acid. The 

organic layer was separated, washed with deionized water, and the organic layer dried over Na2SO4. 

The solvent was evaporated under reduced pressure, providing a yellow solid, which when 

recrystallized, yielded yellow crystals (cyclohexane), in 42% yield, m.p. 111–113 °C. NMR: 1H: δ 7.34 

(2H, m), 7.65 (2H, m), 13.50 (2H, bs). 13C: δ 111.5, 118.4 (CF3, q, 1JC-F = 273 Hz), 119.6, 122.9, 

126.7, 128.4, 128.9, 130.2, 168.5 (C-CF3, q, 2JC-F = 35 Hz), 177.0. 19F: −68.53 (s, 3F). HRMS (ESI+) 

calcd for C13H6F6O3: 324.02211, found: 324.02158. 

3-trifluoroacetyl-2-tetralone (3b) and 1-trifluoroacetyl-2-tetralone (3c). These compounds were 

obtained as a 4:3 mixture of 3b:3c. Radial chromatography (100% CH2Cl2–50/50 CH2Cl2/MeOH) 

afforded two product fractions. Fraction 1: 3b as orange crystals (hexane), in 40% yield, m.p.  

123–126 °C. NMR: 1H: δ, 3.76 (2H, s), 3.81 (2H, s), 7.25–8.05 (4H, m), 15.01 (1H, bs). 13C: δ 27.8, 

38.3, 103.7, 117.5 (CF3, q, 1JC-F = 281 Hz), 127.1, 127.3, 127.8, 127.9, 130.5, 133.4, 157.3, 174.8  

(C-CF3, q, 2JC-F = 35 Hz), 191.0. 19F (C6F6 ext. std.): δ−70.62 (s, 3F).  HRMS (ESI+) calcd for 

C12H9F3O2: 242.04470, found: 242.04436. Fraction 2: 3c (30%) as an orange solid, m.p. 88–91 °C. 3c: 

NMR: 1H: δ 2.72 (2H, t, 2J = 1.9 Hz), 3.01 (2H, t, 2J = 1.9 Hz), 7.25 (4H, m), 14.98 (1H, bs). 13C: δ 

25.0, 30.3, 102.9, 118.6 (CF3, q, 1JC-F = 282 Hz), 126.6, 126.9, 127.3, 128.1, 130.2, 133.8, 158.1, 175.4 

(C-CF3, q, 2JC-F = 35 Hz), 189.1. 19F (C6F6 ext. std.): δ−67.70 (s, 3F).  HRMS (ESI+) calcd for 

C12H9F3O2: 242.04470, found: 242.04442.  

3-trifluoroacetyl-2-naphthol (3d). A round bottom flask equipped with a magnetic stirrer containing 

30 mL dry Et2O is charged with 1 equivalent NaOCH3. Then, 1 equivalent ethyl trifluoroacetate is 

added dropwise slowly and stirred for 15 min. To this solution is added a 4:3 mixture of compounds 

3b:3c dissolved in 20 mL Et2O. The reaction mixture is stirred overnight at room temperature under a 

calcium chloride drying tube. The solvent is removed under reduced pressure while heating at 60 °C 

for 20 min. The solid residue is acidified with 30 mL 3M sulfuric acid and extracted with 3–15 mL 

portions of Et2O. The organic layers were combined, washed with deionized water, and the organic 

layer dried over Na2SO4. The solvent was evaporated under reduced pressure, providing a orange solid, 

which when subjected to radial chromatography, gave a fraction which upon recrystallization, yielded 

pale, orange crystals (CH2Cl2), 3d, in 45% yield, m.p. 80–83 °C. An additional fraction was collected 

which contained unreacted 3b and 3c. 3d: NMR: 1H: δ, 7.25–8.05 (6H, m), 14.83 (1H, bs). 13C: δ 

119.3 (CF3, q, 1JC-F = 284 Hz), 124.9, 125.4, 126.9, 129.9, 130.1, 130.4, 131.4, 135.1, 139.1, 157.3, 

184.6 (C-CF3, q, 2JC-F = 35 Hz). 19F (C6F6 ext. std.): δ −74.25 (s, 3F).  Analysis calcd for C12H7F3O2: 
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C, 60.01, H, 2.94. Found: C, 60.13, H, 2.88. 

4,4,4-trifluoro-1-(1-oxotetrahydronaphthyl)-1,3-butanedione (4b) [17]. A 100 mL round bottom 

flask is charged with 50 mL dry Et2O, 5 mL dry diisopropylamine, equipped with a magnetic stir bar 

and placed under N2 at 0 °C. To this is added LDA (6.0 mL, 0.0120 mol) and stirred for fifteen 

minutes. Then, a solution of 4a (0.752 g, 0.004 mol) in 15 mL dry Et2O is added dropwise slowly via 

syringe. After 8 h, ethyl trifluoroacetate (0.96 mL, 0.008 mol) is delivered dropwise slowly via 

syringe, the reaction mixture is stirred overnight and allowed to warm to rt. A third equivalent of ethyl 

trifluoroacetate (0.004 mol) is added after 24 hours and the solution is left to stir again overnight. The 

reaction mixture is acidifed with 30 mL 3M sulfuric acid. The organic layer was separated, washed 

with deionized water, and the organic layer dried over Na2SO4. The solvent was evaporated under 

reduced pressure, and subjected to radial chromatography. After recrystallization from cyclohexane, 

4b was obtained as reddish-brown crystals in 27% yield, mp 133–135 °C. 4b: NMR: 1H: δ 2.85 (2H, t, 

7.6 Hz), 2.93 (2H, t, 7.6 Hz), 6.76 (s, 1H), 7.37–7.77 (4H, m), 15.68 (2H, bs). 13C: δ 20.9, 22.7, 104.6, 

118.4 (CF3, q, 1JC-F = 270 Hz), 125.9, 126.8, 127.3, 127.4, 128.2, 128.5, 128.6, 129.9, 133.9, 142.8, 

177.0 (C-CF3, q, 2JC-F = 36 Hz), 182.2. 19F (C6F6 ext. std.): δ −72.04 (s, 3F). Analysis calcd for 

C14H11F3O3: C, 59.16, H, 3.90. Found: C, 58.99, H, 4.01.  

2-trifluoroacetyl-1-tetralone (4c). This compound was obtained as off-white crystals, 4c, in 53% 

yield, m.p. 50–52 °C lit [18] (m.p. 51–52 °C). 4c: NMR: 1H: δ 2.75 (2H, t, 9.0 Hz), 2.88 (2H, t, 9.0 Hz), 

7.16–7.87 (4H, m), 15.62 (1H, bs). 13C: δ 21.0, 27.8, 38.3, 103.7, 117.5 (CF3, q, 1JC-F = 285 Hz), 127.1, 

127.3, 127.8, 127.9, 130.5, 133.4, 157.3, 174.8 (C-CF3, q, 2JC-F = 35 Hz), 185.0. 19F (C6F6 ext. std.): δ 

−70.61 (s, 3F). HRMS (ESI+) calcd for C12H9F3O2: 242.04470, found: 242.04436.  

4,4,4-trifluoro-1-(1-hydroxynaphthyl)-1,3-butanedione (5b) [17]. A 100 mL RBF equipped with a 

magnetic stir bar is charged with 50 mL dry Et2O, 5 mL dry diisopropylamine (DIPA) and placed 

under N2 at 0 °C. To this is added LDA (6.0 mL, 0.0120 mol) and stirred for fifteen minutes. Then, a 

solution of 5a (0.740 g, 0.004 mol) in 15 mL dry Et2O is added dropwise slowly via syringe. After 8 h, 

ethyl trifluoroacetate (0.96 mL, 0.008 mol) is delivered dropwise slowly via syringe and the reaction 

mixture is stirred overnight and allowed to warm to rt. After 24 h, another equivalent of ethyl 

trifluoroacetate (0.46 mL, 0.004 mol) is added all at once. The reaction is stirred for an additional 24 h. 

The reaction mixture is acidifed with 30 mL 3M sulfuric acid. The organic layer was separated, 

washed with deionized water, and the organic layer dried over Na2SO4. The solvent was evaporated 

under reduced pressure, and subjected to radial chromatography. After recrystallization (cyclohexane) 

5b was obtained as brown crystals, in 22% yield, m.p. 154–157 °C. 5b: NMR: 1H: δ 6.90 (s, 1H), 

7.51–8.50 (6H, m), 14.44 (1H, bs), 15.70 (1H, bs). 13C: δ 111.9, 115.7 (CF3, q, 1JC-F = 271 Hz), 127.1, 

127.3, 127.8, 127.9, 130.5, 133.4, 157.3, 174.8 (C-CF3, q, 2JC-F = 35 Hz), 185.0. 19F (C6F6 ext. std.):  

δ −71.60 (s, 3F). Analysis calcd for C14H9F3O3: C, 59.59, H, 3.21. Found: C, 59.86, H, 3.16.  

2-acetyl-4-fluoro-1-naphthol (5c) and 2-acetyl-3-fluoro-1-naphthol (5d). These compounds were 

obtained as a 5:1 mixture of 5c:5d. Radial chromatography (100% CH2Cl2–50/50 CH2Cl2/MeOH) 

afforded 5c as brown crystals (51%, m.p. 93–95 °C) and 5d as a tan solid (13%, m.p. 88–91 °C). 5c: 

NMR: 1H: δ 2.71 (3H, s), 7.31–8.48 (5H, m), 14.01 (1H, bs). 13C: δ 26.9, 113.1, 118.3, 124.9, 126.0, 

127.4, 130.1, 137.4, 150.5 (Ar-F, d, 1JC-F = 243 Hz), 162.4, 204.2. 19F (C6F6 ext. std.): δ −134.0 (s, 1F). 

Analysis calcd for C12H9FO2: C, 70.59, H, 4.44. Found: C, 70.77, H, 4.31. 5d: NMR: 1H: δ 2.63  

(3H, s), 7.40–8.00 (5H, m), 13.82 (1H, bs). 13C: δ 27.6, 111.3, 120.3, 124.6, 125.1, 126.9, 128.6, 130.2, 

32

G



Appl. Sci. 2012, 2 67 

 

 

130.3, 155.5 (Ar-F, d, 1JC-F = 244 Hz), 158.7, 203.4. 19F (C6F6 ext. std.): δ −134.2 (s, 1F). Analysis 

calcd for C12H9FO2: C, 70.59, H, 4.44. Found: C, 70.44, H, 4.49.  

3. Results and Discussion 

3.1. Synthesis 

Compounds 1a-5a are commercially available and were used without further purification. 

Compounds 1b and 1c have been previously described, but were prepared according to a different 

method [14,15]. Compound 1d is known and was synthesized via a previously described method [12,16]. 

The remaining compounds were prepared using a modified Claisen condensation or direct fluorination 

with Selectfluor® [10,12,13,18,19]. See Scheme 1. 

Recent work by our group showed that regioselective monofluorination and geminal difluorination 

of acyclic β-diketones could be effected with Selectfluor® under mild conditions without the necessity 

of specialized glassware or safety precautions [10,14,15]. The current synthetic investigation sought to 

take advantage of this earlier work by probing Selectfluor®’s efficiency and effectiveness in the mono- 

and difluorination of 1,3-indanedione and bindone. Our efforts revealed some unexpected findings. 

The monofluorination of 1a proceeded with little difficulty to give 2-fluoro-1,3-indanedione (1b) in 

the diketonic form (as evidenced by a doublet signal (JF-H = 51.1 Hz) in the 19F NMR at −207.3 ppm), 

albeit in slightly lower yield compared to fluorination achieved with 5% F2 in N2[10]. Diketone 1b was 

also successfully fluorinated (as evidenced by a singlet signal in the 19F NMR at −125.9 ppm), 

delivering the geminally difluorinated product 1c in good overall yield.  

We then examined whether bindone, the aldol self-condensation product of 1,3-indanedione, would 

react similarly to treatment with Selectfluor®. As expected, monofluorination was achieved in high 

yield to give 1e as an enantiomeric triketone pair (19F NMR: −182.4 ppm, JF-H = 46.0 Hz), but the site 

of fluorination was the α-carbon adjacent to the isolated ketone rather than fluorination between the 

1,3-diketone residue. Subsequent fluorination of 1e likewise yielded interesting results. Particularly 

noteworthy were the fluorination regioselectivity and alkene rearrangement observed during the 

formation of triketone 1f. We expected an outcome similar to the fluorination of 1b, but the occurrence 

of two distinct signals in the 19F NMR at −137.3 ppm and −176.7 ppm ruled out geminal difluorination. 

Evidently, the alkene in 1e retains sufficient nucleophilic nature to permit electrophilic fluorination 

between the β-dicarbonyl residue. This addition, coupled with a concomitant E1-like elimination leads 

to 1f, rather than formation of [Δ1,2'-Biindan]-2,2-difluoro-1',3,3'-trione, shown in Scheme 1. 

While preparing 2b and 2c, the previously undescribed one-pot, twin trifluoroacetylation of  

2-indanone gave the dual exocyclic enol 2c in moderate yield (confirmed by the presence of a single 
19F NMR resonance at −68.5 ppm) and no 2c’, Figure 2. In this case, the ethoxide base present 

following the condensation apparently deprotonates the unsubstituted benzylic α-hydrogen (H3) rather 

than the more acidic α-hydrogen H1.  

There are several possible explanations for the formation of 2c and the failure to obtain 2c’. The 

most plausible scenario involves initial formation of 2c’. Given the basic reaction conditions, however, 

we surmise that upon attachment of the second COCF3 group, 2c’ may undergo nucleophilic acyl 

substitution by ethoxide, reverting 2c’ back to enolate A. A second possibility for the failure to obtain 
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2c’ may be larger steric demands in the transition state leading to enolate A formation relative to that 

leading to enolate B. Finally, a base-promoted tautomerization from enolate A to enolate B could occur 

before formation of 2c’, ultimately leading to 2c. 

Figure 2. Formation of 1,3-ditrifluoroacetyl-2-indanone (2c). 

 

We then attempted a similar strategy with β-tetralone (3a) to ascertain whether this 

ditrifluoroacetylation methodology could be generalized to other ketones with two acidic α-hydrogen 

sets. Sequential treatment of 3a with two equivalents of ethyl trifluoroacetate followed by neutralization 

at room temperature led to a mixture of the 3- and 1-trifluoroacetyl-2-tetralone endocyclic enols 3b 

and 3c, respectively; the formation of 1,3-ditrifluoroacetyl-2-tetralone was not observed. Assignment 

of the endocyclic enolic structures was based on the observation of a single 19F NMR resonance at 

−70.6 ppm for 3b and −67.7 ppm for 3c. When the reaction workup conditions were modified by 

subjecting the enols 3b and 3c to an additional equivalent of base and ethyl trifluoroacetate followed 

by in vacuo removal of solvent at elevated temperature, we were surprised to find that aromatization 

occurred to give the trifluoroacetylated naphthol 3d in moderate overall yield. Figure 3 depicts a 

plausible route to naphthol 3d. We surmise that deprotonation of the less sterically hindered  

α-hydrogen enroute to 3b occurs rather than abstraction of the more acidic, benzylic α-hydrogen. 

Detrifluoroacetylation of triketone I followed by tautomerization of diketone II under acidic workup 

provides naphthol 3d.  

Figure 3. Formation of 3-trifluoroacetyl-2-tetralone (3b) and 3-trifluoroacetyl-2-naphthol (3d). 

 

Application of Light and Hauser’s method to 4a and 5a produced the cross-conjugated, dienolic 

1,3,5-triketones 4b and 5b in modest yields [17]. Assignment of the enolic structures was based on a 

combination of resonances found in their NMR spectra—(4b) 1H: an alkene proton signal @ 6.76 ppm 

(1H), a broad, unresolvable singlet corresponding to the enol protons @ 15.68 ppm (2H) and 19F: a 
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singlet @ −72.0 ppm (3F); for (5b) 1H: an alkene proton signal @ 6.90 ppm (1H), a singlet 

corresponding to the phenolic enol proton @ 14.44 (1H), a broader singlet @ 15.68 ppm (1H) 

corresponding to the enol adjacent to the CF3 group and 19F: a singlet @ −71.6 ppm (3F). Addition of 

D2O to the NMR samples of 4b and 5b resulted in rapid diminuation of the exchangeable enolic 

protons in the 1H NMR. Increasing the molar ratio of ethyl trifluoroacetate:diketone to >2:1, although 

necessary for triketone product formation, also led to O-trifluoroacetylated by-products. Fortunately, 

these were easily separated by chromatography from the desired 1,3,5-triketones. Additionally, we 

found that when 4a was subjected to standard Claisen reaction conditions, an unintended  

acetyl-trifluoroacetyl group exchange occurred to give 2-trifluoroacetyl-1-tetralone (4c) in good yield 

along with, to our surprise, naphthol 5a. A process similar to the detrifluoroacetylation depicted in 

Figure 2 may be operating in these cases as well.  

Treatment of 5a with Selectfluor® demonstrated the fluorination preference of activated aromatic 

substrates over acetyl groups [19–21]. The fluorinated naphthols 5c and 5d were achieved in good 

overall yield and a 5:1 ratio of the para:meta isomers, respectively. Ring fluorination was confirmed 

by the observation of resonances in the 19F NMR spectra as singlets: −134.0 ppm (1F) and −134.2 ppm 

(1F) for 5c and 5d, respectively. Preferential para fluorination is in accord with the o-p directing 

ability of the hydroxyl group. Use of up to 5 equivalents of Selectfluor® to effect fluorination at the 

acetyl carbon provided only the monofluorinated naphthols 5c and 5d. 

3.2. Solid State Structural Features: X-ray Crystallography 

Several of the target molecules (1d, 2c, 3c and 4c) were examined by x-ray crystallography. Crystal 

data and structure refinement information for 1d and 2c are recorded in Figure 4 and Table 1 while 

Figure 5 and Table 2 contain data for 3d and 4c. Critical bond information is listed in Table 3. The 

crystallographic information files for these molecules have been uploaded to the Cambridge 

Crystallographic Data Center and have the following control numbers: 1d: 854704, 2c: 854697,  

3d: 854705 and 4c: 854706. 

Figure 4. ORTEP drawings of 1d and 2c. Ellipsoids are at the 50% probability level and 

hydrogen atoms were drawn with arbitrary radii for clarity.  

 
1d        2c 
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Table 1. Crystal data and structure refinement for 1d and 2c. 

Compound 1d 2c 
Formula C18H10O3 C13H6F6O3 
Formula Weight (g/mol) 274.26 324.18 
Crystal Dimensions (mm) 0.30 × 0.24 × 0.20 1.20 × 0.10 × 0.06 
Crystal Color and Habit clear prism yellow needle 
Crystal System orthorhombic monoclinic 
Space Group F d d 2 P 21/c 
Temperature, K 173 173 
a, Å 18.0996(6)  
b, Å  20.9271(7) 18.6978(12) 
c, Å  26.0789(8) 13.8431(9) 
α,° 90.00 90.0 
β,° 90.00 98.964(3) 

Compound 1d 2c 
γ,° 90.00 90.0 
V, Å3 9878.0(6) 1218.11(14) 
Reflections to determine final unit cell 9975 9959 
2θ range, ° 5.0, 56.84 5.28–57.7 
Z 32 4 
F(000) 4544 648.71 
ρ (g/cm) 1.475 1.768 
λ, Å, (MoKα) 0.71070 0.71073 
μ, (cm−1) 0.101 0.18 
Reflections collected 103146 26516 
Unique reflections 6360 3195 
Rmerge 0.0403 0.027 
Cut off Threshold Expression >2sigma(I) Inet > 1.0sigma(Inet) 
Refinement method full matrix least-sqs using F2 full matrix least-sqs using F 
Weighting Scheme 1/[sigma2 (Fo2) + (0.0555P)2+ 

3.0465P] where  
P = (Fo2 + 2Fc2)/3 

1/(sigma2 (F) + 0.0005F2)  

R1
a
 0.0342 0.038 

wR2 0.0846 b 0.053 c 
R1 (all data) 0.0400 0.046 
wR2 (all data) 0.0880 0.054 
GOF 1.038 d 1.74 e 

a R1 = Σ(|Fo| − |Fc|)/Σ Fo; 
b wR2 = [Σ(w(Fo

2 − Fc
2)2)/Σ(wFo

4)]½; c wR2 = [Σ(w(Fo
2 − Fc

2)2)/Σ(wFo
4)]½;  

d GOF = [Σ(w(Fo
2 − Fc

2)2)/(# reflns − # params)]½; e GOF = [Σ(w( Fo
2 − Fc

2)2)/(No. reflns. No. params.)]½. 
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Figure 5. ORTEP drawings of 3d and 4c. Ellipsoids are at the 50% probability level and 

hydrogen atoms were drawn with arbitrary radii for clarity.  

 
3d       4c 

Table 2. Crystal data and structure refinement for 3d and 4c. 

Compound 3d 4c 
Formula C12H7F3O2 C12H9F3O2

Formula Weight (g/mol) 240.18 242.19 
crystal size (mm) 0.46 × 0.08 × 0.04 0.38 × 0.28 × 0.04 
crystal color/shape orange yellow needle colourless plate 
cryst syst orthorhombic triclinic 
space group P n a 21 P-1 
temp, K 110 110 
a, Å 13.5923(5) 7.3528(2) 
b, Å  14.9695(5) 7.9165(2) 
c, Å  4.8381(2) 9.7991(2) 
α,° 90.00 73.0533(11) 
β,° 90.00 85.3968(12) 
γ,° 90.00 68.3581(11) 
V, Å3 984.41(6) 506.92(2) 
Reflections to final unit cell 5859 6416 
2θ range, ° 5.44–52.66 5.78–71.38 
Z 4 2 
F(000) 488 248 
ρ (g/cm) 1.621 1.587 
λ, Å, (MoKα) 0.71070 0.71073 
μ, (cm−1) 0.147 0.143 
Reflections collected 21568 20479 
Unique reflections 2632 4691 
Rmerge  0.0444 0.0265 
Cut off Threshold Expression >2sigma(I) >2sigma(I) 
refinement method full matrix least-sqs using F2 full matrix least-sqs using F2

Weighting Scheme 1/[sigma2 (Fo2) + (0.0406P)2 + 
0.0000P] where  
P = (Fo2 + 2Fc2)/3 

1/[sigma2 (Fo2) + (0.0707P)2 + 
0.0436P] where P = (Fo2 + 2Fc2)/3 

R1
a
 0.0370 0.0382 

wR2 0.0712 0.1082 
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Table 2. Cont. 

Compound 3d 4c 
R1 (all data)b 0.0538 0.0525 
wR2 (all data)a 0.0762 0.1220 
GOF 1.035 1.048 

a R1 = Σ(|Fo − Fc|)/Σ Fo, wR2 = [Σ(w(Fo − Fc)
2)/Σ(Fo

2)]½, GOF = [Σ(w(Fo − Fc)
2)/(No. reflns. − No. 

params.)]½;  
b R1 = Σ(|Fo| − |Fc|)/Σ Fo, wR2 = [Σ(w(Fo

2 − Fc
2)2)/Σ(wFo

4)]½, GOF = [Σ(w(Fo
2 − Fc

2)2)/(No. reflns. − No. 

params.)]½ 

Table 3. Selected interatomic distances and bond lengths of 1d, 2c, 3d and 4c. 

   Interatomic Distances (Å)                       Bond Lengths (Å)                         Dihedral ∠ (◦)   
      O….O O….H O-H C-O C-C  
1d NA NA 

 
NA 

 
C1A-O1A 

1.2143(17) 
C11A-O2A 

1.2212(17) 
C18A-O3A 

1.2143(17) 

C3A-C10A 
1.3574(19) 

 

O3-C18-C10-C3 
-2.4(11) 

 

2c O1
….O2 

2.5781(13) 
O1

….O3 
2.5926(14) 

O1
….H2 

1.75(2) 
O1

….H3 
1.81(2) 

 

O2-H2 
0.90(2) 
O3-H3 

0.88(2) 
 

C1-O1 
1.2576(15) 

C10-O2 
1.3308(15) 

C12-O3 
1.3242(17) 

C1-C2 
1.4547(15) 

C2-C10 
1.3593(17) 

C9-C12 
1.3602(17) 

O1-C1-C2-C10 
-1.91(11) 

 

3d O1
….O2 

2.6142(17) 
 

O2
….H 

1.75(3) 
 

O1-H 
0.97(3) 

 

C1-O1 
1.3588(19) 

C11-O2 
1.2199(18) 

C1-C2 
1.438(2) 
C2-C11 

1.459(2) 

O1-C1-C2-C11 
1.9(2) 

 

4c O1
….O2 

2.5063(9) 
 

O2
….H 

1.72(2) 
O1-H 

0.855(19) 
 

C1-O1 
1.3215(9) 

C11-O2 
1.2476(10) 

C1-C2 
1.3895(10) 

C2-C11 
1.4193(10)

O1-C1-C2-C11 
-2.04(11) 

 

In the case of compound 1d, the small O3-C10-C18-C3 dihedral angle of −2.4° shows bindone to be 

nearly planar across the ring bridge in the solid state. The C-O and C3-C10 bond lengths are consistent 

with those of typical carbonyls and alkenes, respectively and identify 1d as a cross-conjugated 

triketone in the solid state. For 2c, x-ray crystallography confirms the preference of a previously 

unreported structure in the solid state: a planar, exocyclic dienol shown in Figure 4. The weak 

intramolecular H-bonding normally observed in cyclic triketones is clearly supported for 2c by the 

interatomic O….H-O distances of 1.75Å and 1.81Å and very short O-H bond lengths of 0.88Å and 

0.90Å [11,22]. The small O1-C1-C2-C10 dihedral angle of −1.91° attests to the planar nature of the 

cyclopentanone residue. 

Likewise, 3-trifluoroacetyl-2-naphthol (3d) and 2-trifluoroacetyl-1-tetralone (4c) show trends 

consistent with a single endocyclic cis-enol tautomer having weak intramolecular H-bonding, e.g., 
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interatomic O….H-O distances >1.7Å, O-H bond lengths < 1.0Å and small O1-C1-C2-C11 dihedral 

angles. For 3d, the aromatic ring introduces an additional structural constraint prohibiting tautomerism 

to either the diketo form or any other enolic structure. 

Spectral data provided in the experimental section supports the solid-state structural data presented 

herein [8–10,23–28]. A detailed examination of the absorption, vibrational and magnetic resonance 

spectroscopy of these molecules is underway to discern the keto-enol and enol-enol behavior of these 

di- and triketones in various solvent systems and where applicable in the solid-state and/or neat liquid. 

Those results, along with a comparative ab initio component, will be presented in a future communication. 
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Appendix. X-Ray Experimental Procedures and Data  

1. Compound 1d 

Experimental for C18H10O3 (1d) 

Data Collection and Processing. The sample 1d was submitted by Joseph Sloop of the Sloop 

research group at Georgia Gwinnett College. The sample was mounted on a nylon loop with a small 

amount of NVH immersion oil. All X-ray measurements were made on a Bruker-Nonius X8 Apex2 

diffractometer at a temperature of 173 K. The unit cell dimensions were determined from a symmetry 

constrained fit of 9975 reflections with 5.0° < 2θ < 56.84°. The data collection strategy was a number 

of ω and ϕ scans which collected data up to 58.24° (2θ). The frame integration was performed using 

SAINT [29]. The resulting raw data was scaled and absorption corrected using a multi-scan averaging 

of symmetry equivalent data using SADABS [30]. 

Structure Solution and Refinement. The structure was solved by direct methods using the SIR92 

program [31]. All non-hydrogen atoms were obtained from the initial E-map. The hydrogen atoms 

were introduced at idealized positions and were allowed to refine isotropically. The structural model 

was fit to the data using full matrix least-squares based on F2. The calculated structure factors included 

corrections for anomalous dispersion from the usual tabulation. The structure was refined using the XL 

program from SHELXTL [32], graphic plots were produced using the NRCVAX crystallographic 

program suite. Additional information and other relevant literature references can be found in the 

reference section of the Facility’s Web page (http://www.xray.ncsu.edu). 
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Figure 6. ORTEP drawing of 1d molecule A showing naming and numbering scheme. 

Ellipsoids are at the 50% probability level and hydrogen atoms were drawn with arbitrary 

radii for clarity. 

 

Figure 7. ORTEP drawing of 1d molecule A. Ellipsoids are at the 50% probability level 

and hydrogen atoms were drawn with arbitrary radii for clarity. 

 

Figure 8. Stereoscopic ORTEP drawing of 1d molecule A. Ellipsoids are at the 50% 
probability level and hydrogen atoms were drawn with arbitrary radii for clarity.  
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Figure 9. ORTEP drawing of 1d molecule B showing naming and numbering scheme. 

Ellipsoids are at the 50% probability level and hydrogen atoms were drawn with arbitrary 

radii for clarity. 

 

Figure 10. ORTEP drawing of 1d molecule B. Ellipsoids are at the 50% probability level 

and hydrogen atoms were drawn with arbitrary radii for clarity. 

 

Figure 11. Stereoscopic ORTEP drawing of 1d molecule B. Ellipsoids are at the 50% 

probability level and hydrogen atoms were drawn with arbitrary radii for clarity. 
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Table 4. Summary of Crystal Data for 1d. 

Formula C18H10O3 
Formula Weight (g/mol) 274.26 
Crystal Dimensions (mm ) 0.30 × 0.24 × 0.20 
Crystal Color and Habit clear prism 
Crystal System orthorhombic 
Space Group F d d 2 
Temperature, K 173 
a, Å 18.0996(6) 
b, Å  20.9271(7) 
c, Å  26.0789(8) 
α,° 90.00 
β,° 90.00 
γ,° 90.00 
V, Å3 9878.0(6) 
Number of reflections to determine final unit cell 9975 
Min and Max 2θ for cell determination, ° 5.0, 56.84 
Z 32 
F(000) 4544 
ρ (g/cm) 1.475 
λ, Å, (MoKα) 0.71070 
μ, (cm−1) 0.101 
Diffractometer Type Bruker-Nonius X8 Apex2 
Scan Type(s) omega and phi scans 
Max 2θ for data collection, ° 58.24 
Measured fraction of data 1.000 
Number of reflections measured 103146 
Unique reflections measured 6360 
Rmerge 0.0403 
Number of reflections included in refinement 6360 
Cut off Threshold Expression >2sigma(I) 
Structure refined using full matrix least-squares using F2

Weighting Scheme calc w = 1/[sigma2(Fo
2
) + (0.0555P)

2
+ 

3.0465P] where P=(Fo
2 + 2Fc

2
)/3 

Number of parameters in least-squares 458 
R1 0.0342 
wR2 0.0846 
R1 (all data) 0.0400 
wR2 (all data) 0.0880 
GOF 1.038 
Maximum shift/error 0.000 
Min & Max peak heights on final ΔF Map (e-/Å) −0.219, 0.216 

Where:  
R1 = Σ( |Fo| − |Fc| )/Σ Fo 

wR2 = [ Σ( w( Fo
2 − Fc

2 )2 )/Σ(w Fo
4
 ) ] ½ 

GOF = [ Σ( w( Fo
2 − Fc

2 )2 )/(No. of reflns. − No. of params. ) ]½ 
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Table 5. Atomic Coordinates for 1d. 

Atom x y z Uiso/equiv 
O1A 0.20028(6) 0.13639(6) 0.62634(6) 0.0362(3) 
O2A 0.36237(6) 0.01557(5) 0.4220 0.0310(2) 
O3A 0.40033(6) −0.02683(5) 0.59892(6) 0.0329(2) 
C1A 0.23461(8) 0.12010(7) 0.58853(6) 0.0257(3) 
C2A 0.29550(8) 0.07078(7) 0.58765(6) 0.0265(3) 
C3A 0.31404(7) 0.06171(6) 0.53149(6) 0.0215(2) 
C4A 0.27141(7) 0.10937(6) 0.50228(6) 0.0214(2) 
C5A 0.27082(8) 0.12548(7) 0.45022(6) 0.0246(3) 
C6A 0.22256(8) 0.17252(7) 0.43340(7) 0.0271(3) 
C7A 0.17513(8) 0.20411(7) 0.46700(7) 0.0283(3) 
C8A 0.17630(8) 0.19033(7) 0.51873(7) 0.0279(3) 
C9A 0.22477(7) 0.14322(7) 0.53572(6) 0.0234(3) 
C10A 0.36116(7) 0.01514(6) 0.51589(6) 0.0217(2) 
C11A 0.38319(7) −0.00519(6) 0.46328(6) 0.0228(3) 
C12A 0.43567(7) −0.05931(6) 0.46890(7) 0.0231(3) 
C13A 0.47199(8) −0.09342(7) 0.43109(7) 0.0289(3) 
C14A 0.51888(9) −0.14212(8) 0.44613(8) 0.0328(3) 
C15A 0.52844(9) −0.15676(8) 0.49786(8) 0.0331(3) 
C16A 0.49169(8) −0.12272(7) 0.53601(7) 0.0293(3) 
C17A 0.44557(7) −0.07332(6) 0.52064(7) 0.0242(3) 
C18A 0.40165(7) −0.02813(7) 0.55238(7) 0.0237(3) 
O1B 0.14120(7) 0.04113(5) 0.35875(6) 0.0349(2) 
O2B 0.25973(7) −0.11687(6) 0.56110(5) 0.0351(2) 
O3B 0.29954(7) −0.15569(6) 0.38414(6) 0.0367(3) 
C1B 0.15538(8) 0.00789(7) 0.39573(6) 0.0270(3) 
C2B 0.20581(8) −0.04922(7) 0.39627(6) 0.0267(3) 
C3B 0.21160(8) −0.06899(7) 0.45205(6) 0.0233(3) 
C4B 0.16128(8) −0.02763(7) 0.48137(7) 0.0241(3) 
C5B 0.14109(8) −0.02690(8) 0.53345(7) 0.0286(3) 
C6B 0.09013(9) 0.01792(8) 0.54976(7) 0.0314(3) 
C7B 0.05876(9) 0.06238(8) 0.51670(7) 0.0318(3) 
C8B 0.07692(9) 0.06178(7) 0.46499(7) 0.0298(3) 
C9B 0.12772(8) 0.01681(7) 0.44855(6) 0.0255(3) 
C10B 0.25683(8) −0.11716(7) 0.46724(6) 0.0245(3) 
C11B 0.27541(8) −0.14057(7) 0.52003(7) 0.0259(3) 
C12B 0.32241(8) −0.19790(7) 0.51345(7) 0.0262(3) 
C13B 0.35157(9) −0.23821(8) 0.55099(7) 0.0322(3) 
C14B 0.39368(10) −0.28954(8) 0.53526(8) 0.0352(3) 
C15B 0.40794(9) −0.30056(8) 0.48342(8) 0.0352(3) 
C16B 0.37983(9) −0.25975(7) 0.44609(7) 0.0322(3) 
C17B 0.33643(8) −0.20886(7) 0.46172(7) 0.0264(3) 
C18B 0.29790(8) −0.15934(7) 0.43065(7) 0.0269(3) 
H2A1 0.2800(10) 0.0306(10) 0.6041(7) 0.038(5) 
H2A2 0.3395(11) 0.0877(9) 0.6072(7) 0.037(5) 
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Table 5. Cont. 

H5A 0.3041(10) 0.1074(9) 0.4261(8) 0.033(4) 
H6A 0.2211(10) 0.1858(9) 0.3965(7) 0.034(5) 
H7A 0.1431(11) 0.2367(9) 0.4567(7) 0.036(5) 
H8A 0.1442(12) 0.2130(10) 0.5435(9) 0.045(6) 
H13A 0.4637(10) −0.0835(9) 0.3957(8) 0.036(5) 
H14A 0.5436(10) −0.1635(9) 0.4193(8) 0.035(5) 
H15A 0.5585(12) −0.1908(10) 0.5071(8) 0.044(6) 
H16A 0.4962(11) −0.1324(10) 0.5727(8) 0.041(5) 
H2B1 0.2541(12) −0.0384(10) 0.3821(9) 0.052(6) 
H2B2 0.1831(10) −0.0855(9) 0.3765(8) 0.035(5) 
H5B 0.1623(10) −0.0581(9) 0.5574(7) 0.033(5) 
H6B 0.0744(12) 0.0181(10) 0.5865(9) 0.049(6) 
H7B 0.0234(10) 0.0921(9) 0.5291(8) 0.035(5) 
H8B 0.0572(10) 0.0917(9) 0.4398(8) 0.038(5) 
H13B 0.3432(11) −0.2287(9) 0.5847(8) 0.036(5) 
H14B 0.4143(11) −0.3227(10) 0.5586(8) 0.039(5) 
H15B 0.4354(11) −0.3383(9) 0.4722(8) 0.043(5) 
H16B 0.3894(10) −0.2680(9) 0.4103(7) 0.029(4) 

Table 6. Anisotropic Displacement Parameters for 1d. 

Atom u11 u22 u33 u12 u13 u23 

O1A 0.0362(6) 0.0485(7) 0.0238(5) 0.0094(5) 0.0051(4) −0.0015(5) 
O2A 0.0394(6) 0.0338(6) 0.0198(5) 0.0040(4) 0.0011(4) 0.0012(4) 
O3A 0.0398(6) 0.0369(6) 0.0221(5) 0.0069(5) −0.0075(4) −0.0029(4) 
C1A 0.0256(6) 0.0301(7) 0.0215(6) 0.0000(5) −0.0008(5) −0.0014(5) 
C2A 0.0291(7) 0.0326(7) 0.0179(6) 0.0040(6) −0.0015(5) −0.0015(5) 
C3A 0.0217(6) 0.0238(6) 0.0191(6) −0.0048(5) −0.0004(4) −0.0006(5) 
C4A 0.0218(6) 0.0212(6) 0.0213(6) −0.0030(5) −0.0006(4) −0.0007(5) 
C5A 0.0276(7) 0.0253(7) 0.0210(6) −0.0012(5) 0.0020(5) 0.0006(5) 
C6A 0.0332(7) 0.0251(7) 0.0230(6) −0.0029(5) 0.0008(5) 0.0032(5) 
C7A 0.0299(7) 0.0245(7) 0.0306(7) 0.0028(5) −0.0008(6) 0.0047(6) 
C8A 0.0283(7) 0.0272(7) 0.0282(7) 0.0019(5) 0.0025(5) −0.0001(6) 
C9A 0.0244(6) 0.0250(6) 0.0209(6) −0.0010(5) 0.0003(5) −0.0001(5) 
C10A 0.0227(6) 0.0235(6) 0.0190(6) −0.0021(5) −0.0016(5) −0.0008(5) 
C11A 0.0232(6) 0.0235(6) 0.0217(6) −0.0034(5) 0.0019(5) −0.0011(5) 
C12A 0.0223(6) 0.0225(6) 0.0247(6) −0.0031(5) 0.0014(5) −0.0011(5) 
C13A 0.0300(7) 0.0286(7) 0.0282(7) −0.0032(6) 0.0055(5) −0.0030(5) 
C14A 0.0305(7) 0.0284(7) 0.0396(8) −0.0010(6) 0.0067(6) −0.0076(6) 
C15A 0.0266(7) 0.0284(7) 0.0443(9) 0.0033(6) −0.0025(6) −0.0028(6) 
C16A 0.0279(7) 0.0279(7) 0.0321(8) 0.0000(5) −0.0052(6) −0.0001(6) 
C17A 0.0225(6) 0.0235(6) 0.0264(6) −0.0046(5) −0.0021(5) −0.0016(5) 
C18A 0.0225(6) 0.0249(7) 0.0237(6) −0.0015(5) −0.0034(5) −0.0017(5) 
O1B 0.0463(6) 0.0351(6) 0.0235(5) −0.0023(5) −0.0037(4) 0.0079(4) 
O2B 0.0415(6) 0.0444(6) 0.0192(5) 0.0011(5) −0.0023(4) 0.0013(4) 
O3B 0.0480(6) 0.0425(6) 0.0196(5) 0.0073(5) −0.0015(4) 0.0010(4) 
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C1B 0.0292(7) 0.0303(7) 0.0214(6) −0.0089(5) −0.0038(5) 0.0019(5) 
C2B 0.0287(7) 0.0344(7) 0.0168(6) −0.0024(6) −0.0015(5) 0.0028(5) 
C3B 0.0240(6) 0.0277(7) 0.0181(6) −0.0080(5) −0.0024(5) 0.0031(5) 
C4B 0.0252(6) 0.0271(6) 0.0200(6) −0.0078(5) −0.0020(5) 0.0014(5) 
C5B 0.0309(7) 0.0349(8) 0.0200(6) −0.0068(6) −0.0009(5) 0.0039(5) 
C6B 0.0326(8) 0.0379(8) 0.0238(7) −0.0048(6) 0.0018(5) −0.0002(6) 
C7B 0.0329(7) 0.0330(7) 0.0296(7) −0.0032(6) 0.0011(6) −0.0008(6) 
C8B 0.0328(7) 0.0306(7) 0.0261(7) −0.0037(6) −0.0026(6) 0.0045(6) 
C9B 0.0270(7) 0.0288(7) 0.0207(6) −0.0068(5) −0.0034(5) 0.0014(5) 
C10B 0.0261(7) 0.0310(7) 0.0163(6) −0.0071(5) −0.0015(5) 0.0022(5) 
C11B 0.0273(7) 0.0313(7) 0.0190(6) −0.0078(5) −0.0020(5) 0.0040(5) 
C12B 0.0268(6) 0.0289(7) 0.0227(7) −0.0089(5) −0.0046(5) 0.0034(5) 
C13B 0.0367(8) 0.0351(8) 0.0247(7) −0.0091(6) −0.0067(6) 0.0076(6) 
C14B 0.0410(9) 0.0304(8) 0.0344(8) −0.0063(6) −0.0125(7) 0.0085(6) 
C15B 0.0378(8) 0.0293(7) 0.0386(9) −0.0001(6) −0.0093(6) 0.0010(6) 
C16B 0.0373(8) 0.0315(8) 0.0279(8) −0.0012(6) −0.0054(6) −0.0008(6) 
C17B 0.0284(7) 0.0281(7) 0.0228(6) −0.0064(5) −0.0043(5) 0.0020(5) 
C18B 0.0301(7) 0.0304(7) 0.0203(6) −0.0048(6) −0.0030(5) 0.0016(5) 

Table 7. Bond Lengths for 1d. 

O1A-C1A 1.2143(17) O1B-C1B 1.2166(17) 
O2A-C11A 1.2212(17) O2B-C11B 1.2140(18) 
O3A-C18A 1.2143(17) O3B-C18B 1.2159(17) 
C1A-C9A 1.4705(19) C1B-C9B 1.4775(19) 
C1A-C2A 1.510(2) C1B-C2B 1.504(2) 
C2A-C3A 1.5145(18) C2B-C3B 1.5159(17) 
C2A-H2A1 0.99(2) C2B-H2B1 0.98(2) 
C2A-H2A2 1.01(2) C2B-H2B2 1.006(19) 
C3A-C10A 1.3574(19) C3B-C10B 1.358(2) 
C3A-C4A 1.4733(19) C3B-C4B 1.471(2) 
C4A-C5A 1.3989(18) C4B-C9B 1.4025(19) 
C4A-C9A 1.4052(19) C4B-C5B 1.4065(19) 
C5A-C6A 1.387(2) C5B-C6B 1.383(2) 
C5A-H5A 0.95(2) C5B-H5B 0.982(19) 
C6A-C7A 1.394(2) C6B-C7B 1.390(2) 
C6A-H6A 1.001(19) C6B-H6B 1.00(2) 
C7A-C8A 1.380(2) C7B-C8B 1.388(2) 
C7A-H7A 0.94(2) C7B-H7B 0.95(2) 
C8A-C9A 1.392(2) C8B-C9B 1.384(2) 
C8A-H8A 0.99(2) C8B-H8B 0.98(2) 
C10A-C11A 1.4908(18) C10B-C18B 1.497(2) 
C10A-C18A 1.5043(19) C10B-C11B 1.4995(18) 
C11A-C12A 1.4855(19) C11B-C12B 1.481(2) 
C12A-C13A 1.383(2) C12B-C17B 1.3916(19) 
C12A-C17A 1.3924(19) C12B-C13B 1.396(2) 
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C13A-C14A 1.383(2) C13B-C14B 1.379(3) 
C13A-H13A 0.96(2) C13B-H13B 0.91(2) 
C14A-C15A 1.394(2) C14B-C15B 1.395(2) 
C14A-H14A 0.94(2) C14B-H14B 1.00(2) 
C15A-C16A 1.393(2) C15B-C16B 1.392(2) 
C15A-H15A 0.93(2) C15B-H15B 0.98(2) 
C16A-C17A 1.388(2) C16B-C17B 1.385(2) 
C16A-H16A 0.98(2) C16B-H16B 0.965(19) 
C17A-C18A 1.4870(19) C17B-C18B 1.489(2) 

Table 8. Bond Angles for 1d. 

O1A-C1A-C9A 127.32(14) O1B-C1B-C9B 126.54(14) 
O1A-C1A-C2A 125.28(13) O1B-C1B-C2B 126.15(13) 
C9A-C1A-C2A 107.40(11) C9B-C1B-C2B 107.30(11) 
C1A-C2A-C3A 105.20(11) C1B-C2B-C3B 105.54(11) 
C1A-C2A-H2A1 111.6(11) C1B-C2B-H2B1 110.9(13) 
C3A-C2A-H2A1 112.2(11) C3B-C2B-H2B1 111.4(13) 
C1A-C2A-H2A2 109.2(11) C1B-C2B-H2B2 110.3(11) 
C3A-C2A-H2A2 110.9(11) C3B-C2B-H2B2 108.3(11) 
H2A1-C2A-H2A2 107.7(16) H2B1-C2B-H2B2 110.2(18) 
C10A-C3A-C4A 131.31(12) C10B-C3B-C4B 131.19(12) 
C10A-C3A-C2A 121.27(12) C10B-C3B-C2B 121.63(13) 
C4A-C3A-C2A 107.40(11) C4B-C3B-C2B 107.18(12) 
C5A-C4A-C9A 118.44(12) C9B-C4B-C5B 118.01(13) 
C5A-C4A-C3A 131.98(13) C9B-C4B-C3B 109.95(12) 
C9A-C4A-C3A 109.58(12) C5B-C4B-C3B 132.01(13) 
C6A-C5A-C4A 118.86(13) C6B-C5B-C4B 118.54(14) 
C6A-C5A-H5A 118.3(12) C6B-C5B-H5B 121.1(11) 
C4A-C5A-H5A 122.8(12) C4B-C5B-H5B 120.3(11) 
C5A-C6A-C7A 121.72(13) C5B-C6B-C7B 122.40(14) 
C5A-C6A-H6A 121.2(11) C5B-C6B-H6B 119.2(12) 
C7A-C6A-H6A 117.1(11) C7B-C6B-H6B 118.4(12) 
C8A-C7A-C6A 120.41(14) C8B-C7B-C6B 120.00(15) 
C8A-C7A-H7A 116.4(12) C8B-C7B-H7B 119.7(12) 
C6A-C7A-H7A 123.2(12) C6B-C7B-H7B 120.2(12) 
C7A-C8A-C9A 117.96(14) C9B-C8B-C7B 117.68(14) 
C7A-C8A-H8A 121.9(13) C9B-C8B-H8B 118.1(12) 
C9A-C8A-H8A 120.2(13) C7B-C8B-H8B 124.2(12) 
C8A-C9A-C4A 122.55(13) C8B-C9B-C4B 123.35(13) 
C8A-C9A-C1A 127.40(13) C8B-C9B-C1B 126.87(13) 
C4A-C9A-C1A 110.03(12) C4B-C9B-C1B 109.78(13) 
C3A-C10A-C11A 130.45(12) C3B-C10B-C18B 123.44(12) 
C3A-C10A-C18A 123.28(12) C3B-C10B-C11B 130.22(13) 
C11A-C10A-C18A 106.27(11) C18B-C10B-C11B 106.33(12) 
O2A-C11A-C12A 123.76(13) O2B-C11B-C12B 124.59(13) 
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O2A-C11A-C10A 128.89(12) O2B-C11B-C10B 128.62(14) 
C12A-C11A-C10A 107.32(11) C12B-C11B-C10B 106.68(12) 
C13A-C12A-C17A 121.39(13) C17B-C12B-C13B 120.75(14) 
C13A-C12A-C11A 128.82(13) C17B-C12B-C11B 110.53(12) 
C17A-C12A-C11A 109.79(11) C13B-C12B-C11B 128.72(14) 
C14A-C13A-C12A 118.02(15) C14B-C13B-C12B 118.09(15) 
C14A-C13A-H13A 121.9(11) C14B-C13B-H13B 123.2(12) 
C12A-C13A-H13A 120.1(11) C12B-C13B-H13B 118.7(12) 
C13A-C14A-C15A 120.83(14) C13B-C14B-C15B 121.28(15) 
C13A-C14A-H14A 115.4(12) C13B-C14B-H14B 124.6(12) 
C15A-C14A-H14A 123.7(12) C15B-C14B-H14B 114.1(12) 
C16A-C15A-C14A 121.30(15) C16B-C15B-C14B 120.57(16) 
C16A-C15A-H15A 119.2(13) C16B-C15B-H15B 118.2(12) 
C14A-C15A-H15A 119.5(13) C14B-C15B-H15B 121.2(12) 
C17A-C16A-C15A 117.51(15) C17B-C16B-C15B 118.27(15) 
C17A-C16A-H16A 119.1(12) C17B-C16B-H16B 121.7(11) 
C15A-C16A-H16A 123.4(12) C15B-C16B-H16B 120.0(11) 
C16A-C17A-C12A 120.94(13) C16B-C17B-C12B 121.03(14) 
C16A-C17A-C18A 129.38(13) C16B-C17B-C18B 129.85(14) 
C12A-C17A-C18A 109.68(11) C12B-C17B-C18B 109.11(13) 
O3A-C18A-C17A 125.54(13) O3B-C18B-C17B 125.12(14) 
O3A-C18A-C10A 127.53(13) O3B-C18B-C10B 127.65(14) 
C17A-C18A-C10A 106.93(11) C17B-C18B-C10B 107.22(11) 

Table 9. Torsion Angles for 1d. 

O1A-C1A-C2A-C3A 173.35(14) O1B-C1B-C2B-C3B 173.77(14) 
C9A-C1A-C2A-C3A −5.93(15) C9B-C1B-C2B-C3B −5.04(14) 
C1A-C2A-C3A-C10A −172.45(12) C1B-C2B-C3B-C10B −175.90(12) 
C1A-C2A-C3A-C4A 6.20(14) C1B-C2B-C3B-C4B 4.41(14) 
C10A-C3A-C4A-C5A −6.6(2) C10B-C3B-C4B-C9B 178.21(14) 
C2A-C3A-C4A-C5A 174.97(14) C2B-C3B-C4B-C9B −2.13(15) 
C10A-C3A-C4A-C9A 174.20(13) C10B-C3B-C4B-C5B −3.9(2) 
C2A-C3A-C4A-C9A −4.26(15) C2B-C3B-C4B-C5B 175.74(14) 
C9A-C4A-C5A-C6A −2.2(2) C9B-C4B-C5B-C6B −0.83(19) 
C3A-C4A-C5A-C6A 178.62(13) C3B-C4B-C5B-C6B −178.57(14) 
C4A-C5A-C6A-C7A 0.3(2) C4B-C5B-C6B-C7B −0.5(2) 
C5A-C6A-C7A-C8A 1.6(2) C5B-C6B-C7B-C8B 1.6(2) 
C6A-C7A-C8A-C9A −1.5(2) C6B-C7B-C8B-C9B −1.3(2) 
C7A-C8A-C9A-C4A −0.5(2) C7B-C8B-C9B-C4B 0.0(2) 
C7A-C8A-C9A-C1A −179.00(14) C7B-C8B-C9B-C1B −179.50(14) 
C5A-C4A-C9A-C8A 2.4(2) C5B-C4B-C9B-C8B 1.1(2) 
C3A-C4A-C9A-C8A −178.25(13) C3B-C4B-C9B-C8B 179.32(13) 
C5A-C4A-C9A-C1A −178.91(12) C5B-C4B-C9B-C1B −179.32(12) 
C3A-C4A-C9A-C1A 0.45(15) C3B-C4B-C9B-C1B −1.12(15) 
O1A-C1A-C9A-C8A 2.9(3) O1B-C1B-C9B-C8B 4.7(2) 
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C2A-C1A-C9A-C8A −177.83(14) C2B-C1B-C9B-C8B −176.51(14) 
O1A-C1A-C9A-C4A −175.70(15) O1B-C1B-C9B-C4B −174.87(14) 
C2A-C1A-C9A-C4A 3.56(15) C2B-C1B-C9B-C4B 3.94(15) 
C4A-C3A-C10A-C11A −2.9(2) C4B-C3B-C10B-C18B 172.57(13) 
C2A-C3A-C10A-C11A 175.35(13) C2B-C3B-C10B-C18B −7.0(2) 
C4A-C3A-C10A-C18A 178.09(13) C4B-C3B-C10B-C11B −6.0(2) 
C2A-C3A-C10A-C18A −3.6(2) C2B-C3B-C10B-C11B 174.40(13) 
C3A-C10A-C11A-O2A −1.1(2) C3B-C10B-C11B-O2B −8.6(2) 
C18A-C10A-C11A-O2A 177.98(14) C18B-C10B-C11B-O2B 172.65(15) 
C3A-C10A-C11A-C12A −179.17(13) C3B-C10B-C11B-C12B 175.12(14) 
C18A-C10A-C11A-C12A −0.06(14) C18B-C10B-C11B-C12B −3.62(14) 
O2A-C11A-C12A-C13A 2.9(2) O2B-C11B-C12B-C17B −173.55(14) 
C10A-C11A-C12A-C13A −178.90(13) C10B-C11B-C12B-C17B 2.91(15) 
O2A-C11A-C12A-C17A −177.23(13) O2B-C11B-C12B-C13B 6.2(2) 
C10A-C11A-C12A-C17A 0.94(15) C10B-C11B-C12B-C13B −177.33(14) 
C17A-C12A-C13A-C14A −0.1(2) C17B-C12B-C13B-C14B −0.9(2) 
C11A-C12A-C13A-C14A 179.72(14) C11B-C12B-C13B-C14B 179.39(14) 
C12A-C13A-C14A-C15A 0.7(2) C12B-C13B-C14B-C15B 1.0(2) 
C13A-C14A-C15A-C16A −0.5(2) C13B-C14B-C15B-C16B 0.0(3) 
C14A-C15A-C16A-C17A −0.5(2) C14B-C15B-C16B-C17B −1.2(2) 
C15A-C16A-C17A-C12A 1.1(2) C15B-C16B-C17B-C12B 1.3(2) 
C15A-C16A-C17A-C18A −177.97(13) C15B-C16B-C17B-C18B −178.14(15) 
C13A-C12A-C17A-C16A −0.8(2) C13B-C12B-C17B-C16B −0.3(2) 
C11A-C12A-C17A-C16A 179.30(13) C11B-C12B-C17B-C16B 179.50(13) 
C13A-C12A-C17A-C18A 178.41(12) C13B-C12B-C17B-C18B 179.26(13) 
C11A-C12A-C17A-C18A −1.45(15) C11B-C12B-C17B-C18B −0.96(16) 
C16A-C17A-C18A-O3A 1.4(2) C16B-C17B-C18B-O3B −0.8(2) 
C12A-C17A-C18A-O3A −177.79(14) C12B-C17B-C18B-O3B 179.73(14) 
C16A-C17A-C18A-C10A −179.45(13) C16B-C17B-C18B-C10B 178.11(15) 
C12A-C17A-C18A-C10A 1.39(15) C12B-C17B-C18B-C10B −1.38(15) 
C3A-C10A-C18A-O3A −2.4(2) C3B-C10B-C18B-O3B 3.1(2) 
C11A-C10A-C18A-O3A 178.39(14) C11B-C10B-C18B-O3B −178.05(15) 
C3A-C10A-C18A-C17A 178.42(12) C3B-C10B-C18B-C17B −175.76(12) 
C11A-C10A-C18A-C17A −0.77(14) C11B-C10B-C18B-C17B 3.10(14) 

2. Compound 2c 

Experimental for C13H6F6O3 (2c) 

Data Collection and Processing. The sample 2c was submitted by Joseph Sloop of the Sloop 

research group at Georgia Gwinnett College. The sample was mounted on a nylon loop with a small 

amount of NVH immersion oil. All X-ray measurements were made on a Bruker-Nonius X8 Apex2 

diffractometer at a temperature of 173 K. The unit cell dimensions were determined from a symmetry 

constrained fit of 9959 reflections with 5.28° < 2θ < 57.7°. The data collection strategy was a number 

of ω and ϕ scans which collected data up to 57.74° (2θ). The frame integration was performed using 
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SAINT+ [29]. The resulting raw data was scaled and absorption corrected using a multi-scan 

averaging of symmetry equivalent data using SADABS [30]. 

Structure Solution and Refinement. The structure was solved by direct methods using the SIR92 

program [31]. All non-hydrogen atoms were obtained from the initial E-map. The hydrogen atoms 

were introduced at idealized positions and were allowed to refine isotropically. The structural model 

was fit to the data using full matrix least-squares based on F. The calculated structure factors included 

corrections for anomalous dispersion from the usual tabulation. The structure was refined using the 

LSTSQ program from NRCVAX [33], graphic plots were produced using the NRCVAX 

crystallographic program suite. Additional information and other relevant literature references can be 

found in the reference section of the Facility’s Web page (http://www.xray.ncsu.edu). 

Figure 12. ORTEP drawing of 2c showing naming and numbering scheme. Ellipsoids are 
at the 50%.  

 

Figure 13. ORTEP drawing of 2c. Ellipsoids are at the 50% probability level and hydrogen 

atoms were drawn with arbitrary radii for clarity. 
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Figure 14. Stereoscopic ORTEP drawing of 2c. Ellipsoids are at the 50% probability level 

and hydrogen atoms were drawn with arbitrary radii for clarity. 

 

Table 10. Summary of Crystal Data for 2c. 

Formula C13H6F6O3

Formula Weight (g/mol) 324.18 
Crystal Dimensions (mm ) 1.20 × 0.10 × 0.06 
Crystal Color and Habit yellow needle 
Crystal System monoclinic 
Space Group P 21/c 
Temperature, K 173 
a, Å 4.7643(3) 
b, Å  18.6978(12) 
c, Å  13.8431(9) 
α,° 90.0 
β,° 98.964(3) 
γ,° 90.0 
V, Å3 1218.11(14) 
Number of reflections to determine final unit cell 9959 
Min and Max 2θ for cell determination, ° 5.28, 57.7 
Z 4 
F(000) 648.71 
ρ (g/cm) 1.768 
λ, Å, (MoKα) 0.71073 
μ, (cm−1) 0.18 
Diffractometer Type Bruker-Nonius X8 Apex2 
Scan Type(s) omega and phi scans 
Max 2θ for data collection, ° 57.74 
Measured fraction of data 0.98 
Number of reflections measured 26516 
Unique reflections measured 3195 
Rmerge 0.027 
Number of reflections included in refinement 2755 
Cut off Threshold Expression Inet > 1.0 sigma(Inet) 
Structure refined using full matrix least-squares using F 
Weighting Scheme 1/(sigma2(F) + 0.0005F2)  
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Table 10. Cont. 

Number of parameters in least-squares 223 
Rf 0.038 
Rw 0.053 
Rf (all data) 0.046 
Rw (all data) 0.054 
GOF 1.74 
Maximum shift/error 0.003 
Min & Max peak heights on final ΔF Map (e−/Å) −0.30, 0.35 
Where:  
Rf = Σ( |Fo − Fc| ) / Σ Fo  

Rw = [ Σ( w( Fo − Fc )
2
 ) / Σ( Fo

2
 ) ]½ 

GOF = [ Σ( w( Fo − Fc )
2
 ) / (No. of reflns. − No. of params. ) ]½ 

Table 11. Atomic Coordinates for 2c. 

Atom x y z Uiso/equiv 
O1 0.81730(18) 0.99675(5) 0.07954(6) 0.0316(4) 
O2 0.77456(19) 1.10306(5) −0.04046(7) 0.0328(5) 
O3 0.8507(2) 0.90513(5) 0.22145(8) 0.0392(5) 
C1 0.6645(2) 1.03312(6) 0.12739(8) 0.0244(5) 
C2 0.5495(2) 1.10365(6) 0.10029(9) 0.0243(5) 
C3 0.3836(2) 1.12503(7) 0.17672(8) 0.0257(5) 
C4 0.2245(3) 1.18602(8) 0.18650(10) 0.0319(6) 
C5 0.0812(3) 1.19205(8) 0.26621(11) 0.0377(7) 
C6 0.0964(3) 1.13855(8) 0.33508(11) 0.0396(7) 
C7 0.2560(3) 1.07730(8) 0.32738(10) 0.0352(6) 
C8 0.4020(2) 1.07009(7) 0.24809(9) 0.0270(5) 
C9 0.5808(2) 1.01187(6) 0.22025(8) 0.0263(5) 
C10 0.6161(2) 1.13484(7) 0.01809(9) 0.0259(5) 
C11 0.5253(3) 1.20877(7) −0.01820(11) 0.0337(6) 
C12 0.6894(3) 0.95005(7) 0.26242(9) 0.0311(6) 
C13 0.6515(3) 0.92528(8) 0.36396(11) 0.0401(7) 
F1 0.61454(20) 1.22376(5) −0.10179(7) 0.0526(5) 
F2 0.24328(16) 1.21541(5) −0.03293(6) 0.0430(4) 
F3 0.62851(20) 1.25846(5) 0.04657(7) 0.0526(5) 
F4 0.8000(2) 0.86675(5) 0.39034(7) 0.0592(6) 
F5 0.7410(2) 0.97545(6) 0.43055(6) 0.0548(5) 
F6 0.38149(19) 0.91237(6) 0.37079(7) 0.0579(5) 
H2 0.822(4) 1.0603(13) −0.0133(14) 0.064(6) 
H3 0.877(5) 0.9223(11) 0.1643(16) 0.072(6) 
H4 0.213(3) 1.2212(8) 0.1414(11) 0.030(4) 
H5 −0.019(3) 1.2318(8) 0.2728(11) 0.035(4) 
H6 −0.004(4) 1.1455(9) 0.3899(12) 0.045(4) 
H7 0.272(3) 1.0418(9) 0.3767(12) 0.039(4) 
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Table 12. Anisotropic Displacement Parameters for 2c. 

Atom u11 u
22 u

33
u

12
u

13
u

23 

O1 0.0384(5) 0.0291(5) 0.0291(5) 0.0065(4) 0.0112(4) 0.0003(4) 
O2 0.0380(5) 0.0333(5) 0.0302(5) 0.0053(4) 0.0146(4) 0.0045(4) 
O3 0.0482(6) 0.0321(5) 0.0380(6) 0.0067(4) 0.0085(5) 0.0061(4) 
C1 0.0264(5) 0.0255(6) 0.0214(5) −0.0027(5) 0.0040(4) −0.0019(4) 
C2 0.0245(5) 0.0243(6) 0.0243(5) −0.0014(5) 0.0042(4) −0.0029(4) 
C3 0.0230(5) 0.0294(6) 0.0248(6) −0.0045(5) 0.0042(4) −0.0063(5) 
C4 0.0303(6) 0.0330(7) 0.0321(6) 0.0012(5) 0.0041(5) −0.0072(5) 
C5 0.0313(6) 0.0419(8) 0.0407(7) 0.0023(6) 0.0084(6) −0.0160(6) 
C6 0.0341(6) 0.0531(9) 0.0343(7) −0.0067(6) 0.0139(6) −0.0166(7) 
C7 0.0358(7) 0.0441(8) 0.0275(6) −0.0092(6) 0.0112(5) −0.0064(6) 
C8 0.0255(5) 0.0316(6) 0.0242(6) −0.0068(5) 0.0051(4) −0.0053(5) 
C9 0.0290(5) 0.0282(6) 0.0222(6) −0.0067(5) 0.0054(5) −0.0015(4) 
C10 0.0241(5) 0.0270(6) 0.0271(6) −0.0010(5) 0.0051(4) 0.0005(5) 
C11 0.0293(6) 0.0323(7) 0.0409(7) 0.0007(5) 0.0096(5) 0.0079(5) 
C12 0.0324(6) 0.0314(7) 0.0291(6) −0.0071(5) 0.0031(5) 0.0023(5) 
C13 0.0380(7) 0.0444(8) 0.0374(7) −0.0058(6) 0.0045(6) 0.0128(6) 
F1 0.0516(5) 0.0533(6) 0.0594(6) 0.0131(4) 0.0287(5) 0.0306(5) 
F2 0.0296(4) 0.0493(5) 0.0507(5) 0.0088(4) 0.0084(4) 0.0178(4) 
F3 0.0538(5) 0.0258(4) 0.0750(7) 0.0008(4) 0.0006(5) −0.0021(4) 
F4 0.0650(6) 0.0577(6) 0.0569(6) 0.0082(5) 0.0154(5) 0.0322(5) 
F5 0.0661(6) 0.0702(7) 0.0276(4) −0.0148(5) 0.0057(4) 0.0044(4) 
F6 0.0427(5) 0.0755(7) 0.0574(6) −0.0133(5) 0.0133(4) 0.0236(5) 

Table 13. Bond Lengths for 2c. 
O1-C1 1.2576(15) C6-C7 1.388(2) 
O2-C10 1.3308(15) C6-H6 0.967(18) 
O2-H2 0.90(2) C7-C8 1.3944(18) 
O3-C12 1.3242(17) C7-H7 0.947(17) 
O3-H3 0.88(2) C8-C9 1.4703(18) 
C1-C2 1.4547(17) C9-C12 1.3602(18) 
C1-C9 1.4590(17) C10-C11 1.5108(18) 
C2-C3 1.4714(17) C11-F1 1.3235(16) 
C2-C10 1.3593(17) C11-F2 1.3329(15) 
C3-C4 1.3876(18) C11-F3 1.3311(17) 
C3-C8 1.4186(18) C12-C13 1.5173(19) 
C4-C5 1.3893(20) C13-F4 1.3233(18) 
C4-H4 0.903(15) C13-F5 1.3375(18) 
C5-C6 1.376(2) C13-F6 1.3267(17) 
C5-H5 0.896(17)   

Table 14. Bond Angles for 2c. 

C10-O2-H2 105.8(12) C3-C8-C9 109.21(10) 
C12-O3-H3 109.1(14) C7-C8-C9 131.18(12) 
O1-C1-C2 125.45(11) C1-C9-C8 106.17(10) 
O1-C1-C9 125.23(11) C1-C9-C12 118.14(11) 
C2-C1-C9 109.30(10) C8-C9-C12 135.54(12) 
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Table 14. Cont. 

C1-C2-C3 106.48(10) O2-C10-C2 123.15(11) 
C1-C2-C10 118.51(11) O2-C10-C11 111.48(11) 
C3-C2-C10 134.99(11) C2-C10-C11 125.36(11) 
C2-C3-C4 131.02(12) C10-C11-F1 111.72(11) 
C2-C3-C8 108.80(10) C10-C11-F2 111.45(10) 
C4-C3-C8 120.17(11) C10-C11-F3 110.99(11) 
C3-C4-C5 119.18(14) F1-C11-F2 107.46(11) 
C3-C4-H4 120.4(9) F1-C11-F3 107.80(11) 
C5-C4-H4 120.4(9) F2-C11-F3 107.21(11) 
C4-C5-C6 120.80(14) O3-C12-C9 124.23(12) 
C4-C5-H5 119.0(10) O3-C12-C13 111.34(12) 
C6-C5-H5 120.2(10) C9-C12-C13 124.39(13) 
C5-C6-C7 121.13(13) C12-C13-F4 111.87(13) 
C5-C6-H6 117.8(10) C12-C13-F5 110.68(11) 
C7-C6-H6 121.0(10) C12-C13-F6 112.22(11) 
C6-C7-C8 119.11(14) F4-C13-F5 106.89(12) 
C6-C7-H7 120.5(9) F4-C13-F6 108.20(12) 
C8-C7-H7 120.3(9) F5-C13-F6 106.69(13) 
C3-C8-C7 119.60(12)   

Table 15. Torsion Angles for 2c. 

O1-C1-C2-C3 179.6(2) C8-C3-C4-C5 −0.78(13) 
O1-C1-C2-C10 −1.91(11) C2-C3-C8-C7 −178.6(3) 
C9-C1-C2-C3 −1.90(11) C2-C3-C8-C9 0.26(11) 
C9-C1-C2-C10 176.6(2) C4-C3-C8-C7 0.88(13) 
O1-C1-C9-C8 −179.4(3) C4-C3-C8-C9 179.7(3) 
O1-C1-C9-C12 4.37(11) C3-C4-C5-C6 0.17(13) 
C2-C1-C9-C8 2.04(11) C4-C5-C6-C7 0.35(13) 
C2-C1-C9-C12 −174.2(3) C5-C6-C7-C8 −0.25(13) 
C1-C2-C3-C4 −178.4(2) C6-C7-C8-C3 −0.36(13) 
C1-C2-C3-C8 1.00(11) C6-C7-C8-C9 −178.9(3) 
C10-C2-C3-C4 3.44(12) C3-C8-C9-C1 −1.41(11) 
C10-C2-C3-C8 −177.2(3) C3-C8-C9-C12 173.8(3) 
C1-C2-C10-O2 2.08(10) C7-C8-C9-C1 177.3(3) 
C1-C2-C10-C11 −177.3(2) C7-C8-C9-C12 −7.50(13) 
C3-C2-C10-O2 −179.9(2) C1-C9-C12-O3 −4.98(11) 
C3-C2-C10-C11 0.67(11) C1-C9-C12-C13 172.4(3) 
C2-C3-C4-C5 178.6(3)   

3. Compound 3d 

Experimental for C12H7F3O2 (3d) 

Data Collection and Processing. The sample 3d was submitted by Joseph Sloop of the Sloop 

research group at Georgia Gwinnett College. The sample was mounted on a nylon loop with a small 
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amount of NVH immersion oil. All X-ray measurements were made on a Bruker-Nonius X8 Apex2 

diffractometer at a temperature of 110 K. The unit cell dimensions were determined from a symmetry 

constrained fit of 5859 reflections with 5.44° < 2θ < 52.66°. The data collection strategy was a number 

of ω and ϕ scans which collected data up to 62.92° (2θ). The frame integration was performed using 

SAINT [29]. The resulting raw data was scaled and absorption corrected using a multi-scan averaging 

of symmetry equivalent data using SADABS [30]. 

Structure Solution and Refinement. The structure was solved by direct methods using the SIR92 

program [31]. All non-hydrogen atoms were obtained from the initial solution. The carbon bound 

hydrogen atoms were introduced at idealized positions while the hydroxy hydrogen atom position was 

obtained from a diffeence Fourier map. All hydrogen atoms were allowed to refine isotropically. The 

structural model was fit to the data using full matrix least-squares based on F2. The calculated structure 

factors included corrections for anomalous dispersion from the usual tabulation. The space group is 

achiral, therefore the structure has an absolute sense to it. However, the anomalous scattering signal is 

weak due to the absence of any atoms heavier than F, and the absolute structure could not be 

definitively determined. The structure was refined using the XL program from SHELXTL [32], 

graphic plots were produced using the NRCVAX crystallographic program suite. Additional 

information and other relevant literature references can be found in the reference section of the 

Facility’s Web page (http://www.xray.ncsu.edu). 

Figure 15. ORTEP drawing of 3d showing naming and numbering scheme. Ellipsoids are 

at the 50% probability level and hydrogen atoms were drawn with arbitrary radii for 

clarity. 

 

Figure 16. ORTEP drawing of 3d. Ellipsoids are at the 50% probability level and 

hydrogen atoms were drawn with arbitrary radii for clarity. 
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Figure 17. Stereoscopic ORTEP drawing of 3d. Ellipsoids are at the 50% probability level 

and hydrogen atoms were drawn with arbitrary radii for clarity. 

 

Table 16. Summary of Crystal Data for 3d. 

Formula C12H7F3O2

Formula Weight (g/mol) 240.18 
Crystal Dimensions (mm ) 0.46 × 0.08 × 0.04 
Crystal Color and Habit orange yellow needle 
Crystal System orthorhombic 
Space Group P n a 21

Temperature, K 110 
a, Å 13.5923(5) 
b, Å  14.9695(5) 
c, Å  4.8381(2) 
α,° 90.00 
β,° 90.00 
γ,° 90.00 
V, Å3 984.41(6) 
Number of reflections to determine final unit cell 5859 
Min and Max 2θ for cell determination, ° 5.44, 52.66 
Z 4 
F(000) 488 
ρ (g/cm) 1.621 
λ, Å, (MoKα) 0.71070 
μ, (cm−1) 0.147 
Diffractometer Type Bruker-Nonius X8 Apex2 
Scan Type(s) omega and phi scans 
Max 2θ for data collection, ° 62.92 
Measured fraction of data 0.874 
Number of reflections measured 21568 
Unique reflections measured 2632 
Rmerge 0.0444 
Number of reflections included in refinement 2632 
Cut off Threshold Expression >2sigma(I) 
Structure refined using full matrix least-squares using F2

Weighting Scheme calc w = 1/[sigma2(Fo2) + (0.0406P)2 + 
0.0000P] where P=(Fo2 + 2Fc2)/3 

Number of parameters in least-squares 182 
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Table 16. Cont. 

R1 0.0370 
wR2 0.0712 
R1 (all data) 0.0538 
wR2 (all data) 0.0762 
GOF 1.035 
Maximum shift/error 0.000 
Min & Max peak heights on final ΔF Map (e-/Å) −0.229, 0.183 
Where:  
R1 = Σ( |Fo| − |Fc| ) / Σ Fo  

wR2 = [ Σ( w( Fo
2 − Fc

2 )2 ) / Σ(w Fo
4 ) ]½  

GOF = [ Σ( w( Fo
2 − Fc

2 )2 ) / (No. of reflns. − No. of params. ) ]½ 

Table 17. Atomic Coordinates for 3d. 

Atom x y z Uiso/equiv 
O1 0.11391(8) 0.26937(8) 0.6424(3) 0.0315(3) 
O2 0.22469(8) 0.37533(7) 0.3464(3) 0.0294(3) 
C1 0.19885(11) 0.24126(10) 0.7623(4) 0.0227(3) 
C2 0.29250(11) 0.27865(9) 0.6863(4) 0.0190(3) 
C3 0.37673(11) 0.24539(9) 0.8101(4) 0.0193(3) 
C4 0.37205(11) 0.17792(10) 1.0120(4) 0.0192(3) 
C5 0.45775(12) 0.14260(10) 1.1386(4) 0.0230(3) 
C6 0.45137(13) 0.07873(10) 1.3373(4) 0.0269(3) 
C7 0.35837(14) 0.04578(11) 1.4184(4) 0.0300(4) 
C8 0.27466(13) 0.07695(10) 1.3003(4) 0.0275(4) 
C9 0.27804(11) 0.14416(10) 1.0917(4) 0.0213(3) 
C10 0.19325(12) 0.17720(11) 0.9629(4) 0.0247(3) 
C11 0.29517(12) 0.35023(10) 0.4818(4) 0.0217(3) 
C12 0.39217(11) 0.40275(10) 0.4367(4) 0.0224(3) 
F1 0.37724(7) 0.47125(6) 0.2675 0.0341(3) 
F2 0.46266(6) 0.35198(6) 0.3256(3) 0.0286(2) 
F3 0.42682(6) 0.43562(6) 0.6742(3) 0.0297(2) 
H1 0.1301(19) 0.3131(16) 0.500(7) 0.079(9) 
H3 0.4391(12) 0.2686(10) 0.766(4) 0.022(4) 
H5 0.5197(14) 0.1674(10) 1.079(4) 0.033(5) 
H6 0.5078(13) 0.0544(10) 1.422(4) 0.026(4) 
H7 0.3543(13) 0.0040(11) 1.553(4) 0.030(5) 
H8 0.2120(15) 0.0566(12) 1.334(5) 0.053(6) 

Table 18. Anisotropic Displacement Parameters for 3d. 

Atom u11 u22 u33 u12 u13 u23 

O1 0.0164(6) 0.0433(7) 0.0347(7) 0.0007(5) −0.0018(5) 0.0012(6) 
O2 0.0251(6) 0.0319(6) 0.0312(6) 0.0036(5) −0.0074(6) 0.0048(6) 
C1 0.0174(8) 0.0271(8) 0.0236(8) −0.0003(6) 0.0012(6) −0.0060(7) 
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Table 18. Cont. 

C2 0.0180(8) 0.0211(7) 0.0178(7) 0.0006(6) 0.0021(6) −0.0031(6) 
C3 0.0174(8) 0.0209(7) 0.0196(7) −0.0016(6) 0.0019(6) −0.0013(7) 
C4 0.0199(8) 0.0195(7) 0.0182(7) −0.0011(6) 0.0023(6) −0.0032(6) 
C5 0.0249(9) 0.0212(8) 0.0229(8) 0.0011(6) 0.0005(7) −0.0006(6) 
C6 0.0338(9) 0.0226(8) 0.0245(8) 0.0051(7) −0.0020(7) 0.0001(7) 
C7 0.0471(11) 0.0208(8) 0.0223(9) −0.0038(7) 0.0034(7) 0.0020(7) 
C8 0.0324(9) 0.0256(8) 0.0247(9) −0.0107(7) 0.0084(8) −0.0037(7) 
C9 0.0249(8) 0.0193(7) 0.0198(7) −0.0031(6) 0.0041(6) −0.0060(6) 
C10 0.0178(8) 0.0300(8) 0.0264(8) −0.0068(7) 0.0072(7) −0.0062(7) 
C11 0.0226(9) 0.0230(8) 0.0195(8) 0.0020(6) 0.0017(6) −0.0026(6) 
C12 0.0238(8) 0.0226(8) 0.0208(7) 0.0010(6) −0.0013(7) 0.0006(6) 
F1 0.0369(6) 0.0279(5) 0.0375(6) −0.0005(4) −0.0013(5) 0.0126(5) 
F2 0.0238(5) 0.0291(5) 0.0329(5) 0.0011(4) 0.0082(4) −0.0003(4) 
F3 0.0309(5) 0.0300(5) 0.0282(5) −0.0080(4) −0.0005(4) −0.0051(4) 

Table 19. Bond Lengths for 3d. 

O1-C1 1.3588(19) C6-C7 1.412(2) 
O1-H1 0.97(3) C6-H6 0.941(18) 
O2-C11 1.2199(18) C7-C8 1.356(2) 
C1-C10 1.367(2) C7-H7 0.905(18) 
C1-C2 1.438(2) C8-C9 1.426(2) 
C2-C3 1.385(2) C8-H8 0.92(2) 
C2-C11 1.459(2) C9-C10 1.400(2) 
C3-C4 1.406(2) C10-H10 0.939(18) 
C3-H3 0.941(16) C11-C12 1.551(2) 
C4-C5 1.418(2) C12-F1 1.3278(18) 
C4-C9 1.427(2) C12-F3 1.3356(19) 
C5-C6 1.359(2) C12-F2 1.3359(18) 
C5-H5 0.963(19)   

Table 20. Bond Angles for 3d. 

C1-O1-H1 108.5(16) C8-C7-H7 119.3(12) 
O1-C1-C10 118.24(14) C6-C7-H7 119.8(12) 
O1-C1-C2 121.49(14) C7-C8-C9 120.94(15) 
C10-C1-C2 120.25(14) C7-C8-H8 126.2(13) 
C3-C2-C1 118.78(13) C9-C8-H8 112.8(13) 
C3-C2-C11 122.46(13) C10-C9-C8 122.53(15) 
C1-C2-C11 118.76(13) C10-C9-C4 119.43(15) 
C2-C3-C4 121.41(13) C8-C9-C4 118.04(15) 
C2-C3-H3 121.0(10) C1-C10-C9 121.21(15) 
C4-C3-H3 117.5(10) C1-C10-H10 116.9(11) 
C3-C4-C5 122.04(13) C9-C10-H10 121.8(11) 
C3-C4-C9 118.85(13) O2-C11-C2 124.81(14) 
C5-C4-C9 119.11(14) O2-C11-C12 115.85(13) 
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Table 20. Cont. 

C6-C5-C4 121.03(15) C2-C11-C12 119.28(13) 
C6-C5-H5 122.5(11) F1-C12-F3 107.45(12) 
C4-C5-H5 116.5(11) F1-C12-F2 107.51(13) 
C5-C6-C7 119.96(16) F3-C12-F2 107.63(12) 
C5-C6-H6 121.7(10) F1-C12-C11 110.39(12) 
C7-C6-H6 118.3(10) F3-C12-C11 111.44(13) 
C8-C7-C6 120.91(16) F2-C12-C11 112.21(12) 

Table 21. Torsion Angles for 3d. 

O1-C1-C2-C3 −178.15(14) C3-C4-C9-C8 −178.87(13) 
C10-C1-C2-C3 3.2(2) C5-C4-C9-C8 1.1(2) 
O1-C1-C2-C11 1.9(2) O1-C1-C10-C9 178.95(14) 
C10-C1-C2-C11 −176.80(13) C2-C1-C10-C9 −2.3(2) 
C1-C2-C3-C4 −1.6(2) C8-C9-C10-C1 −179.58(14) 
C11-C2-C3-C4 178.34(13) C4-C9-C10-C1 −0.1(2) 
C2-C3-C4-C5 179.37(14) C3-C2-C11-O2 171.95(15) 
C2-C3-C4-C9 −0.7(2) C1-C2-C11-O2 −8.1(2) 
C3-C4-C5-C6 178.62(14) C3-C2-C11-C12 −11.0(2) 
C9-C4-C5-C6 −1.3(2) C1-C2-C11-C12 168.99(13) 
C4-C5-C6-C7 0.7(2) O2-C11-C12-F1 4.49(18) 
C5-C6-C7-C8 0.1(2) C2-C11-C12-F1 −172.83(12) 
C6-C7-C8-C9 −0.3(2) O2-C11-C12-F3 123.80(14) 
C7-C8-C9-C10 179.23(15) C2-C11-C12-F3 −53.51(17) 
C7-C8-C9-C4 −0.3(2) O2-C11-C12-F2 −115.41(15) 
C3-C4-C9-C10 1.6(2) C2-C11-C12-F2 67.28(18) 
C5-C4-C9-C10 −178.48(14)   

4. Compound 4c 

Experimental for C12H9F3O2 (4c) 

Data Collection and Processing. The sample 4c was submitted by Joseph Sloop of the Sloop 

research group at Georgia Gwinnett College. The sample was mounted on a nylon loop with a small 

amount of Paratone N oil. All X-ray measurements were made on a Bruker-Nonius Kappa Axis X8 

Apex2 diffractometer at a temperature of 110 K. The unit cell dimensions were determined from a 

symmetry constrained fit of 6416 reflections with 5.78° < 2θ < 71.38°. The data collection strategy 

was a number of ω and ϕ scans which collected data up to 71.58° (2θ). The frame integration was 

performed using SAINT [29]. The resulting raw data was scaled and absorption corrected using a  

multi-scan averaging of symmetry equivalent data using SADABS [30]. 

Structure Solution and Refinement. The structure was solved by direct methods using the XS 

program [31]. All non-hydrogen atoms were obtained from the initial solution. The hydrogen atoms 

were located from a difference Fourier map and were allowed to refine isotropically. The structural 

model was fit to the data using full matrix least-squares based on F2. The calculated structure factors 

included corrections for anomalous dispersion from the usual tabulation. The structure was refined 
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using the XL program from SHELXTL [32], graphic plots were produced using the NRCVAX 

crystallographic program suite. Additional information and other relevant literature references can be 

found in the reference section of the Facility's Web page (http://www.xray.ncsu.edu). 

Figure 18. ORTEP drawing of 4c showing naming and numbering scheme. Ellipsoids are 

at the 50% probability level and hydrogen atoms were drawn with arbitrary radii for 

clarity. 

 

Figure 19. ORTEP drawing of 4c. Ellipsoids are at the 50% probability level and hydrogen 

atoms were drawn with arbitrary radii for clarity. 

 

Figure 20. Stereoscopic ORTEP drawing of 4c. Ellipsoids are at the 50% probability level 

and hydrogen atoms were drawn with arbitrary radii for clarity. 

 

Table 22. Summary of Crystal Data for 4c. 

Formula C12H9F3O2

Formula Weight (g/mol) 242.19 
Crystal Dimensions (mm ) 0.38 × 0.28 × 0.04 
Crystal Color and Habit colourless plate 
Crystal System triclinic 
Space Group P -1 
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Table 22. Cont. 

Temperature, K 110 
a, Å 7.3528(2) 
b, Å  7.9165(2) 
c, Å  9.7991(2) 
α,° 73.0533(11) 
β,° 85.3968(12) 
γ,° 68.3581(11) 
V, Å3 506.92(2) 
Reflections to determine final unit cell 6416 
Min and Max 2θ for cell determination, ° 5.78, 71.38 
Z 2 
F(000) 248 
ρ (g/cm) 1.587 
λ, Å, (MoK) 0.71073 
μ, (cm−1) 0.143 
Number of reflections measured 20479 
Unique reflections measured 4691 
Rmerge 0.0265 
Number of reflections included in refinement 4691 
Cut off Threshold Expression >2sigma(I) 
Structure refined using full matrix least-squares using 

F2 

Weighting Scheme w = 1/[sigma2(Fo2) + 
(0.0707P)2 + 0.0436P] where  
P = (Fo2 + 2Fc2)/3 

R1 0.0382 
wR2 0.1082 
R1 (all data) 0.0525 
wR2 (all data) 0.1220 
GOF 1.048 
Where: 
R1 = Σ( |Fo| − |Fc| ) / Σ Fo 

wR2 = [ Σ( w( Fo
2 − Fc

2 )2 ) / Σ(w Fo
4 ) ] ½ 

GOF = [ Σ( w( Fo
2 − Fc

2 )2 ) / (No. of reflns. − No. of params. ) ] ½ 

Table 23. Atomic Coordinates for 4c. 

Atom x y z Uiso/equiv 
O1 0.77448(8) 0.28007(9) 0.27345(6) 0.01748(12) 
O2 0.99446(9) 0.28522(9) 0.06442(6) 0.02064(13) 
C1 0.92164(10) 0.26838(10) 0.34926(7) 0.01305(12) 
C2 1.10003(10) 0.26974(10) 0.29126(8) 0.01358(12) 
C3 1.25154(11) 0.27188(11) 0.38557(8) 0.01584(13) 
C4 1.24786(11) 0.15172(11) 0.53827(8) 0.01618(13) 
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Table 23. Cont. 

C5 1.04451(11) 0.19875(10) 0.59451(8) 0.01444(13) 
C6 1.00916(12) 0.18008(12) 0.73914(8) 0.01899(15) 
C7 0.82002(13) 0.21517(12) 0.78875(9) 0.02070(15) 
C8 0.66361(12) 0.26962(12) 0.69526(9) 0.01971(15) 
C9 0.69574(11) 0.28853(11) 0.55100(8) 0.01598(13) 
C10 0.88579(10) 0.25358(10) 0.50052(7) 0.01326(12) 
C11 1.12232(11) 0.27815(10) 0.14448(8) 0.01590(13) 
C12 1.31898(12) 0.27354(12) 0.07494(9) 0.02008(15) 
F1 1.37562(8) 0.40737(8) 0.09309(6) 0.02557(13) 
F2 1.46211(8) 0.10631(8) 0.12997(6) 0.03004(14) 
F3 1.30731(9) 0.29835(10) −0.06471(6) 0.03180(15) 
H1 0.818(3) 0.282(3) 0.190(2) 0.066(5) 
H3A 1.2210(17) 0.4028(17) 0.3866(12) 0.018(3) 
H3B 1.386(2) 0.2261(18) 0.3516(13) 0.026(3) 
H4A 1.3333(19) 0.1700(17) 0.5989(13) 0.021(3) 
H4B 1.2933(18) 0.0209(17) 0.5436(13) 0.020(3) 
H6 1.120(2) 0.1395(19) 0.8020(14) 0.030(3) 
H7 0.806(2) 0.204(2) 0.8859(17) 0.041(4) 
H8 0.526(2) 0.304(2) 0.7231(14) 0.033(3) 
H9 0.5882(18) 0.3326(17) 0.4836(13) 0.019(3) 

Table 24. Anisotropic Displacement Parameters for 4c. 

Atom u11 u22 u33 u12 u13 u23 
O1 0.0149(2) 0.0246(3) 0.0147(2) −0.0091(2) −0.00183(19) −0.0048(2) 
O2 0.0229(3) 0.0269(3) 0.0145(2) −0.0113(2) −0.0001(2) −0.0061(2) 
C1 0.0127(3) 0.0135(3) 0.0133(3) −0.0052(2) −0.0005(2) −0.0035(2) 
C2 0.0129(3) 0.0155(3) 0.0131(3) −0.0059(2) 0.0007(2) −0.0042(2) 
C3 0.0137(3) 0.0189(3) 0.0166(3) −0.0081(2) 0.0007(2) −0.0046(2) 
C4 0.0134(3) 0.0184(3) 0.0162(3) −0.0059(2) −0.0019(2) −0.0035(2) 
C5 0.0151(3) 0.0148(3) 0.0143(3) −0.0062(2) 0.0003(2) −0.0044(2) 
C6 0.0226(4) 0.0212(3) 0.0144(3) −0.0091(3) −0.0007(3) −0.0051(3) 
C7 0.0270(4) 0.0225(3) 0.0156(3) −0.0115(3) 0.0055(3) −0.0078(3) 
C8 0.0210(4) 0.0215(3) 0.0203(3) −0.0104(3) 0.0077(3) −0.0097(3) 
C9 0.0142(3) 0.0171(3) 0.0185(3) −0.0069(2) 0.0030(2) −0.0068(2) 
C10 0.0133(3) 0.0143(3) 0.0136(3) −0.0061(2) 0.0012(2) −0.0047(2) 
C11 0.0174(3) 0.0162(3) 0.0140(3) −0.0067(2) 0.0021(2) −0.0038(2) 
C12 0.0204(3) 0.0226(4) 0.0166(3) −0.0077(3) 0.0049(3) −0.0058(3) 
F1 0.0244(3) 0.0283(3) 0.0279(3) −0.0162(2) 0.0068(2) −0.0065(2) 
F2 0.0215(3) 0.0254(3) 0.0345(3) −0.0013(2) 0.0080(2) −0.0070(2) 
F3 0.0341(3) 0.0473(4) 0.0169(2) −0.0181(3) 0.0108(2) −0.0115(2) 
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Table 25. Bond Lengths for 4c. 

O1-C1 1.3215(9) C5-C10 1.4016(10) 
O1-H1 0.855(19) C6-C7 1.3903(12) 
O2-C11 1.2476(10) C6-H6 0.960(14) 
C1-C2 1.3895(10) C7-C8 1.3860(12) 
C1-C10 1.4626(10) C7-H7 0.931(15) 
C2-C11 1.4193(10) C8-C9 1.3877(11) 
C2-C3 1.5112(10) C8-H8 0.984(14) 
C3-C4 1.5255(11) C9-C10 1.3992(10) 
C3-H3A 0.979(12) C9-H9 0.964(12) 
C3-H3B 0.984(13) C11-C12 1.5408(11) 
C4-C5 1.5016(10) C12-F3 1.3298(10) 
C4-H4A 0.972(12) C12-F1 1.3322(10) 
C4-H4B 0.950(12) C12-F2 1.3410(10) 
C5-C6 1.3946(10)   

Table 26. Bond Angles for 4c. 

C1-O1-H1 105.2(13) C7-C6-H6 122.1(8) 
O1-C1-C2 123.08(7) C5-C6-H6 117.4(8) 
O1-C1-C10 115.65(6) C8-C7-C6 120.54(7) 
C2-C1-C10 121.28(6) C8-C7-H7 123.4(9) 
C1-C2-C11 116.88(7) C6-C7-H7 116.1(9) 
C1-C2-C3 118.29(6) C7-C8-C9 119.86(7) 
C11-C2-C3 124.76(6) C7-C8-H8 124.2(8) 
C2-C3-C4 111.06(6) C9-C8-H8 115.9(8) 
C2-C3-H3A 108.3(7) C8-C9-C10 119.82(7) 
C4-C3-H3A 108.5(7) C8-C9-H9 121.1(7) 
C2-C3-H3B 113.2(7) C10-C9-H9 119.0(7) 
C4-C3-H3B 108.2(8) C9-C10-C5 120.59(7) 
H3A-C3-H3B 107.4(10) C9-C10-C1 120.17(7) 
C5-C4-C3 112.07(6) C5-C10-C1 119.22(6) 
C5-C4-H4A 110.3(7) O2-C11-C2 125.09(7) 
C3-C4-H4A 109.1(7) O2-C11-C12 115.47(7) 
C5-C4-H4B 105.9(7) C2-C11-C12 119.42(7) 
C3-C4-H4B 111.1(7) F3-C12-F1 107.53(7) 
H4A-C4-H4B 108.2(10) F3-C12-F2 107.30(7) 
C6-C5-C10 118.70(7) F1-C12-F2 107.24(7) 
C6-C5-C4 121.98(7) F3-C12-C11 110.83(7) 
C10-C5-C4 119.24(6) F1-C12-C11 112.56(6) 
C7-C6-C5 120.50(8) F2-C12-C11 111.13(6) 

Table 27. Torsion Angles for 4c. 

O1-C1-C2-C11 −2.04(11) C4-C5-C10-C9 176.58(7) 
C10-C1-C2-C11 177.93(6) C6-C5-C10-C1 −178.26(7) 
O1-C1-C2-C3 175.03(7) C4-C5-C10-C1 −1.57(10) 
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Table 27. Cont. 

C10-C1-C2-C3 −4.99(10) O1-C1-C10-C9 −12.24(10) 
C1-C2-C3-C4 36.71(9) C2-C1-C10-C9 167.79(7) 
C11-C2-C3-C4 −146.47(7) O1-C1-C10-C5 165.92(6) 
C2-C3-C4-C5 −49.62(8) C2-C1-C10-C5 −14.06(10) 
C3-C4-C5-C6 −149.82(7) C1-C2-C11-O2 0.34(11) 
C3-C4-C5-C10 33.60(9) C3-C2-C11-O2 −176.52(7) 
C10-C5-C6-C7 0.04(11) C1-C2-C11-C12 −178.03(6) 
C4-C5-C6-C7 −176.56(7) C3-C2-C11-C12 5.11(11) 
C5-C6-C7-C8 −0.13(12) O2-C11-C12-F3 6.60(10) 
C6-C7-C8-C9 0.30(12) C2-C11-C12-F3 −174.87(7) 
C7-C8-C9-C10 −0.37(11) O2-C11-C12-F1 127.07(8) 
C8-C9-C10-C5 0.28(11) C2-C11-C12-F1 −54.40(10) 
C8-C9-C10-C1 178.41(7) O2-C11-C12-F2 −112.62(8) 
C6-C5-C10-C9 −0.11(11) C2-C11-C12-F2 65.91(9) 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 
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Abstract: The effect of variously fluorine-substituted β-methyl-β-nitrostyrenes on their 

antimicrobial activity was investigated. Their efficacy was determined by minimum 

inhibition concentration (MIC) in cultures of Gram positive and Gram negative bacteria 

and a fungus. Highest activity against the Gram negative bacterium, E.coli, was achieved 

with 4-fluorine-aryl substituted β-methyl-β-nitrostyrenes, while most compounds gave 

excellent results against gram positive bacteria. Importantly, the addition of the β-methyl 

group profoundly enhanced the antibacterial activity of the compounds tested. The 

comparative KD values for the most potent compounds against E.coli were much lower 

than those required for the gram positive and fungus counterparts. This investigation 

illustrated that fluorine substituted nitropropenylarenes have enhanced antimicrobial 

activity suitable for antibiotic applications. 

Keywords: antimicrobial agents; Henry reaction; fluoro-β-methyl-β-nitrostyrenes; MIC; 

partition coefficients; log P values 

 

1. Introduction 

Time is running out for antibiotics. The rising levels of antibacterial resistance, the decline in 

productive drug development and the reduction in the numbers of pharmaceutical companies engaging 

in research and development of anti-infective agents are huge public health concerns and pose 

problems for the effective management of microbial infections [1]. There is an urgent need to source 
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novel antimicrobial agents to combat human pathogens that are not susceptible to currently available 

antibiotics coupled with the strategic use of all available and emerging antimicrobial agents.  

In 1952 Schales and Graefe [2] found that a range of substituted β-nitrostyrenes including 

nitropropenyl aromatic compounds were active against Gram positive and Gram negative bacteria and 

Denisenko et al. [3] who confirmed that 1 was as active as clinical antibiotics against bacteria 

including methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci 

(VRE). From the work of Milhazes et al. in 2006, the antibacterial activity against S aureus American 

Type Culture Collection (ATCC) 29213 of some aryl-hydroxy/methoxy substituted β-nitrostyrenes 

was found to be improved by the addition of a β-methyl group on the nitro alkene, with a 2 to 8 fold 

increase in the minimum inhibitory concentrations (MIC) relative to the β-nitrostyrene [4]. 

Interestingly, this MIC enhancement was most pronounced for Gram positive bacteria utilizing  

3-hydroxy-4-methoxy-β-methyl-β-nitrostyrene 2 (MIC 32); whereas 3,4-dihydroxy-β-methyl-β-

nitrostyrene 3 (MIC 64) showed the best result against all Gram negative bacteria except for 

Pseudomonas aeruginosa. 

 

Protein-tyrosine phosphatases (PTPases) are modulators of signal transduction pathways that 

regulate numerous cell functions. Malfunction of PTPases has been linked to a number of oncogenic 

and metabolic disease states. The PTPases are also utilized by microbes and viruses for pathogenic 

activity. Therefore, inhibitors of PTPases have potential as therapeutic antimicrobial agents [5–7]. Park 

and Pei in enzyme mechanistic studies found trans-β-nitrostyrene derivatives to be a new class of 

inhibitors of protein tyrosine phosphatase PTP1B [8]. They proposed that β-nitrostyrene is a reversible 

inhibitor of the tyrosine phosphatases PTP1B by their interaction and formation of a covalent complex 

with cysteine at the catalytic site. 

Scheme 1. Park and Pei [8] mechanism of PTP1B inhibition by β-nitrostyrene. Reprinted 

with permission from Park, J.; Pei, D. Trans- β-nitrostyrene Derivatives as Slow-Binding 

Inhibitors of Protein Tyrosine Phosphatases. Biochem. 2004, 43, 15014–15021. Copyright 

2004, American Chemical Society. 

 

S-

N
O O-

R

+

AH
N

HO O-

R

+

A-

S

67

G



Appl. Sci. 2012, 2             

 

 

116

Their evidence suggested that in the absence of free thiols, nucleophilic attack by enzymic cysteine 

occurs on the side chain nitro group, as shown in Scheme 1. This rationale was based on the positive 

charge on the nitrogen atom being susceptible to nucleophilic attack, forming a reversible adduct that 

inhibited PTP1B. However, exactly the opposite is found in the literature. It has been reported [9] that 

β-nitrostyrenes reversibly add to the thiol group of cysteine and cysteine peptides under mild 

conditions. In contrast, sodium trimethylsilane thiolate at 185 °C for 24 h has been found to reduce 

nitro groups to amines [10]. The conjugate addition to β-nitroalkenes reflects the high reactivity of  

β-nitroalkenes as Michael acceptors [11], and it is widely recognized that nitro group olefins undergo 

rapid conjugate addition with thiol-type nucleophiles [12,13]. 

 

The antimicrobial activity of a range of β-methyl-β-nitrostyrene derivatives 4 against Gram positive, 

Gram negative bacteria and fungi were evaluated by Nicoletti et al. [14] who had previously found that: 

(a) E.coli was suppressed effectively by chlorine or fluorine C4-aryl-substituents relative to the 

unsubstituted or the 3-4-methylenedioxy ring compounds.  

(b) S.aureus was suppressed effectively by a wide range of nitropropenyl arenes including  

β-methyl-β-nitrostyrene, the 4-fluorine and 4-chlorine substituted β-methyl-β-nitrostyrene, 

imidazolyl, benzothiazole and the 3,4-methylenedioxy derivatives. An important finding was 

that when two hydroxy groups were present on the ring in the 2- and 4- positions or the  

2- or 5- positions, activity against this microorganism noticeably reduced. The fact that this 

also occurred with substitution by N,N-dimethyl and N,N-diethyl groups indicated that the more 

polar nature of these substituents was detrimental to activity. This was supported by the KD 

values of the latter compounds being relatively low compared with the unsubstituted and 

halogenated-substituted compounds. 

(c) B.subtilis was suppressed by a wide range of compounds in a similar fashion to S.aureus. The 

2,4- and 2,5- dihydroxyaryl substituted compounds exhibited poor bacterial inhibition whereas 

the 3,4-dihydroxy derivative gave high activity. 

(d) C.albicans was suppressed by the 3,4-dichloro, 4-chloro, 4-fluoro, derivatives.  

However 2,4-dihydroxy, 2,5-dihydroxy and the benzimidazole derivatives were very unreactive.  

The introduction of ‘fluorine functionality’ into molecular architecture has proved to be invaluable 

for modulation of the molecular properties of medicinal compounds [15]. The substitution of hydrogen 

and other functional groups with fluorine can have multiple molecular impacts, including electronic, 

lipophilic, H-bonding, chemical, metabolic stability and steric factors, which can influence the 

pharmacodynamic and pharmacokinetic properties of pharmaceuticals [16]. When fluorine atoms or 

trifluoromethyl groups were introduced into either the peptidic chain or the C-terminal end of cationic 

pentapeptides, the antimicrobial activity always improved by diminishing the minimal inhibitory 

concentration (MIC) [17]. A recent report on the structure activity relationships of antitubercular 
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nitroimidazoles highlighted the high activity achieved by the inclusion of trifluoromethoxybenzyl 

substituents in the nitroimidazoles [18]. Carbon films with a high fluorine content exhibited excellent 

antibacterial properties against E. coli growth [19]. Furthermore, a simple super hydrophobic coating 

composed of nano-structured fluorinated silica colloids with fluoroalkoxysilane on a silane structure 

demonstrated that the adhesion of Staphylococcus aureus and Pseudomonas aeruginosa was reduced 

by 2.08 ± 0.25 and 1.76 ± 0.12 log over controls, respectively [20]. The fluorine containing  

4-(substituted-2-hydroxybenzoyl) pyrazoles 6, 7, 8 showed promising antibacterial activity [21]. 

 

MIC50 (microgram/mL) 

E. coli 62.5 25 12.5 

S. aureus 100 250 100 

Based on the discoveries that fluorine substituted β-nitrostyrene enhanced antimicrobial activity, 

this investigation was undertaken to study the effects on antimicrobial activity of difluoro-, 

trifluoromethyl- and trifluoromethoxy- substituted β-methyl-β-nitrostyrenes and related compounds 

that were prepared via the Henry reaction [22]. For an antimicrobial agent to be effective, it must 

penetrate the bacterial cell first to reach its target enzymes, therefore the lipophilicity of the prepared 

compounds was determined from the octanol-water partition coefficients. The antimicrobial activities 

of all products were measured by minimum inhibitory concentration (MIC). Three Gram positive 

bacteria (Staphylococcus aureus, Bacillus subtilis and Enterococcus faecalis), one Gram negative 

bacterium (Escherichia coli) and a fungus (Candida albicans) were tested. 

2. Experimental Section 

2.1. Chemicals 

Chemicals and solvents were typically sourced from Sigma-Aldrich Chemical Company, and were 

AR grade or better.  

2.2. Instrumentation and Synthesis 

Gas chromatography and Mass Spectroscopy (GC/MS) spectra were obtained in either electron 

ionization (EI) or positive/negative electrospray (ESI) modes with the Varian Saturn 2200 GC/MS/MS 

(ion-trap) coupled to a Varian CP-3800 GC (FactorFour—Capillary Column; Stationary Phase:  

VF-5ms; L(m) ID(mm) × OD (mm): 30 × 0.25 × 0.39) or Micromass Platform II ESI/MS (240 V,  

10 A). Resultant ions are expressed as m/z values.  
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NMR spectroscopy was performed on Bruker Advance 300 MHz or Bruker Avance 300 III MHz 

spectrometer. Some FIDs from Bruker Advance 300 MHz were processed using Mestrec23.  
1H chemical shifts were recorded as δ values in parts per million (ppm) downfield shifts, referenced 

internally to the residual CHCl3 singlet at 7.26 ppm. Chemical shifts are presented in multiplicity, 

coupling constant(s) (J in Hz), integration and assignments. Abbreviations: s = singlet, d = doublet,  

t = triplet, q = quartet, p = pentet, dd = doublet of doublet, m = multiplet. 13C chemical shifts were 1H 

decoupled and recorded as δ values in parts per million (ppm), referenced internally to the CHCl3 

triplet at 77.0 ppm. Assignments have typically been made using additional information from COSY 

and gCOSY spectra, DEPT, HMBC and HSQC experiments. 

Flash Column Chromatography was performed using silica gel 60 Å, 0.04–0.06 mm  

(230–400 mesh ASTM). 

Melting Points were determined on a Gallenkamp melting point apparatus, and were uncorrected. 

2.2.1. Synthesis of 1-Fluoro-4-(Nitroprop-1-Enyl)Benzene 5 

 

Compound 5 was prepared [23] in 30% yield, yellow crystals, mp. 65–66 °C. 1H NMR (300 MHz, 

CDCl3): δH (ppm): 8.06 (s, 1H, H-C=C), 7.46 (dd, J = 3.30, 5.37 Hz, 2H, Ar-H), 7.17 (t, J = 8.66 Hz, 

2H, Ar-H), 2.46 (s, 3H, C-H, E), 1.59 (s, 3H, C-H, Z). 13C NMR (300MHz, CDCl3) δC (ppm): 165.2  

(d, J = 252.21 Hz, 1C, C-F), 147.5 (C=C, β carbon), 132.5 (C=C, α carbon), 132.2 (Ar), 128.5 (Ar), 

128.5 (Ar), 116.3 (Ar), 116.0 (Ar), 14 .0 (CH3). GC/MS m/z (M+) 181.  

2.2.2. Synthesis of 4-fluoro-β-nitrostyrene 9 [4-fluoro-2-(nitroethen-1-enyl)benzene]  

 

Following literature procedures [24], a stirred solution of acetic acid (33.5 mL) and ammonium 

acetate (4.4 g, 57.1 mmol) was added to nitromethane (10 g, 164.0 mmol) followed by  

4-fluorobenzaldehyde (2.94g, 23.7mmol) and the solution was refluxed in an oil bath at 100 °C for  

5.5 hr. The dark orange mixture was then cooled to room temperature and poured into water (100 mL). 

The pH of the solution was basified with sodium hydroxide solution (2 M), and the product was 

extracted with ethyl acetate (3 × 100 mL). The combined organic extracts were dried over MgSO4, 

filtered and concentrated under high vacuum. Recrystallization from 95% ethanol removed the brown 

oily impurities, giving pale yellow needles, 57% yield and mp. 99–100 °C. 1H NMR (300 MHz, 

CDCl3): δH (ppm) 7.94–7.89 (d, J = 13.81 Hz, 1H, αC-H), 7.52–7.44 (m 1H, βC-H), 7.52–7.44 (m, 2H, 

Ar-H), 7.11–7.05 (t, J = 8.40, 2H, Ar-H). 13C NMR (300 MHz, CDCl3): δH (ppm) 164.9 (d,  

J = 255.08 Hz, C-F), 137.8 (C=C, β carbon), 136.8 (C=C, α carbon), 131.2 (Ar), 126.3 (Ar), 116.7 (Ar). 

GC/MS m/z (M+) 167.  

NO2

5
F
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2.2.3. 1-Fluoro-2-(Nitroprop-1-Enyl)Benzene 10  

 

2-Fluoro-benzaldehyde (4.81 g, 38.8 mmol) was dissolved in nitroethane (4.01 g, 53.5 mmol, 20% 

excess), ammonium acetate (4.00 g, 52 mmol) and glacial acetic acid (5 mL) added and the mixture 

refluxed for 2 h in an oil bath at 100 °C. The orange mixture was then chilled and de-ionized water 

(6 mL) was then added. A small portion of the crude orange crystalline product obtained by filtration 

was taken for determination of melting point. The rest of the product was dissolved in hot ethanol 

(95%, 2 mL) and chilled for an hour to obtain the recrystallized product. The recrystallization procedure 

was repeated and light yellow crystals were obtained (2.38 g, 34% yield, mp 45–47 °C. 1H NMR  

(300 MHz, CDCl3): δH (ppm): 7.98 (s, 1H, H-C=C), 7.39–7.33 (t, J = 8.70 Hz, 1H, Ar-H), 7.19  

(d, J = 8.67 Hz, 1H, Ar-H), 7.12 (d, J = 8.57 Hz, 1H, Ar-H), 7.04 (d, J = 8.76 Hz, 1H, Ar-H), 2.36 (s. 

3H,C-H, E), 1.59 (s, 3H, C-H, Z). 13C NMR (300MHz, CDCl3) δC (ppm): 165.1 (d, J = 252.21 Hz,  

C-F), 147.5 (C=C, β carbon), 132.5 (C=C, α carbon), 132.2 (Ar), 132.0 (Ar), 128.7 (Ar), 116.4 (Ar), 

116.2 (Ar), 14.0 (CH3); GC/MS m/z (M+) 181. 

2.2.4. 1-Fluoro-3-(Nitroprop-1-Enyl)Benzene 11 

 

This compound was prepared [23] by reacting 3-fluorobenzaldehyde (1 g, 8.05 mmol) with 

ammonium acetate (0.19 g, 2.4 mmol) in nitroethane (4.98 g, 66.4 mmol), under reflux overnight 

(approximately 17 h) in an oil bath at 125 °C. The compound was identified by thin layer 

chromatography (TLC). The mixture was then concentrated under high vacuum to remove the excess 

nitroethane and then the yellow mixture was dissolved in chloroform (20 mL), washed with water  

(3 × 20 mL) and with sodium chloride solution (25%, 20mL). The mixture was dried over (MgSO4) and 

concentrated under high vacuum. A yellow liquid was obtained (0.75 g) this being 52% of theoretical 

yield. 1H NMR (300 MHz, CDCl3): δH (ppm): 8.04 (s, 1H, C=C-H), 7.46–7.39 (m, 1H, Ar-H),  

7.46–7.39 (m, 1H, Ar-H), 7.22–7.19 (d, J = 7.80 Hz, 1H, Ar-H), 7.13–7.09 (d, J = 9.30 Hz, 1H, Ar-H 

coupled with F), 2.42 (s, 3H, CH3). 
13C NMR (300MHz, CDCl3) δC (ppm): 164.3 (d, J = 246.79 Hz, 

1C, C-F), 148.7 (C=C, β carbon), 134.6 (Ar), 132.0 (Ar), 130.6 (C=C, α carbon), 130.5 (Ar),  

125.9 (Ar), 125.7 (Ar), 13.9 (CH3). GC/MS m/z (M+) 181. 

F

CHO

F

NO2NO2

CH3COONH4, CH3COOH
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F NO2
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2.2.5. 1,3-Difluoro-4-(Nitroprop-1-Enyl)Benzene 12 

 

43% yield mp. 48–49 °C. 1H NMR (300 MHz, CDCl3): δH (ppm): 8.06 (s, 1H, C=C-H), 7.45–7.35 

(dd, J = 8.30, 8.38Hz, coupling due to two fluorine atoms were coupling with this proton. 1H, Ar-H); 

7.04–6.96 (dd, for the proton at the middle of two fluorine atoms it should split to a quartet as two 

fluorine atoms were coupling with it. J = 8.47, 8.50 Hz. 1H Ar-H. The other proton at position  

6 should be a triplet as there is only fluorine atom coupling with it. t, J = 8.48 Hz, 1H, Ar-H), 2.38  

(s 3H, CH3, E), 1.57 (s 3H, CH3, Z). 13C NMR (300MHz, CDCl3) δC (ppm): 163–162.3 (quartet due to 

two fluorine atoms coupling with the carbon. J = 222.02, 233.55Hz. 1C, F-C=C-C-F), 162.2–159  

(q, J = 234,37 Hz. 1C, F-C=C-C-F), 149.5 (s, C=C α carbon), 134.1–131.1 (q, J = 234.64 Hz, 1C,  

F-C-C=C-C=C-F), 125.7–125.4 (s, C=C, β carbon), 117.0–116.5 (d, J = 9.88 Hz, 1C, F-C=C),  

112.3–111.7 (q, J = 3.57, 21.68, 24.97Hz, 1C, F-C-=C-C-F), 104.8 – 104.4 (d, J = 25.80, 1C,  

F-C-C=C), 14.2–14.0 (CH3). GC/MS m/z (M+) 199. 

2.2.6. 1-Trifluoromethyl-4-(Nitroprop-1-Enyl)Benzene 13 

 

This compound was synthesized [25] using 4-trifluoromethylbenzaldehyde (1 g, 5.7 mmol) and 

ammonium acetate (0.38 g, 5.0 mmol) dissolved in nitroethane (20 mL, 280 mmol), heated to 100 °C 

and refluxed overnight. The excess nitroethane was removed under high vacuum and the yellow 

mixture was poured into water (20 mL) and extracted with ethyl acetate (3 × 20 mL). The combined 

organic extracts were washed with water (3 × 20 mL) and sodium chloride solution (25%, 20 mL) and 

then dried over anhydrous MgSO4. The solvent was removed under high vacuum (enhanced with 

liquid nitrogen) to yield a yellow solid (1.16 g, 87% yield). The material was purified by washing with 

cold ethanol (95%) to yield 13 (0.748g, 42%), a yellow solid which had a melting point of 96–98 °C. 

1H NMR (300 MHz, CDCl3): δH (ppm) 8.02 (s, 1H, C=C-H), 7.65 (d, J = 8.3 Hz, 2H, Ar-H), 7.46  

(d, J = 8.2 Hz, 2H, Ar-H), 2.37 (s, 3H, C-H, E), 1.59 (s, 3H, C-H, Z). 13C NMR (300MHz, CDCl3)  

δC (ppm): 148.9 (s, C=C, β carbon), 135.6 (Ar), 132.6 (s, C=C, α carbon), 131.4 (s, Ar-C-CF3),  

129.8 (Ar), 128.5 (Ar), 123.7 (q. J = 273.6 Hz, CF3), 13.6 (CH3). GC/MS m/z (M+) 231. 

2.2.7. 1-Trifluoromethyl-2-(Nitroprop-1-Enyl)Benzene 14 
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NO2
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The product [25] was purified by flash column chromatography on silica gel with hexane/ethyl 

acetate (20/1) to obtain a yellow liquid 46% yield. 1H NMR (300 MHz, CDCl3): δH (ppm) 8.16 (s, 1H, 

C=C-H), 7.69–7.67 (d, J = 7.80 Hz, 1H, Ar-H, trans-compound), 7.61–7.53 (m, multiplets, 

overlapping of the cis and trans-compounds, 1H, Ar-H), 7.48–7.42 (m, 1H, Ar-H), 7.39–7.34  

(t, J = 6.60 Hz, Z-conformer, 1H, Ar-H), 7.28–7.26 (d, J = 7.50 Hz, Z-conformer, 1H, Ar-H), 7.17–7.15 

(d, J = 6.30 Hz, E-conformer, 1H, Ar-H), 2.31 (s, E-isomer, 3H, CH3), 2.17 (s, E-conformer, 3H, CH3).
 

13C NMR 149.9 (s, 1C, C=C, β C), 148.9 (Ar), 132.0 (Ar), 130.2 (s, C=C, α carbon), 130.0 (Z-Ar), 

129.3 (Ar), 129.0 (E Ar),128.4 (Z-Ar),127.2 (q, J = 264.5 Hz,1C, CF3), 126.4 (E-Ar), 125.9 (Ar), 124.7 

(Ar), 122.0 (Ar), 19.3 (s, 1C, E-CH3), 13.7 (s, 1C, Z CH3). GC/MS m/z (M+) 231. 

2.2.8. 1-Trifluoromethyl-3-(Nitroprop-1-Enyl)Benzene 15 

 

The product was purified by flash column chromatography on silica gel with hexane/ethyl acetate 

(20/1) to obtain a yellow liquid in yield of 46%. 1H NMR (300 MHz, CDCl3): δH (ppm) 8.07 (s, 1H, 

C=C-H), 7.44–4.38 (t, J = 8.66 Hz, 1H Ar-H), 7.27 (d, J = 7.91 Hz, 1H, Ar-H), 7.19 (d, 1H, Ar-H), 

7.17 (s, 1H, r-H), 2.34 (s, 3H, CH3). 
13C NMR 149.1 (s, C=C, β C), 133.3 (Ar), 132.8 (Ar), 131.6 (Ar), 

131.2 (Ar), 130.3 (Ar), 129.5 (Ar), 126.3 (s, C=C, α carbon), 123.6 (q, J = A272.4 Hz, 1C, CF3),  

13.8 (s, CH3). GC/MS m/z (M+) 231. 

2.2.9. 1-Trifluoromethoxy-4-(Nitroprop-1-Enyl)Benzene 16  

 

4-trifluoromethoxybenzaldehyde (1 g, 5.3 mmol), ammonium acetate (0.12 g, 1.6 mmol) and 

nitroethane (3.3 g, 43.3 mmol) were heated at 115 °C for 5 h. The yellow mixture was placed under 

high vacuum to remove excessive nitroethane and then dissolved in chloroform (10 mL), washed with 

water (3 × 20 mL) and washed again with saturated brine solution (25%, 2 × 20 mL). The washed 

mixture was then dried over MgSO4, and then concentrated under high vacuum. 73% yield, yellow 

crystals mp 47–48 °C. 1H NMR (300 MHz, CDCl3): δH (ppm) 7.98 (s, 1H, C=C–H), 7.42 (d,  

J = 8.66 Hz, 2H, Ar-H), 7.24 (d, J = 8.29 Hz, 2H, Ar-H), 2.37 (s, 3H, CH3). 
13C NMR 150.0 (s, O-C in 

Ar), 148.3 (s, C=C, β C), 131.9 (s, C=C, α C), 131.5 (Ar), 130.9 (Ar), 121.1 (Ar), 120.3 (q,  

J = 258.2 Hz, 1C, CF3), 13.9 (s, CH3).GC/MS m/z (M+) 247. 

2.2.10. 1-Trifluoromethoxy-3-(Nitroprop-1-Enyl)Benzene 17 
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51% yield, yellow liquid. 1H NMR (300 MHz, CDCl3): δH (ppm) 8.05 (s, 1H, C=C–H), 7.45–7.49 (t, 

J = 8.70 Hz, 1H, Ar-H, trans compound), 7.40–7.36 (t, J = 6.60 Hz, 1H, Ar-H, Z- conformer),  

7.31–7.28 (d, J = 7.20 Hz, 1H, Ar-H, E-conformer), 7.19–7.17 (d, J = 7.80 Hz, 1H, Ar-H,  

Z-conformer), 6.49 (s, 1H, Ar-H)2.45 (s, 1H, CH3, E-conformer), 2.38 (s, 1H, CH3, Z-isomer).  
13C NMR (300 MHz, CDCl3): δH (ppm) 149.3 (s, C-OCF3), 149.2 (s, C=C, β carbon), 134.4 (Ar), 

131.7 (s, C=C, α carbon), 130.4 (E- Ar), 130.0 (Ar), 128.1 (Z-Ar), 126.2 (E-Ar), 124.1 (Ar), 122.6 (q, 

J = 258.0 Hz, 1C, OCF3), 122.1 (Ar), 121.2 (trans Ar), 120.6 (Z-Ar), 19.9 (s, 1C, Z-CH3), 13.9 (s, 1C, 

E-CH3). GC/MS m/z (M+) 247.  

2.2.11. Minimum Inhibitory Concentrations 

The strains used for biological tests were: Staphylococcus aureus ATCC 29213, Bacillus subtilis 

ATCC 6633, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922 and Candida 

albicans ATCC 10231. Stocks of all microorganisms were kept in −80 °C in MHB (Oxoid, 

Cambridge, UK) with 20% v/v glycerol (BDH chemicals, Poole, UK). Strains were subcultured onto 

Nutrient agar (NA, Oxoid) and subcultures between three and nine used to prepare inocula. Inocula 

were prepared by adjusting a suspension to match McF 0.5 turbidity standard (equal to ~1.5 × 108 

bacterial cells/mL or ~1.5 × 106 yeast cells/mL) and subsequent dilution to the required density. Broth 

microdilution testing was according to the National Committee for Clinical Laboratory Standards 

standard methods [26,27] in MHB (Oxoid) for bacteria or Sabouraud Liquid Medium (SLM, Oxoid) 

for C. albicans. Microplate assays were performed in clear, round-bottomed, 96-well plates (Sarstedt 

Australia, SA, AUS) with a total volume of 200 µL per well. Standard inoculum densities were 

approximately 1 × 105 Colony Forming Units per mL (CFU/mL) for bacteria and 1 × 104 CFU/mL for 

C. albicans. Inoculum densities were confirmed by serial dilution plating onto NA and incubation 

aerobically at 37 C for 24 h. 

The test β-nitrostyrene derivatives were added to plates at two times tested concentrations in 100 μL 

media. Ciprofloxacin was used as an internal positive control for bacteria and miconazole for C.albicans. 

Microplates were incubated 18–24 h at 37 °C aerobically before reading wells visually for turbidity. 

All assays included duplicated wells and were at least twice replicated. The geometric MIC (μg/mL) 

for each strain was adjusted to the nearest log2 dilution tested. MIC results were reported as MIC 

(μg/mL) for standards. 

2.2.12. Octanol-Water Partition Coefficients 

The lipophilicity level of each compound was determined by octanol-water partition coefficients. 

The buffer solution used in the determination of KD was made by mixing sodium chloride (3.78 g,  

65 mmol), disodium hydrogen orthophosphate (2.14 g, 18 mmol) and sodium dihydrogen orthophosphate 

(0.78 g, 5.5 mmol) in 500 mL water at room temperature (~22 °C) and had a pH of 7.5. Each compound 

(10 mg) was dissolved in octanol (2 mL) in a stoppered test tube, followed with the addition of the 

buffer solution (2 mL) and the tube was shaken over 48 hours. Finally the mixtures were allowed to 

separate into two layers. The top layers were removed and absorbance measured after dilution 1:20, 

1:50 or 1:200 to 3 mL with octanol in a 1 cm cuvette path length at 370 nm for each diluted sample. 

The aqueous bottom layers were removed and the absorbance measured without dilution.  
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KD measurements were according to the equation: 

Kୈ ൌ
ሾOctanolሿ
Water

 

As the absorbance of the octanol and water layers is directly proportional to the concentration in 

each layer, the KD value can be calculated from the relative absorbance of each layer.  

3. Results and Discussion 

The preparation of the β-methyl-β-nitrostyrenes involved the Henry condensation reaction [22] of 

the aromatic aldehyde with nitroethane under basic conditions followed by dehydration of the resultant 

alcohol. The NMR analysis of the β-methyl-β-nitrostyrene fluorine derivatives indicated that the  

β-methyl-β-E-nitrostyrene conformation was predominant in most of the compounds prepared. For 

example, for 13 the E/Z ratio is 14/1.  

The antibacterial activity of β-nitrostyrene derivatives and related compounds has been well known 

for a number of years. Their resurgence is attributed to the strong antibacterial/antifungal activity of 

some compounds with applications in veterinary and human medicine. It has been established from 

SAR studies that their lipohilicity plus the nucleophilic addition of thiol groups of some enzymes to 

the exocyclic double bond of these compounds are critical for the development of their antimicrobial 

activity. The antimicrobial efficacy of the β-nitrostyrenes was assessed by their activity against a panel 

of bacteria and a fungus (Candida albicans). The results appear as the minimum inhibitory 

concentration (MIC) for each compound. The partition coefficient (KD) between octanol and water for 

each compound, representing its degree of lipophilicity, was also determined in order to access the 

extent of its interaction with the surface of the microorganism. The measured and calculated log P 

values are also included. Compounds with the incorporation of fluorine were of considerable interest 

as earlier studies had indicated an improvement of antibacterial activity [9].  

The antibacterial assays shown in Table 1 indicated that the β-nitrostyrene compounds 20  

and 9 displayed significantly lower activity towards all the tested bacteria relative to all the  

β-methyl-β-nitrostyrene analogues that were studied. This is exemplified by comparing the activity 

values of 20 and 21 as well as 9 and 5 that differ by at least an order of magnitude. The β-nitropropenyl 

side chain deviates 28° from coplanarity with the benzene ring [4] and the relative higher KD values of 

the β-methyl-β-nitrostyrene compounds provides evidence that the steric effect and presence of the  

β-methyl group is substantial. However, the reasons for their enhanced antibacterial potency are 

unclear. It is also difficult to correlate the position of fluorine substitution on the benzene ring or the 

effect of multiple fluorine substituents with activities and KD values of 5, 10 11 and 12. The activity 

order of the four most potent antibacterial compounds 5 > 10 > 12 > 13 does not correlate with their 

KD values. The data also provides evidence of the apparent tendency for fluorine functionalized  

β-methyl-β-nitrostyrenes to show considerable hydrophilic properties. The results also suggest that the 

more hydrophilic nature of the fluorine functionalized-β-methyl-β-nitrostyrenes with KD values in the 

lowest range (23–132) is more effective against E.coli. It is interesting to note that substituent size 

appears to affect antibacterial activity against E. coli., since for F-, the potency order is p > o > m and 

for CF3-, its p > m > o. Of all the substances tested, compound 5 was most active against E.coli  

(27 µg/mL) and the MIC values against the other microorganisms were 6 µg/mL or less, making it also 

75

G



Appl. Sci. 2012, 2             

 

 

124

the most effective against the three Gram positive bacteria and C.albicans. We deduce from this that 

for many Gram negative bacteria (such as E. coli) that are known to have polysaccharide structures, 

hydrophilic compounds more readily penetrate the bacterial cell wall to inhibit bacterial enzymes. 

From our results, the only Log P value for that can be cited for an effective fluorinated compound on 

E.coli (Gram negative) is 2.00 for compound 5. For the Gram positive bacteria, a range of Log P values 

of 1.15–2.19 apparently relate to efficacy. For the non-fluorinated compounds, optimal Log P values 

cover a wider range 1.61–3.41, and becomes wider 1.15–3.41 with the inclusion of C.albicans. 

Table 1. Antibacterial/fungus assays of various β-E-nitrostyrene compounds, their MIC 

[μg/mL] and KD, logP values. MIC and KD values are the means of two determinations. 

Strain 5 9 10 11 12 13 14 15 16 17 18 19 20 21 

S. aureus 2 128 3 8 2 2 16 16 2 16 3 2 256 8 

B. subtilis 2 256 3 16 2 2 8 8 4 8 2 2 256 16 

E. faecalis 5.5 64 5 16 6 4 32 16 8 16 4 5 128 16 

E. coli 27 256 42 256 45 96 512 256 512 256 256 128 256 96 

C. albicans 2 32 3 8 3 4 16 8 8 8 3 4 32 6 

Meas. KD 88 73 207 23 155 68 74 213 66 132 354 247 44 133 

Meas. logP 1.94 1.86 2.32 1.36 2.19 1.83 1.87 2.33 1.82 2.12 2.55 2.39 1.64 2.12 

Calc. logP 2.34 2.27 2.34 2.34 3.49 3.08 3.08 3.08 3.63 3.63 1.82 1.88 2.13 2.20 

The plots of the MIC–KD for the twelve β-methyl-β-nitrostyrenes investigated for their antibacterial 

activities against E. coli and E. faecalis presented in Figure 1 reflect the poor correlation between the 

effectiveness against E.coli and the partition coefficients of the compounds tested (r2 = 0.0498 for 

E.coli, r2 = 0.1416 for E. faecalis). There were no correlations between MIC value and KD value for S. 

aureus, B. subtilis, and C. albicans (graphs not shown). 

Figure 1. MIC–KD plots for (a) E. coli and (b) E. faecalis. 
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Figure 1. Cont. 

 

The low KD for fluorine containing compound 5 [KD = 88] may be accounted by the presence of 

fluorine atom back bonding, leading to polar resonance structures and a gain in solvation energy in a 

hydrophilic compared to lipophilic medium, as shown in Scheme 2. Similarly, the 2,4-difluoro 

substituted compound 12 results in additional fluorine back bonding resonance structures with an 

overall increase in polarity and solvation in the aqueous solvent, significantly lowering its partition 

coefficient value. 

Scheme 2. Fluorine back-bonding in fluorine substituted β-methyl-β-E-nitrostyrene compounds. 

 

Can aromatic ring fluorine/hydrogen exchange influence membrane permeability? Generally, 

aromatic F/H substitution tends to increase compound lipophilicity, in direct contrast to what is 

observed. Alternatively, the reason for the effectiveness of fluorine substitution on the aromatic ring 

may be connected with the high electronegativity of fluorine, although size factors could also be 

important. Perhaps the electronegativity of fluorine could affect binding affinity to the binding site of 

the bacteria, thus causing inhibition of the enzyme. Further investigations with other fluorine-substituted 

compounds to determine the structural features required for the optimal anti-bacterial activity of  

β-methyl-β-nitrostyrene compounds are currently being carried out.  

4. Conclusions 

We have deployed the β-methyl-β-nitrostyrene scaffold for the development of fluorinated derivatives 

with enhanced antibacterial activity. While the screening of whole cells in MIC assays ensures cell 
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penetration and antimicrobial activity, it does not distinguish selective inhibitors from toxic compounds. 

In addition, the mechanism of antimicrobial action is unknown. The dependency between antimicrobial 

activity and lipophilicity KD of fluorinated β-methyl-β-nitrostyrenes (FBNS) was examined for three 

Gram positive and one Gram negative bacteria and a fungus. The antimicrobial activity is rationalized 

with unspecific cytoplasmic membrane damaging effects that is near optimum at a lipophilicity (logP) 

of 2 (±0.5) for Gram-negative bacteria. For Gram-positive bacteria and fungus poor MIC vs. log KD 

correlations were found. The disparity between measured and calculated log P values is also under 

investigation. There is, however, unequivocal literature evidence that both the β-nitrostyrenes and  

the β-methyl-β-nitrostyrenes are exceptional Michael acceptors. An expanded set of substituted  

β-methyl-β-nitrostyrene compounds will be investigated to determine the structural features required 

for the optimal anti-bacterial activity of β-methyl-β-nitrostyrene compounds.  
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Abstract: The reaction of 2,4-diethoxy-6-trifluoromethyl-3,4-dihydro-2H-pyran (1) with 

aromatic compounds in refluxing acetonitrile in the presence of p-toluenesulfonic acid 

gave the mixture of 4-aryl-2-trifluoromethyl-4H-pyrans (3) and 6-aryl-1,1,1-trifluorohexa-

3,5-dien-2-ones (4). In contrast, the same reaction carried out in trifluoroacetic acid at 

ambient temperature afforded 4-aryl-2-ethoxy-6-trifluoromethyl-3,4-dihydro-2H-pyrans 

(2) selectively. These two types of reactions giving quite different products under each 

condition were studied on the basis of DFT calculations. Moreover, the proposed 

mechanism for the reaction of 5-trifluoroacetyl-6-trifluoromethyl-3,4-dihydro-2H-pyran 

(5) with aromatic compounds affording butadiene derivatives (6) exclusively was also 

discussed based on the calculations and comparison with the reactivity of pyrylium 

intermediate (7). 

Keywords: fluorine-containing dihydropyrans; fluorine-containing 1,3-butadienes; acid 

catalyzed reaction; DFT calculation 

 

OPEN ACCESS

Reprinted from Applied Sciences. Cite as: Ota, N.; Kamitori, Y.; Shirai, R.; Hatakenaka, M.;
Okada, E. Computational Study on the Acid Catalyzed Reactions of Fluorine-Containing
2,4-Dialkoxy-3,4-dihydro-2H-pyrans with Aromatic Compounds. Appl. Sci. 2012, 2, 129-138;
doi:10.3390/app2010129.

G



Appl. Sci. 2012, 2 130 

 

 

1. Introduction  

In recent years, a number of researches have been reported about the development of new 

methodologies for syntheses of various kinds of fluorine-containing heterocycles. These compounds 

have put emphasis on the interest of high biological activities especially in life-science fields due to the 

unique character that could contribute to the exploration of new active ingredients [1–4]. In the course 

of our researches concerning syntheses and reactions of novel fluorine-containing heterocycles, we 

found that 2,4-diethoxy-6-trifluoromethyl-3,4-dihydro-2H-pyran (1) prepared in a simple step of 

hetero-Diels–Alder reaction of 4-ethoxy-1,1,1-trifluorobut-3-en-2-one with ethyl vinyl ether [5] 

reacted with aromatic compounds in trifluoroacetic acid at ambient temperature to give 4-aryl-2-

ethoxy-6-trifluoromethyl-3,4-dihydro-2H-pyrans (2) as a sole product (Scheme 1) [6]. In contrast to 

this, it was found that the reaction of 1 with 1,3-dimethoxybenzene in refluxing acetonitrile in the 

presence of catalytic amounts (0.3 equiv.) of p-toluenesulfonic acid afforded ca. 1:1 mixture of the 

corresponding 4-aryl-2-trifluoromethyl-4H-pyrans (3) and the ring-opening product, 6-aryl-1,1,1-

trifluorohexa-3,5-dien-2-ones (4) [6]. Similar ring-opening reaction of fluorine-containing dihydro-

2H-pyrans giving 6-aryl-1,1,1,5,5,5-hexafluoro-3-[(E)-3-propylidene]pentane-2,4-diones (6) was also 

found in the reaction of 2-ethoxy-4-isobutoxy-5-trifluoroacetyl-6-trifluoromethyl-3,4-dihydro-2H-

pyran (5) [7] with aromatic compounds in refluxing trifluoroacetic acid [8]. 

Scheme 1. Acid catalyzed reactions of 2,4-dialkoxy-3,4-dihydro-2H-pyrans with  

aromatic compounds. 
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Derivatives having the skeletons of dihydropyrans (2), 4H-pyrans (3), and 1,3-butadienes (4 and 6) 

have a high potential use as synthetic intermediates to access a variety of heterocycles [9–15]. Hence, 

highly important practices for the constructions of various kinds of novel fluorine-containing 

heterocyclic systems would be provided by the above reactions of dihydropyrans, 1 and 5. 

As we proposed in our previous report [16], the selective formation of dihydropyrans (2) from 1 

and of butadiene derivatives (6) from 5 could be explained by the kinetically controlled reactions of 

pyrylium (7a) at C-4 and the thermodynamically controlled reaction of 7b at C-6, respectively (Figure 1). 

Such pyryliums (7a,b) are assumed to form easily from 1 and 5 in the strong acid, trifluoroacetic acid. 

Moreover, the unexpected formation of 7a in the course of the reaction of dihydropyran (1) giving  

4H-pyrans (3) and butadiene derivatives (4) is also figured out under weaker acidic conditions such as 

the presence of catalytic p-toluenesulfonic acid in refluxing acetonitrile. In this case, it is probable that 

3 and 4 are directly derived from 4-cation (8a) and 6-cation (9a), respectively, which are the 

precursors of pyrylium (7a). 

Figure 1. Cations 7a,b, 8a,b, and 9a,b. 
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Here we wish to report our DFT calculation study for these acid catalyzed reactions of 

dihydropyrans, 1 and 5, with aromatic compounds. The mechanisms giving 4H-pyrans (3) and  

1,3-butadienes (4) from 1 in the presence of p-toluenesulfonic acid catalyst were elucidated by making 

use of benzene as a model of aromatic compounds. Additionally, the pathways via cations, 8a and 9b, 

for the reactions of 1 and 5 in trifluoroacetic acid giving dihydropyrans (2) and 1,3-butadienes (6), 

respectively, were also examined to support the proposed mechanisms via pyryliums [16] further. 

2. Computational Method 

All calculations employed in this paper were accomplished by making use of the computer 

programs packages PC SPARTAN 02 and PC SPARTAN 04 [17]. All calculations for geometrical 

optimizations were performed with the 6-31G* basis set at B3LYP level [18]. The starting geometries 

employed for all optimizations were resulted from molecular mechanics using SYBYL [19] force field 

and subsequent semi-empirical PM3 [20] optimizations. The calculations for transition state 

geometries and their energies were also taken with the 6-31G* basis set at B3LYP level.  

3. Results and Discussion 

In trifluoroacetic acid, pyryliums (7a,b) are assumed to form from 1 and 5 via 4-cations (8a,b) or 

6-cations (9a,b) as illustrated in Scheme 2. As we proposed in previous report [16], the selective 

formation of dihydropyrans (2) from 1 and of butadiene derivatives (6) from 5 could be reasonably 
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explained by the kinetically controlled reaction of pyrylium (7a) with aromatic compounds giving the 

precursor, 4H-pyrans (3) and the thermodynamically controlled reaction of 7b with aromatic 

compounds affording the intermediate, 2H-pyrans (10), respectively (Scheme 2). 

Scheme 2. Proposed reaction paths for the acid catalyzed reactions of dihydropyrans  

(1 and 5) with aromatic compounds. 
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Meanwhile, the formation of pyrylium (7a) was hardly considered to occur in the reaction of 

dihydropyran (1) with aromatic compounds giving 4H-pyrans (3) and butadiene derivatives (4) under 

weaker acidic conditions such as the presence of catalytic p-toluenesulfonic acid in acetonitrile. In this 

case, the alternative pathways in which 3 and 4 are directly derived from 4-cation (8a) and  

6-cation (9a), respectively, are possible. We figured out the optimized structures of 8a and 9a using 

RB3LYP/6-31G* as depicted in Figure 2 together with the result for dihydropyran (2) to confirm these 

reaction pathways. 
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The results exhibit that 4-cation (8a) is ca. 21 kcal/mol more stable than 6-cation (9a). This value 

accounts for the exclusive formation of 8a in the presence of acid catalyst, which suggest that  

1,3-butadienes (4) are not derived from 9a. On the other hand, the reaction of 8a with aromatic 

compounds giving 2 followed by the elimination of ethanol from 2 can afford 4H-pyrans (3). According 

to the energy value for 2 (Ar = Ph) and our previous calculation results for 3 (Ar = Ph) [16,21], the 

latter elimination process from 2 to 3 is estimated to be an endothermic step with ca. 27 kcal/mol, 

which would negatively affect the conversion of 2 to 3 even if the reaction is carried out in refluxing 

acetonitrile. Though the de-ethanolization on 4-cation (8a) giving pyrylium (7a) [22] is also computed 

to be an endothermic process, the required external energy is no more than 11.3 kcal/mol. It means this 

elimination reaction is presumed to proceed readily in refluxing acetonitrile. Therefore, the above 

results strongly suggest the formation of 1,3-butadienes (4) and 4H-pyrans (3) via pyrylium (7a). The 

conversion from 1 to pyrylium (7a) is noteworthy in spite of the conditions using only a catalytic 

amount of p-toluenesulfonic acid. 

Figure 2. Optimized structures and energy values of intermediates (8a,b, 2, and 11). 
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As is described in previous report [16], the kinetically controlled reaction of 7a with aromatic 

compounds is predicted to proceed selectively at C-4 to give 4H-pyrans (3) because the frontier 

electron density (LUMO of 7a) at C-4 is considerably larger than that at C-6 [23]. In contrast, the 

energy of 4H-pyrans (3) is very close to 2H-pyrans (11) [24] which are the precursors of 1,3-

butadienes (4) shown in Figure 2 to attribute the preparation of both 3 and 11 to the 

thermodynamically controlled reaction of 7a with aromatic compounds. Relatively high temperature 

(the temperature of refluxing acetonitrile) required for the reaction of 1 giving 3 and 4 is consistent 

with the thermodynamically controlled reaction of pyrylium (7a) with aromatic compounds. 

Next, we estimated the activation energy for the ring-opening process from 2H-pyrans (11) 

resulted by the reaction of pyrylium (7a) with aromatic compounds at 6-position (Figure 3). The 

optimized transition state structure (TS11; Ar = Ph) [25] and the most stable structure of 4 (Ar = Ph) 

are illustrated together with their energies. The energy difference between 11 (Ar = Ph) [16] and TS11 

(Ar = Ph) is estimated to be ca. 15 kcal/mol, which corresponds to the activation energy of this process. 

The (E,Z)-dienes (4’) given by ring-opening of 11 readily isomerize to thermodynamically more stable 

(E,E)-dienes (4) via protonation and deprotonation processes (Figure 3). The dienes 4’  
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(Ar = Ph) and 4 (Ar = Ph) are calculated to be ca. 8 kcal/mol and ca. 9 kcal/mol more stable than 11 

(Ar = Ph), respectively. The above results suggest that the irreversible ring-opening of the 

intermediates (11) will easily occur at acetonitrile reflux temperature to afford 4. 

Figure 3. Ring-opening process from 2H-pyrans (11) to (E,E)-dienes (4). 
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In addition, we examined the process from 4-cation (8a) to pyrylium (7a) to support the 

mechanism presented in our previous report [16] for the reaction of dihydropyran (1) with aromatic 

compounds in trifluoroacetic acid at ambient temperature giving dihydro-4H-pyrans (2) solely 

(Scheme 1). As is mentioned before, this elimination is an endothermic reaction requiring the external 

energy of 11.3 kcal/mol [22]. Therefore, this result predicts that the reaction of the first intermediate, 

4-cation (8a), with aromatic compounds directly affording dihydro-4H-pyrans (2) have precedence 

over the course via 4H-pyrans (3) comprised of the reaction of pyrylium (7a) with aromatic compounds 

given that the dihydropyran (1) would undergo the reaction at ambient temperature. Even though  

4H-pyrans (3) was given by the p-toluenesulfonic acid catalyzed reaction, the reaction of 1 carried out 

in trifluoroacetic acid with aromatic compounds [6] resulted in the failure of the formation of 3. These 

experimental evidences provide us with compatible conclusion as to the above calculated prediction. 
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Finally, we examined the reaction of dihydropyran (5) with aromatic compounds giving butadiene 

derivatives (6) shown in Scheme 1. As for this reaction, an alternative pathway including the reaction 

of 6-cation (9b) with aromatic compounds directly affording 2H-pyrans (10) is possible in addition to 

the pathway via pyrylium (7b) illustrated in Scheme 2. To elucidate such alternative pathway, we 

considered as to figuring out dihydropyran (5), 4-cation (8b), and 6-cation (9b). The results are 

summarized in Figure 4. 

Figure 4. Optimized structures and energy values of dihydropyran (5), and cations  

(8b and 9b). 
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Based on the energy values for 5, 8b, and 9b, the ionization process from 5 to 6-cation (9b) is 

estimated to require ca. 20 kcal/mol more energy [26] compared with such ionization to 4-cation (8b). 

The exclusive formation of 8b from 5 in trifluoroacetic acid is attributed to this value. Hence, the 

reaction of 5 with aromatic compounds giving 6 does not proceed along the pathway via 9b. In other 

words, butadiene derivatives (6) are assumed to be derived from pyrylium (7b) which formed via  

4-cation (8b) along the pathway shown in Scheme 2 as we reported previously [16,27]. This  

de-alcoholization step from 8b to 7b is an endothermic process, however the required external energy 

no more than 13 kcal/mol suggests that 8b is easily converted to 7b in refluxing trifluoroacetic acid. 

The proposed most reasonable and interesting mechanisms based on our DFT calculations for the 

acid catalyzed reactions of dihydropyrans (1 and 5) with aromatic compounds are summarized in 

Scheme 3. 
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Scheme 3. Proposed most reasonable mechanisms for the acid catalyzed reactions of 

dihydropyrans (1 and 5) with aromatic compounds. 
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4. Conclusions  

On the basis of DFT calculation results, we have achieved a comprehensive explanation regarding 

the mechanisms for the reactions of dihydropyran (1) with aromatic compounds under different acidic 

reaction conditions. The reaction in the presence of p-toluenesulfonic acid giving 4H-pyrans (3) and 

butadiene derivatives (4) proceeding in refluxing acetonitrile is reasonably explained by the 

thermodynamically controlled reaction of pyrylium (7a) with aromatic compounds. Meanwhile, the 

reaction in trifluoroacetic acid affording dihydropyrans (2) at ambient temperature can be interpreted 

as a result of the reaction of 4-cation (8a) with aromatic compounds. Our study also illustrated the 

selective formation of butadiene derivatives (6) from dihydropyran (5) by the reaction in refluxing 

trifluoroacetic acid in which the thermodynamically controlled attack of aromatic compounds to 

pyrylium (7b) was comprised. 
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Abstract: A new class of alkyl- and perfluoroalkyl-containing urea and amide derivatives 

was synthesized from amino acid derivatives. Most of these compounds showed excellent 

gelation behavior in organic solvents at low concentrations. A few organogelators selected 

from the initial screening were used for surface modification of fibrous substrates to create 

hydrophobic and oleophobic composites. The hydrophobic and oleophobic behaviors of 

these composites were ascribed to a combination of increased surface roughness and the 

alkyl/fluorinated functionalities present in the gelator backbone. 

Keywords: organogelator; gelation; perfluoroalkyl; urea; amide; amino acid; xerogel; 

nonwoven; hydrophobic; oleophobic; contact angle; surface modification 

 

1. Introduction 

Low molecular weight organogelators (LMWOGs) are gaining increased attention due to their 

potential applications in a variety of industrial sectors related to materials, cosmetics, health care, food 

and oil technology [1–9]. The design and elucidation of structure-property relationships of gelators is 

also a valuable area of research, in particular, establishing the relationship between the chemical 

structure of a gelator and its gelation properties in a given solvent [10–18]. Thermally reversible 

physical gels are generally formed by self-assembly of the gelator molecules in solvent, leading to the 
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formation of a fibrous supramolecular network with the encapsulation of solvent. This complex 

process of self-assembly into supramolecular structures varies based on the functionalities present in 

the organogelator and external factors, including solvent, temperature, and pH. Various non-covalent 

interactions, such as hydrogen bonding, π-π stacking, hydrophobic interactions, and metal coordination, 

influence the formation and stabilization of the organogelator self-assemblies [1,2,10–14,19–21]. 

However, the non-covalent forces influencing gelation are relatively weak compared to covalent 

bonds, and a combination of many of these interactions is required to form a strong intermolecular 

network. Each molecule of an organogelator can establish several types of physical interactions with a 

neighboring molecule. For example, intermolecular hydrogen bonding usually facilitates the growth of 

linear, elongated aggregates with solvent entrapment. Evaporation of solvent from a gel results in the 

formation of a dried gel (xerogel) with a fibrous or web-like morphology [21]. It is possible to alter the 

surface morphology of the substrate, and thus surface properties, if the gelation and subsequent 

evaporation of solvent are performed on a substrate. Hence, gel impregnation methodology could 

provide the low surface energies desired for fabricating superhydrophobic surfaces [19,21–24]. 

Surfaces on which the contact angle of water exceeds 150°, and shows low contact angle hysteresis, 

are described as superhydrophobic or ultrahydrophobic [25–27]. These surfaces repel water like a lotus 

leaf and are also considered ‘self-cleaning’, since any surface contamination is removed by water as 

the droplets roll across the surface [28–30]. The self-cleaning ability of these surfaces is largely due to 

the increased surface area created by a two-tier micro and nano roughness morphology. It is possible to 

incorporate nano- or microscale morphologies on any substrate via organogelator impregnation, which 

could be further controlled by suitable gelling solvents, as well as concentration and temperature 

effects. In addition, incorporation of low surface energy functionalities like fluorinated groups in the 

gelator framework could further lower the surface energy and provide oleophobic properties to the 

modified surface [31]. 

Urea and amide derivatives are exceptionally well-suited candidates for the design of low molecular 

weight gelators owing to their rigidity, strength and ability to form highly directional hydrogen  

bonds [32]. We recently demonstrated this concept by fabricating low surface energy surfaces via the 

surface modification of nonwoven substrates using partially fluorinated urea-amide gelators [33]. The 

general structure and examples of these urea-amide gelators reported in that study are shown Figure 1.  

Figure 1. General structure and examples of partially fluorinated urea-amide gelators 

described in [31]. 

 

The compounds depicted in Figure 1 were prepared via amidation of the N-Boc protected amino 

acid with fluorinated amines, followed by deprotection and reaction with an alkyl isocynate. They 

showed excellent gelation behavior in organic solvents. Gelation in the presence of a nonwoven 
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substrate led to a gel-impregnated surface, which upon drying produced a composite with porous 

microstructure morphology. The resulting composite also showed high water and hexadecane contact 

angles, indicative of excellent hydrophobic and oleophobic properties. Herein, we discuss the design 

and synthesis of two novel classes of partially fluorinated amide and urea-amide derivatives, where the 

positions of the hydrocarbon and fluorocarbon tail are reversed in the molecular structure in 

comparison to the gelator described in Figure 1. General structures of these partially fluorinated amide 

and urea-amide derivatives are shown in Figure 2. This report also describes the gelation behavior as a 

function of structural/functional variations of these derivatives and surface modification of nonwoven 

substrates using them. 

Figure 2. General structure of partially fluorinated amide and urea-amide derivatives 

described in this study. 

 

2. Experimental Section 

2.1. General 

All solvents and reagents, unless otherwise indicated, were purchased from commercial sources and 

used directly as supplied. Tyvek® polyethylene nonwoven fabric was obtained from E. I. du Pont de 

Nemours and Company, Wilmington, DE, and Kolon® gsm70 spun-bonded polyester fabric was 

obtained from Korea Vilene, Inc. 1H and 19F NMR spectra were recorded on a Bruker DRX 400 or 500 

spectrometer. Chemical shifts are reported in ppm relative to an internal reference (CDCl3, CFCl3 or 

TMS). All melting points reported are uncorrected. Contact angle (CA) measurements for both water 

and hexadecane on a surface were performed according to procedures in the manufacturer’s manual 

using a Ramé-Hart Standard Automated Goniometer Model 200 employing DROP image standard 

software and equipped with an automated dispensing system with a 250 µL syringe and  

an illuminated specimen stage assembly. 2H,2H,3H,3H-perfluorononoyl chloride, 2H,2H,3H,3H-

perfluoroheptanoyl chloride, 1H,1H,2H,2H-perfluorooctyl isocyanate and 1H,1H,2H,2H-perfluorohexyl 

isocyanate were synthesized from the corresponding perfluoroalkylethyl iodides [34]. 

2.2. Synthesis of 2H,2H,3H,3H-Perfluorononoyl Chloride and 1H,1H,2H,2H-Perfluorooctyl Isocyanate 

A four-neck reactor fitted with a stirrer, thermocouple, nitrogen purge, addition funnel and jacketed 

condenser was purged with nitrogen and charged with magnesium turnings (4.86 g, 202.5 mmol) and 

anhydrous ether (300 mL). To this suspension was slowly added a solution of 1H,1H,2H,2H-

perfluorooctyl iodide (94.8 g, 200 mmol) in ether (100 mL) over a 2 h period. After the addition of 

about 10 mL of iodide, the mixture was heated to 35 °C, and when the reaction was initiated the rest of 

the iodide was added, keeping the temperature below 35 °C. The mixture was stirred for 2 h at room 

temperature (RT) and cooled to 5–10 °C. Excess dry ice (~15 g) was added in small portions with 
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constant stirring. After 15 min, the mixture was quenched with H2SO4 (25%) and the ether phase was 

separated. The aqueous phase was extracted with ether (2 × 100 mL). Combined ether phases were 

washed with NaOH solution (25%, 3 × 75 mL). The combined alkaline phases were heated at 100 °C 

for 10 min and neutralized using H2SO4 (50%) after cooling to ice temperature. The precipitate formed 

was filtered and washed with water to obtain 2H,2H,3H,3H-perfluorononoic acid as a white crystalline 

solid (56.5 g, 14.1 mmol, 72%). mp. 61–63 °C.  

The 2H,2H,3H,3H-perfluorononoic acid (44.4 g, 113.2 mmol) was heated with PCl5 (35.4 g,  

169.8 mmol) at 110 °C for 3 h and the resulting mixture fractionally distilled to obtain 2H,2H,3H,3H-

perfluorononoyl chloride as a colorless liquid (44.5 g, 107.5 mmol, 95%). bp. 129 °C @ 85 mm Hg. 

A 3-necked flask fitted with a stirrer, an addition funnel and a condenser with N2 purge was charged 

with freshly distilled 2H,2H,3H,3H-perfluorononoyl chloride (16.26 g, 39.6 mmol). Trimethylsilyl 

azide (TMSN3, 4.57 g, 39.61 g) was added dropwise via the addition funnel, keeping the temperature 

about 5–10 °C. The mixture was then stirred at 10 °C for 30 min and heated at 75 °C for 1.5 h. After 

the reaction was complete (GC analysis), trimethylsilyl chloride was distilled off at atmospheric 

pressure and then the product was fractionally distilled under vacuum to produce 1H,1H,2H,2H-

perfluorooctyl isocyanate as a colorless liquid (11.9 g, 30.6 mmol, 77%) bp.100–103 °C @ 30 mm Hg. 

2.3. Synthesis of 2H,2H,3H,3H-Perfluoroheptanoyl Chloride and 1H,1H,2H,2H-Perfluorohexyl 

Isocyanate  

Using a similar procedure as described above, reaction of 1H,1H,2H,2H-perfluorohexyl iodide 

(74.8 g, 200 mmol) with Mg (4.86 g, 202.5 mmol) and dry-ice (~15 g) produced 2H,2H,3H,3H-

perfluoroheptanoic acid as a white crystalline solid (43 g, 145.7 mmol). Reaction of 2H,2H,3H,3H-

perfluoroheptanoic acid (30.0 g, 102.7 mmol, mp. 44 °C) with PCl5, followed by distillation, produced 

2H,2H,3H,3H-perfluoroheptanoyl chloride as a colorless liquid (18.0 g, 61.8 mmol, 60%, bp. 27 °C @ 

3 mm Hg. The 2H,2H,3H,3H-perfluoroheptanoyl chloride (4.30 g, 10.5 mmol) upon reaction with 

TMSN3 (1.45 g, 12.6 mmol), followed by fractional distillation, produced 1H,1H,2H,2H-perfluorohexyl 

isocyanate as a colorless liquid (2.5 g, 6.42 mmol, 61%). bp.101–103 °C @ 50 mm Hg. 

2.4. Synthesis of 1 

A mixture of dichloromethane (350 mL), N-Boc-β-alanine (8.50 g, 45.0 mmol),  

1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDCl) (8.6 g, 45.0 mmol) and  

4-(dimethylamino)pyridine (5.49 g, 45.0 mmol) were stirred for 10 min at RT, followed by addition of 

octylamine (5.71 g, 45.0 mmol). The mixture was stirred for 12 h at RT. The mixture was washed with 

5% HCl (2 × 100 mL), saturated NaHCO3 solution (1 × 100 mL) and brine (1 × 50 mL). The resulting 

organic layer was dried (MgSO4) and concentrated to provide N-Boc-β-ala-octylamide (1) as a white 

crystalline solid (11.6 g, 38.6 mmol, 86%): mp. 67.5–68.4 °C; 1H NMR (methanol-d4): δ 3.18  

(t, J = 7.0 Hz, 2H), 2.90 (t, J = 6.5 Hz, 2H), 2.35 (t, J = 6.5 Hz, 2H), 1.51 (quintet, J = 7.0 Hz, 2H), 

1.34 (m, 10H), 0.93 (t, distorted, J = 6.5 Hz, 3H): 
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2.5. Synthesis of 2 

A suspension of 1 (10.5 g, 35.0 mmol) in dichloromethane (40 mL) was stirred with trifluoroacetic 

acid (TFA) (31.9 g, 280.0 mmol) at RT for 3 h. Chloroform (100 mL) was added and the bulk of the 

solvents and TFA evaporated under vacuum. The resulting trifluoroacetate salt was suspended in 

dichloromethane (50 mL) and stirred with dropwise addition of saturated NaHCO3 solution (200 mL) 

and the solid formed was filtered. The residue was washed several times with cold water and dried 

under vacuum to provide compound 2 as a white solid (6.5 g, 32.5 mmol, 93%): mp. 142–143.5 °C. 1H 

NMR (methanol-d4): δ 3.46 (t, J = 7.2 Hz, 2H), 3.17 (t, J = 7.0 Hz, 2H), 2.58 (m, 2H), 2.40 (t, J = 6.5 Hz, 

4H), 1.50 (quintet, J = 7.0 Hz, 2H), 1.34 (m, 10H), 0.93 (t, distorted, 3H): 19F NMR (methanol d4): δ 

−82.8 (m, 3F), −115.9 (m, 2F), −123.3 (s, 2F), −124.3 (s, 2F), −125.0 (m, 2F), −127.7 (m, 2F). 

2.6. Synthesis of 3 

Using a similar procedure as described for the synthesis of compound 1, reaction of N-Boc-L-

aspartic acid (10.0 g, 43.1 mmol) with n-octylamine (11.1 g, 86.2 mmol) 1-[3-(dimethylamino)propyl]-

3-ethylcarbodiimide hydrochloride (EDCl) (16.5 g, 86.2 mmol) and 4-(dimethylamino)pyridine 

(5.25 g, 43.1 mmol) in dichloromethane (300 mL) provided N-Boc-L-Asp-dioctylamide 3 (18.8 g, 

41.3 mmol, 92%). mp. 112–113 °C.  

2.7. Synthesis of 4 

Using a similar procedure as described for the synthesis of compound 2, reaction of 3 (18.6 g,  

41.0 mmol) with trifluoroacetic acid (46.7 g, 410 mmol) in dichloromethane (50.0 mL) provided 

compound 4 (13.4 g, 96%) as a white solid. mp. 120.5–122 °C. 1H NMR (acetone-d6) δ 7.14 (bs, 2H), 

4.35 (dd, J = 8.8, 4.6 Hz, 1H), 3.18 (m, 4H), 2.66 (dd, J = 14.0, 4.0 Hz, 1H), 2.35 (dd, J = 14.0, 8.0 Hz, 

1H), 1.90 (bm, 2H), 1.50 (m, 4H), 1.31 (m, 10H), 0.90 (t, J = 6.8 Hz, 3H). 

2.8. Synthesis of 5a 

To a mixture of 2 (1.0 g, 5.0 mmol), dichloromethane (20 mL) and triethylamine (0.526 g,  

0.52 mmol) under a N2 purge was added 2H,2H,3H,3H-perfluorononoyl chloride (2.13 g, 5.2 mmol) 

and the mixture stirred for 5 h at RT. The bulk of the dichloromethane was evaporated and the solid 

obtained was taken in ethyl acetate (60 mL) and then washed with 2% HCl (2 × 30 mL), water  

(1 × 30 mL) and brine (1 × 30 mL). The resulting organic layer was dried (MgSO4) and concentrated 

to provide 5a as a white solid (2.46 g, 4.29 mmol, 86%): 1H NMR (methanol-d4): δ 3.46 (t, J = 7.2 Hz, 

2H), 3.17 (t, J = 7.0 Hz, 2H), 2.58 (m, 2H), 2.40 (t, J = 6.5 Hz, 4H), 1.50 (quintet, J = 7.0 Hz, 2H), 

1.34 (m, 10H), 0.93 (t, distorted, 3H): 19F NMR (methanol-d4): δ −82.8 (m, 3F), −115.9 (m, 2F), 

−123.3 (s, 2F), −124.3 (s, 2F), −125.0 (m, 2F), −127.7 (m, 2F). 

2.9. Synthesis of 5b 

Using a similar procedure as described for the synthesis of compound 5a, reaction of 2 (1.37 g,  

6.85 mmol) with 2H,2H,3H,3H-perfluoroheptanoyl chloride (2.13 g, 6.85 mmol) and triethylamine 
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(0.69 g, 6.85 mmol) provided 5b as a white solid (2.8 g, 5.90 mmol, 86%): mp. 99–102 °C; 1H NMR 

(CDCl3): δ 6.78 (bs, 1H), 5.81 (bs, 1H), 3.56 (q, J = 6.4 Hz, 2H), 3.25 (q, J = 7.2 Hz, 2H), 2.47 (m, 

2H), 2.43 (t, J = 5.6 Hz, 4H), 1.51 (quintet, J = 7.0 Hz, 2H), 1.30 (m, 10H), 0.901 (t, J = 7.5 Hz, 3H); 
19F NMR (CDCl3): δ −81.6 (m, 3F), −115.3 (m, 2F), −125.0 (m, 2F), −126.6 (m, 2F).  

2.10. Synthesis of 5c 

Using a similar procedure as described for the synthesis of compound 5a, reaction of 2 (1.37 g,  

6.85 mmol) with pentafluorobenzoyl chloride (1.57 g, 6.85 mmol) and triethylamine (0.69 g,  

6.85 mmol) provided 5c as a white solid (2.2 g, 5.58 mmol, 82%): mp. 154–155 °C; 1H NMR 

(methanol-d4): δ 3.65 (t, J = 6.8 Hz, 2H), 3.19 (t, J = 7.2 Hz, 2H), 2.53 (t, J = 5.6 Hz, 2H), 1.52 

(quintet, J = 7.0 Hz, 2H), 1.34 (m, 10H), 0.92 (t, distorted, 3H); 19F NMR (methanol-d4): δ −144.3  

(m, 2F), −155.8 (m, 1F), −164.3 (m, 2F). 

2.11. Synthesis of 6a 

Using a similar procedure as described for the synthesis of compound 5a, reaction of 4 (1.775 g,  

5.0 mmol) with 2H,2H,3H,3H-perfluorononoyl chloride (0.438 g, 2.7 mmol) provided 6a as a white 

solid (2.8 g, 77%): mp. 178–180 °C; 1H NMR (acetone-d6) δ 7.52 (bs, 1H), 7.17 (bs, 1H), 7.06 (bs, 

1H), 4.55 (m, 1H), 3.02 (bs, 4H), 2.55-2.40 (m, 6H), 1.27 (m, 4H), 1.16 (bs, 20 H), 0.75 (bs, 6H); 19F 

NMR (acetone-d6): δ −82.1 (s, 3F), −115.2 (s, 2F), −122.8 (s, 2F), −123.8 (s, 2F), −124.4 (s, 2F), 

−127.1 (s, 2F). 

2.12. Synthesis of 6b 

Using a similar procedure as described for the synthesis of compound 5a, reaction of 4 (1.77 g,  

5.0 mmol) with 2H,2H,3H,3H-perfluoroheptanoyl chloride (1.55 g, 5.0 mmol) provided 6b as a white 

solid (1.92 g, 61%): mp. 163.5–165.5 °C; 1H NMR (DMF-d7): δ 8.80 (bs, 1H), 8.0 (bs, 1H), 7.96 (bs, 

1H), 4.91 (q, J = 6.0 Hz, 1H), 3.32 (m, 4H), 2.87–2.70 (m, 4H), 1.63 (m, 4H), 1.45 (bs, 20 H), 0.75 (t, 

distorted, 6H); 19F NMR (DMF-d7): δ −81.8 (m, 3F), −114.9 (m, 2F), −125.9 (m, 2F), −126.6 (m, 2F). 

2.13. Synthesis of 6c 

Using a similar procedure as described for the synthesis of compound 5a, reaction of 4 (1.77 g,  

5.0 mmol) with pentafluorobenzoyl chloride (1.15 g, 5.0 mmol) provided 6c as a white solid (1.8 g, 

66%): mp. 172–183.5 °C; 1H NMR (DMF-d7): δ 9.11 (d, J = 8.0 Hz, 1H), 7.88 (m 2H), 4.96 (q,  

J = 6.8 Hz, 1H), 3.19 (m, 4H), 2.78–2.70 (m, 2H). 1.48 (m, 4H), 1.29 (bs, 20 H), 0.89 (t, distorted, 

6H); 19F NMR (DMF-d7): δ −143.0 (m, 2F), −155.5 (t, J = 21.6 Hz, 1F), −163.9 (m, 2F). 

2.14. Synthesis of 7a 

To a mixture of 2 (0.822 g, 4.11 mmol), dichloromethane (20 mL) and triethylamine (0.02 g,  

0.2 mmol) under a N2 purge was added 1H,1H,2H,2H-perfluorooctyl ioscyanate (1.75 g, 4.52 mmol), 

and the mixture stirred for 5 h at RT. The solid product was filtered and washed with cold hexanes  

(2 × 5 mL) to provide 7a as a white solid (1.8 g, 3.05 mmol, 74%): mp. 132–136 °C; 1H NMR 
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(methanol-d4): δ 3.46 (t, J = 7.2 Hz, 2H), 3.39 (t, J = 6.4 Hz, 2H), 2.94 (m, 2H), 2.60 (t, J = 6.0 Hz, 

2H), 2.39 (m, 2H), 1.53 (m, 2H), 1.34 (bs, 10H), 0.92 (t, distorted, 3H); 19F NMR (methanol-d4): δ 

−82.8 (m, 3F), −115.6 (m, 2F), −123.2 (s, 2F), −124.2 (s, 2F), −125.0 (m, 2F), −127.7 (m, 2F). 

2.15. Synthesis of 7b 

Using a similar procedure as described for the synthesis of compound 7a, reaction of 2 (0.629 g, 

3.14 mmol) with 1H,1H,2H,2H-perfluorohexyl isocyanate (1.2 g, 4.15 mmol) provided 7b (1.08 g, 

67%): 1H NMR (methanol-d4): δ 3.46 (t, J = 7.2 Hz, 2H), 3.39 (t, J = 6.4 Hz, 2H), 3.19 (m, 2H), 2.61 

(t, J = 6.0 Hz, 2H), 2.39 (m, 2H), 1.53 (m, 2H), 1.34 (bs, 10H), 0.92 (t, distorted, 3H); 19F NMR 

(methanol-d4): δ −83.0 (m, 3F), −115.8 (m, 2F), −126.1 (m, 2F), −127.6 (m, 2F). 

2.16. Synthesis of 7c 

Using a similar procedure as described for the synthesis of compound 7a, reaction of 2 (1.0 g,  

5.0 mmol) with pentafluorophenyl isocyanate (1.04 g, 5.0 mmol) provided 7c as a white solid (1.72 g, 

84%): mp. 175–176 °C; 1H NMR (methanol-d4): δ 3.48 (t, J = 6.8 Hz, 2H), 3.20 (t, J = 7.2 Hz, 2H), 

2.45 (t, J = 5.6 Hz, 2H), 1.52 (quintet, J = 7.0 Hz, 2H), 1.33 (m, 10H), 0.91 (t, J = 7.5 Hz, 3H); 19F 

NMR (methanol-d4): δ −149.4 (m, 2F), −162.8 (t, J = 20.6 Hz, 1F), −167.3 (m, 2F). 

2.17. Synthesis of 8a 

Using a similar procedure as described for the synthesis of compound 7a, reaction of 4 (0.912 g, 

2.57 mmol) with 1H,1H,2H,2H-perfluorooctyl isocyanate (1.16 g, 3.0 mmol) provided 8a as a white 

solid (1.1 g, 1.47 mmol, 58%): 1H NMR (methanol-d4): δ 4.54 (t, J = 6.8 Hz, 1H), 3.46 (t, J = 6.8 Hz, 

2H), 3.21 (m, 4H), 2.60 (m, 2H), 2.40 (m, 2H), 1.53 (m, 4H), 1.33 (bs, 20H), 0.922 (t, distorted, 6H); 
19F NMR (methanol-d4): δ −82.8 (m, 3F), −115.6 (s, 2F), −123.2 (s, 2F), −124.2 (s, 2F), −125.0  

(s, 2F), −127.6 (m, 2F). 

2.18. Synthesis of 8b 

Using a similar procedure as described for the synthesis of compound 7a, reaction of 4 (0.79 g,  

2.24 mmol) with 1H,1H,2H,2H-perfluorohexyl isocyanate (1.0 g, 3.26 mmol) provided 8b as a white 

solid (1.51 g, 71%) 1H NMR (methanol-d4): δ 4.54 (t, J = 6.8 Hz, 1H), 3.46 (t, J = 6.8 Hz, 2H), 3.22 

(m, 4H), 2.61 (m, 2H), 2.41 (m, 2H), 1.51 (m, 4H), 1.33 (bs, 20H), 0.922 (t, distorted, 6H); 19F NMR 

(methanol-d4): δ −83.0 (m, 3F), −115.8 (m, 2F), −126.0 (m, 2F), −127.6 (m, 2F). 

2.19. Synthesis of 8c 

Using a similar procedure as described for the synthesis of compound 7a, reaction of 4 (1.77 g,  

5.0 mmol) with pentafluorophenyl isocyanate (1.04 g, 5.0 mmol) provided 8c as a white solid (2.0 g, 

3.45 mmol, 71%): 1H NMR (DMF-d7, 100 °C): δ 8.74 (m, 1H), 7.57 (bs, 2H), 7.17 (bs, 1H), 4.74 (q,  

J = 6.8 Hz, 1H), 3.35 (m, 4H), 2.86 (dd, J = 15.2, 6.0 Hz, 1H), 2.78 (dd, J = 15.2, 6.0 Hz, 1H), 1.65 

(m, 4H), 1.47 (bs, 20 H), 1.03 (t, distorted, 6H); 19F NMR (DMF-d7): δ −147.8 (m, 2F), −163.2  

(t, J = 22.0 Hz, 1F), −168.3 (m, 2F). 
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2.20. Synthesis of 9 

Using a similar procedure as described for the synthesis of 1, reaction of N-Boc-β-alanine (8.5 g, 

45.0 mmol) with n-octanol (5.85 g, 45.0 mmol), 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide 

hydrochloride (8.62 g, 45.0 mmol) and 4-(dimethylamino)pyridine (5.49 g, 45.0 mmol) in 

dichloromethane (350 mL) provided n-octyl-N-Boc-β-alanine (12.75 g, 42.3 mmol, 94%). Using a 

similar procedure as described for the synthesis of 2, n-octyl-N-Boc-β-alanine (12.0 g, 39.87 mmol) 

was deprotected with trifluoroacetic acid to obtain n-octyl-β-alanine (6.8 g, 33.8 mmol, 85%). 

Reaction of n-octyl-β-alanine (0.573 g, 2.85 mmol) with 1H,1H,2H,2H-perfluorooctyl isocyanate  

(1.1 g, 2.85 mmol) provided 9 as a pale yellow oil (1.95 g, 62%): 1H NMR (CDCl3): δ 4.06 (t, J = 7.2 Hz, 

2H), 3.53 (t, J = 6.4 Hz, 2H), 3.26 (m, 2H), 2.30 (m, 2H), 1.55 (m, 2H), 1.20 (bs, 10H), 0.81  

(t, distorted, 3H); 19F NMR (CDCl3): δ −81.2 (m, 3F), −114.4 (m, 2F), −122.2 (s, 2F), −123.2 (m, 2F), 

−124.0 (m, 2F), −126.5 (m, 2F).  

2.21. Synthesis of 10 

Using a similar procedure as described for the synthesis of 1, reaction of N-Boc-L-aspartic acid 

(10.0 g, 43.1 mmol) with n-octanol (11.2 g, 86.2 mmol) provided N-Boc-dioctylaspartate as an oil 

(19.0 g, 41.5 mmol, 96%): 1H NMR (CDCl3): δ 5.49 (d, J = 8 Hz, 1H), 4. 53 (m, 1H), 4.14 (m, 2H), 

4.06 (t, J = 7.2 Hz, 2H), 2.95 (dd, J = 17.2, 4.4 Hz, 1H), 2.78 (dd, J = 17.8, 5.2 Hz, 1H), 1.60 (quintet, 

J = 7.2 Hz, 4 H), 1.29 (bm, 10H), 1.44 (s, 9H) 0.87 t, J = 7.8 Hz, 6H). 

Using a similar procedure as described for the synthesis of 2, N-Boc-dioctylaspartate (19.0 g,  

41.5 mmol) was deprotected using trifluoroacetic acid to obtain dioctylaspartate as a viscous oil which 

solidified in the freezer (12.1 g, 34.0 mmol, 82%).1H NMR (CDCl3): δ 4.16 (m, 4H), 3.82 (dd, J = 7.2, 

5.3 Hz, 1H), 2.95 (dd, J = 17.6, 4.6 Hz, 1H), 2.71 (dd, J = 17.6, 4.5 Hz, 1H), 1.80 (bs, 2H), 1.62 (m, 

4H), 1.31 (m, 10 H), 0.90 (t, J = 6.8 Hz, 6H). Using a similar procedure as described for the synthesis 

of 7a, reaction of octyldiaspartate (0.629 g, 3.14 mmol) with 1H,1H,2H,2H-perfluorohexyl isocyanate 

(1.21 g, 4.21 mmol) provided 10 as an oil (1.12 g, 67%): 1H NMR (CDCl3): δ. 5.70 (bs, 1H), 5.39 (bs, 

1H), 4.75 (m, 1H), 4.15-3.4.0 (m, 4H), 3.55 (t, J = 6.4 Hz, 2H), 2.97 (dd, J = 16.8, 4.8 Hz, 1H), 2.78 

(dd, J = 16.8, 4.8 Hz, 1H), 2.34 (m, 2H), 1.60 (m, 4H), 1.26 (m, 16H), 0.93 (t, J = 6.8 Hz, 6H); 19F 

NMR (CDCl3): δ. −81.5 (m, 3F), −114.5 (m, 2F), −122.4 (s, 2F), −123.5 (s, 2F), −124.4 (s, 2F), 

−126.7 (m, 2F). 

2.22. Gelation Experiments in Organic Solvents 

Typically, 1–4 mg/mL of a gelator in an organic solvent in a closed vial was heated in a reactor 

block equipped to heat multiple vials. The vials were heated to 5–10 °C below the boiling point of the 

solvent until a clear solution was obtained, and then were allowed to cool to RT either by switching off 

the heat or by transferring the vials to a constant temperature water bath kept at 25 °C. The state of the 

solution was evaluated after 2–12 h. Stability of the gel was tested by inverting the vial, and gel 

samples for which the whole mass remains a single phase (no phase separation between solid and 

liquid phase) are considered stable. 
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2.23. Gel-Impregnation of Nonwoven Supports in Organic Solvents 

Nonwoven fabrics (Tyvek® polyethylene nonwoven fabric and Kolon® spun-bonded polyester 

fabric (about 3.0 cm × 3.0 cm) were immersed in a suspension of amide or urea-amide gelator  

(1–3 mg/mL) in organic solvent kept in closed reaction flask equipped with a stir bar and temperature 

controller. The mixtures were heated to 5 °C below the boiling point of the solvent for 1–2 h until clear 

solutions formed. The flasks were then either rapidly cooled to RT by removing the oil bath or slowly 

cooled to RT by switching off the heat. Gel formation was usually observed in about 0.5–6 h, and the 

gels were allowed to age for an additional 6 h. The gelator-impregnated samples were removed and 

dried in a vacuum oven at RT overnight. The dried samples were weighed and used for contact  

angle measurements. 

3. Results and Discussion  

3.1. Organogelators: Design and Synthesis 

Several new partially fluorinated organogelators were designed via careful manipulation of 

hydrogen bonding functionalities (urea and amide) and hydrophobic functionalities (fluorocarbon and 

hydrocarbon) in the molecule to promote gelation. Boc-protected amino acids, N-Boc-β-alanine and  

N-Boc-L-aspartic acid were chosen as the building blocks. First N-Boc-β-alanine and N-Boc-L-aspartic 

acid were transformed to the corresponding N-Boc-octylamides (1 and 3) by reacting with octylamine 

(Scheme 1). The resulting amides were deprotected to obtain the corresponding free amide-amine 

derivatives (2 and 4), the primary building blocks for partially fluorinated amide or urea-amide derivatives.  

Scheme 1. Synthesis of 3-amino-N-octylpropanamide (2) L-asparticdioctylamide (4) 

building blocks from N-Boc-β-alanine and N-Boc-L-aspartic acid. 

 

3.1.1. Partially Fluorinated-bis- and Tris-Amides 

The amide-amine building blocks (2 and 4) were used for the preparation of partially fluorinated 

amide derivatives as shown in Scheme 2. Reaction of 2 with 2H,2H,3H,3H-perfluorononoyl chloride 

or 2H,2H,3H,3H-perfluoroheptanoylchloride provided the bis-amide derivatives 5a or 5b, respectively, 

in very good yield. Similar reaction of 2 with pentafluorobenzoyl chloride provided the bis-amide 5c. 

Similarly, the reaction of 4 with corresponding fluorinated acid chlorides provided the tris-amide 

derivatives 6a–c in good yield. 
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Scheme 2. Synthesis of amide-amine building blocks from N-Boc-β-alanine and  

N-Boc-L-aspartic acid. 

 

3.1.2. Partially Fluorinated Urea-Amides  

The amide-amine building blocks (2 and 4) were also used for the preparation of partially 

fluorinated urea-amide derivatives, as described in Scheme 3. Compound 2, upon reacting with 

1H,1H,2H,2H-perfluorooctyl isocyanate or 1H,1H,2H,2H-perfluorohexyl isocyanate, provided the 

urea-amide derivatives 7a or 7b, respectively, in good yield. Similar reaction of 2 with pentafluorophenyl 

isocynante provided the bis-amide 7c in very good yield. Similarly, the reaction of compound 4 with 

corresponding fluorinated isocyanates provided the urea-bis-amide derivatives 8a–c in very good 

yield. 

Scheme 3. Synthesis of amide-amine building blocks from N-Boc-β-alanine and  

N-Boc-L-aspartic acid. 

 
3.2. Gelation in Organic Solvents 

The majority of these newly synthesized amide and urea-amide derivatives showed gelation 

properties in organic solvents during their work-up or isolation. A systematic study was then 
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performed to examine the gelation behavior of these partially fluorinated amide or urea-amide 

derivatives in various organic solvents. A methodology was developed where gelation was attempted 

with varying amounts of organogelator with a matching a solvent system. A suitable solvent system 

selection is based on initial solubility experiments. In general, a gelator that is too soluble in an organic 

solvent will stay dissolved without forming a gel, even at high concentrations. If the gelator is not 

soluble in an organic solvent, and partially or fully dissolves at high temperature, it may precipitate 

again as the temperature is lowered. Ideally, the organogelators should dissolve in a solvent at a 

temperature close to its boiling point and assemble into a network upon cooling, leading to a single gel 

phase that does not move upon shaking or inverting the vial. 

In a typical screening experiment, 0.5–4 mg/mL slurries of the organogelators in various organic 

solvents were prepared and heated with stirring at a temperature 5 °C below the boiling point of the 

solvent to induce full dissolution. Gelation occurred upon cooling, as was evident by significant 

increase in viscosity and/or the formation of a translucent-to-opaque appearance, without the formation 

of precipitate. The majority of the partially fluorinated amide and urea-amide derivatives showed 

gelation properties in a variety of organic solvents at remarkably low concentrations, ranging from  

0.5 to 4 mg/mL. The partially fluorinated amide derivative 5a showed gelation properties in acetone 

(2–3 mg/mL) and n-butanol (3–4 mg/mL) leading to partial gels. The corresponding perfluorobutyl 

derivative (5b) showed gelation in acetone at 3–4 mg/mL and was a clear solution in n-butanol  

at various concentrations. Both 5a and 5b existed either as clear solutions or slurries in THF, 

dichloromethane, methanol and toluene at various concentrations (0.5–4 mg/mL), and did not show 

any signs of gelation. Compound 5c did not gel under any conditions tested, indicating that a  

long-chain perfluoroalkyl group is probably needed to induce gelation of these bis-amide systems. We 

then examined the tris-amide systems 6a–c for their gelation abilities at various concentrations in a 

variety of organic solvents. Compound 6a gelled in acetone (2 mg/mL) and in n-butanol (4 mg/mL) to 

form opaque gels which were stable for several weeks at room temperature. Similarly, compound 6b 

formed stable hazy gels in acetone at (3 mg/mL) and in dichloromethane (2 mg/mL). Compound 6c 

formed gels in acetone at (1–2 mg/mL) and in methanol (2 mg/mL), indicating gelation could be 

induced on this tris-amide system even though it comprises a pentafluorophenyl group.  

Gelation of urea-amide derivatives (7a–c and 8a–c) was then attempted in a variety of organic 

solvents under varying concentrations. Compound 7a gelled in THF (2 mg/mL) and acetone (2 mg/mL) 

forming stable gels, and partially gelled in n-butanol (3 mg/mL). Compound 7b gelled in acetone and 

THF (3 mg/mL), leading to stable gels. The pentafluorophenyl urea-amide derivative 7c remained  

as slurry or solution in many organic solvents, although partial gel formation was observed in 

dichloromethane (2 mg/mL). The urea-bis-amide derivatives 8a-c showed excellent gelation properties 

in a variety of organic solvents. Compound 8a gelled in both acetone and dichloromethane at  

2–3 mg/mL concentrations. Compound 8a also showed partial gelation in THF and n-butanol at  

2–4 mg/mL concentrations. Compound 8b gelled in dichloromethane (2 mg/mL) and acetone  

(3 mg/mL), leading to stable gels. Compound 8c showed excellent gelation behavior with a variety of 

organic solvents (toluene, THF, acetone, dichloromethane, n-butanol and methanol) at concentrations 

ranging from 0.5–3 mg/mL, and formed stable gels in several instances. Table 1 summarizes some of 

the best conditions for gel formation, and the minimum concentration of gelator where stable gels  

were obtained.  
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Table 1. Gelation properties of partially fluorinated amides (5a–c, 6a–c) and urea-amides 

(7a–c, 8a–c). 

Compound 

Gelation Conditions 

Appearance b 
Gelator Concentration 
mg/mL 

Solvent 

5a 2,3 

3–4 

Acetone 
n-Butanol

Partial Gel 
Partial Gel 

5b 3 Acetone  Partial Gel 
5c 
 

0.5–4  Acetone, THF, CH2Cl2, 
n-Butanol, hexane, methanol  

Clear Solution or 
Precipitate 

6a 3 a 

4 a 

Acetone 
n-Butanol 

Opaque Gel 
Opaque Gel 

6b 
 

2 a 

3 a 

CH2Cl2 

Acetone 
Hazy Gel 
Hazy Gel 

6c 2 a Acetone, methanol Opaque Gel 
7a 2 a 

3 
THF or acetone 
n-Butanol 

Opaque Gel 
Partial Gel 

7b 3 a Acetone or THF Opaque Gel 
7c 2 CH2Cl2 Partial Gel 
8a 
 

2 a 

3 a 

2–4 

Acetone 
CH2Cl2 

THF, n-butanol 

Opaque Gel 
Hazy Gel 
Partial Gel 

8b 2 a 

3 a 

CH2Cl2 

Acetone 
Opaque Gel 
Hazy Gel 

8c 
 
 

0.5 a, 1, 2, 3 
0.5 a 

2 

Acetone 
CH2Cl2 

THF 

Hazy Gel 
Transparent Gel 
Opaque Gel 

a Minimum gel concentration for stable gel formation; b Hazy = partially transparent, solid gel. Transparent = 

completely transparent, solid gel. Opaque = solid gel, not transparent. Partial gel = solid gel with some 

movement. Precipitate = phase- separated liquid, with solid particles.  

In general, we conclude that the partially fluorinated urea-amide derivatives (7a–c and 8a–c) are 

better gelators than the corresponding amide systems (5a–c and 6a–c), possibly due to the ability of the 

urea moieties to form directional hydrogen bonds. In order to further understand the influence of amide 

groups in the gelation ability of these urea-amide systems, we synthesized the corresponding urea-ester 

derivatives, which in general did not show any gelation properties under the same gelation conditions 

as the urea-amide systems. For example, urea-ester derivatives 9 and 10 (comparable to urea-amides 

7a and 8b) were synthesized via the esterification of N-Boc-β-alanine and N-Boc-L-aspartic acid with 

n-octanol, followed by deprotection and reaction of the amine with 1H,1H,2H,2H-perfluorooctyl 

isocyanate (Figure 3). Both 9 and 10 were oils and failed to gel in common organic solvents, indicating 

amide functionalities are desired in addition to the urea group in the backbone of these partially 

fluorinated compounds to obtain good gelation properties. 
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Figure 3. Urea-ester derivatives from N-Boc-β-alanine and N-Boc-L-aspartic acid. 

 

3.3. Surface Modification of Nonwoven Supports in Organic Solvents  

The concept of fabricating low surface energy surfaces via surface modification of nonwoven 

substrates using self-assembly of partially fluorinated urea or amide gelators has been described in our 

earlier reports [29,31]. The gelators self-assemble into fiber-like morphologies in solution, which grow 

sufficiently long and become entangled with one another, forming a gel with their solvent medium. In 

the presence of a solid or fibrous substrate, the gelation occurs on the surface of the substrate, creating 

a composite with an altered surface topology. Removal of the solvent from the gel composite leaves 

behind a network of assembled gelator fibers on the substrate, thus producing a composite surface with 

high surface area and roughness, which are desirable for superior hydrophobic/oleophobic properties.  

A few of the partially fluorinated amide and urea-amide gelators that showed good gelation 

properties were gel-impregnated on nonwoven supports (Tyvek® polyethylene nonwoven fabric and 

Kolon® polyester fabric) in a suitable organic solvent. The nonwoven supports were then dried in a 

vacuum oven at room temperature to produce a composite of xerogel coated on the substrate. These 

surface-modified composites were then evaluated for hydrophobic and oleophobic properties. The  

tris-amide gelators (6a and 6b) were impregnated on the Tyvek® and Kolon® fabrics in acetone and 

dichloromethane, respectively, leading to the corresponding gel-impregnated composites. Similarly, 

the partially fluorinated urea-amide gelators (7a and 8c) that showed excellent gelation behavior were 

gel impregnated on both Tyvek® and Kolon® fabrics in acetone, leading to the corresponding surface-

modified composites. Examination of these composites by SEM showed a nanofibrous network of 

gelators impregnated on the fabric surface, vastly different from the micro structured surfaces of 

Tyvek® and Kolon® fabrics [31]. Figure 4 shows SEMs at 2,000× and 10,000× magnification of the 

Kolon® fabric surface-treated with gelator 7a with an average fiber diameter of 142 nm. 

Figure 4. SEMs of composite prepared by impregnation of gelator 7a on Kolon® fabric at 

2,000× (left) and 10,000× (right) magnifications. 
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The composites produced by gel-impregnation of fluorinated organogelators were evaluated for 

water/oil repellency via dynamic contact angle measurement for water and hexadecane. Table 2 

summarizes the results of contact angle measurements for the composites and those for untreated 

controls (Tyvek® and Kolon® fabrics). The results indicate that the composite materials produced by 

the gel impregnation of fluorinated gelators 6a, 6b, 7a, 8a and 8c exhibit significantly higher water 

advancing contact angles than the untreated controls. The higher water contact angles observed for 

these surfaces suggest increased surface roughness in addition to the incorporation of hydrophobic 

alkyl or fluoroalkyl functionalities. The inset in Figure 4 shows a water droplet sitting on the Kolon® 

fabric surface treated with gelator 7a, with an advancing contact angle of 140°. The effect of surface 

structure created by gel-impregnation is particularly important as clear solutions (no gel with solvents 

chosen) of urea-amide gelators dip-coated on nonwoven substrates showed relatively inferior 

performance (water advancing contact angle <117°). The treated composites derived from gelators 6a, 

6b and 7a (comprising perfluoroalkyl chains) also showed a high advancing contact angle for 

hexadecane, indicating excellent oil repellency. Surprisingly, the pentafluorophenyl-derived urea-amide 

derivative 8c, which showed excellent gelation characteristics, also showed excellent water advancing 

and receding contact angles (superhydrophobic), but extremely poor oil repellency, as hexadecane 

penetrated into the substrate within a few seconds. This observation is consistent with the need for 

long-chain perfluoroalkyl groups with terminal CF3 groups in the gelator molecule in order to provide 

oil repellency [35]. Surface structure created by the gelator and pentafluorophenyl groups or 

hydrocarbon alkyl groups in the gelator backbone are not sufficient for imparting oil repellency to the 

treated composites.  

Table 2. Water and hexadecane contact angles of treated nonwoven composites prepared 

via gelation in organic solvents 

Composite 

Average Amount of 
Dry Gel Impregnated 
per Unit Area, g/cm2 

Contact angle † 

Water Hexadecane 

Adv CA Rec CA Adv CA Rec CA 

6a on Tyvek® 0.0014 141 ± 4 134 ± 1 89 ± 2 64 ± 1 

6a on Kolon® 0.0027 157 ± 6 144 ± 3 94 ± 5 61 ± 3 

6b on Tyvek® 0.0041 128 ± 4 112 ± 3 60 ± 2 30 ± 3 

6b on Kolon® 0.0012 134 ± 1 118 ± 2 59 ± 4 29 ± 5 

7a on Tyvek® 0.0015 140 ± 4 126 ± 1 84 ± 4 43± 1 

7a on Kolon® 0.0030 154 ± 3 138 ± 2 87± 4 42± 2 

8c on Tyvek® 0.0013 161 ± 1 148 ± 1 Absorbed in 25 s 

8c on Kolon® 0.0037 158 ± 2 145 ± 1 Absorbed in 30 s 

Untreated Tyvek® --- 108 ± 1 78 ± 1 Absorbed on contact 

Untreated Kolon® --- 115 ± 4 85 ± 4 Absorbed on contact 
† Average of 3 runs at different positions on each sample. 

4. Conclusions  

A new class of partially fluorinated amides and urea-amides useful as organogelators was 

synthesized from amino acid building blocks. These derivatives showed good gelation properties in a 
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variety of organic solvents, and in general the urea-amide derivatives were better gelators than the 

corresponding bis- or tris-amide derivatives. Analogous urea-ester derivatives failed to gel in any 

organic solvents, indicating a combination of urea and amide functionalities, or multiple amide groups, 

are desirable to induce gelation. Good organogelators derived from the initial screening were evaluated 

for surface modification of nonwoven substrates, and surface analysis indicated a gel-impregnated 

surface with porous microstructure morphology. Composites obtained via impregnation by gelators 

provided surfaces with excellent hydrophobic properties. The nonwoven surfaces impregnated with 

perfluoroalkyl-containing organogelators showed excellent oleophobic behavior. Superior hydrophobic 

and oleophobic behavior exhibited by these composites were attributed to a combination of  

micro-structured surface morphology created by the xerogel and the presence of fluorocarbon/hydrocarbon 

functionalities in the gelator backbone.  
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Abstract: Environmental concerns related to perfluoroctanoic acid (PFOA) led to a  

re-examination of the methods for imparting stain resistance and stain repellency to 

textiles. Non-PFOA fluoropolymer finishes have been formed on cotton knits by 

admicellar polymerization, a surface analogue of emulsion polymerization. Fabric samples 

were characterized by a drop test, contact angle measurements, SEM, elemental analysis 

and durability studies. Stain resistance and stain release properties were assessed by 

reflectance and AATCC tests with results comparing favorably with swatches from 

commercially available garments. Admicellar polymerization enabled the formation of 

durable finishes that exhibited high performance in stain resistance and stain repellency. 

Keywords: admicellar polymerization; cotton; stain resistance; stain release; fluoropolymer 

 

1. Introduction 

In recent years, several technologies have been developed for modifying cotton blends and cotton  

as multi-functional textiles. Surface modification of cotton fabrics can impart wrinkle free finishes, 

self-cleaning properties, anti-microbial activity, UV protection, and flame retardancy [1,2]. Self-cleaning 

features include stain release and stain repellent or resistant finishes [3]. The latter of these, acts to 
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block the uptake of the blemishing agent. Liquids like coffee, soda, oil and water, bead up on fabric 

when spilled and can be wiped off without staining the fabric. In contrast, a stain release fiber coating 

may allow oil and aqueous staining materials to penetrate the fabric and then, when the fabric is 

laundered, ideally enables the stain to be easily removed.  

Fluorochemical coatings dominate the stain repellency textile apparel market. Out of all existing 

textile chemicals, only fluorochemicals have shown the unique property to provide fabrics a 

sufficiently low surface energy coating able to resist penetration of both oil and water-based stains 

(polar and non-polar liquids). Unfortunately, fabrics modified with fluorochemicals by conventional 

textile finishing methods often show poor performance with laundering or wear [4]. 

Application of perfluorochemicals can be accomplished in a variety of ways, many of which impart 

hydrophobicity and/or oleophobicity to fabrics in addition to other desirable properties. Scientists at 

the German Textile Research Centre North West, for example, obtained a hydrophobic coating of 

perfluoro-4-methylpent-2-ene by photonic surface treatment with a pulsed UV-laser [1]. Similarly, 

pulsed plasma polymerization of monomers with long perfluoroalkyl chains by Badyal and co-workers 

yielded a hydrophobic thin film coating [5]. Superhydrophobic mats have been prepared with initiated 

chemical vapor deposition involving polymerization of perfluoroalkylethyl methacrylate [6] while 

Gleason and co-workers used initiated chemical vapor deposition to coat electrospun non-woven 

fabrics, also with superhydrophobic character [7]. In a very different approach, direct fluorination of 

twaron fiber with elemental fluorine not only changed the nature of the fiber surface, it also increased 

mechanical and thermal properties of a fiber composite [8]. Sol-gel methods have been successfully 

employed to impart oil/water repellency and anti-bacterial capability to cotton using fluorocarbon 

polymer/SiO2 and silver nanoparticle-doped silica hybrid materials, respectively [9,10]. Lastly, 

nanoparticles of fluorochemical coated silica and of gold have been applied to cotton and other fabrics 

to create a chemically inert fiber surface with superlyophobic properties [11–16]. This broad range of 

approaches reflects the interest and challenges in this area. 

Admicellar polymerization is an in situ polymerization reaction proceeding within surfactant 

aggregates formed at the interface between the substrate and a supernatant solution. The technique, a 

surface analogue of emulsion polymerization, has been used to form a variety of polymeric thin films 

on different solids such as polystyrene and poly methyl methacrylate over silica and alumina [17–20]. 

Recently, admicellar polymerization has been expanded into the textile area with application of finishes 

to impart functionality like flame retardancy, blocking of UV radiation, and water repellency [21–23]. 

This method is a simple, water-based process using low energy and a small amount of chemicals. 

Since the thickness of the film formed is typically on the order of nanometers to tens of nanometers, 

the fabric surfaces retain softness and feel.  

In this paper we examine the use of admicellar polymerization to prepare knit type cotton fabric 

with stain release/stain resistant features. The fluoropolymer finishes are characterized by standard and 

improvised test methods and compared to commercially available stain release/stain resistant fabrics 

for performance and durability.  
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2. Experimental Section 

2.1. Materials 

Interlock type knit cotton fabric was purchased from Alamac American Knits (Lumberton, North 

Carolina, USA). The fabric was scoured and then prior to use, rinsed several times in a washing 

machine until it was free from surfactant. Reference samples from a commercially available,  

off-the-shelf stain resistant knit shirt (designated Ref. 1) and from commercially available,  

off-the-shelf stain resistant woven slacks (Ref. 2) were purchased from local stores for comparison 

purposes. Short and long chain partially fluorinated alkyl acrylates were purchased from Synquest labs 

Inc. (USA) while fluorosurfactants were obtained from Mason Chemicals (USA). A water soluble 

persulfate initiator and an acrylamide bonding agent were purchased from Sigma Aldrich (USA). All 

chemicals were used without further purification.  

2.2. Preparation of Samples, Admicellar Polymerization 

Modification of interlock knit cotton swatches was carried out in 24 mL glass vials. Reaction media 

consisted of fluorsurfactants at the cmc and either a short chain or long chain fluoroalkyl acrylate ester 

fluoromonomer (5 mM) with the corresponding respective polyacrylates designated as PA1 and PA2. 

Concentrations of initiator (5 mM) and bonding agent (1 mmol/g) in DI water at pH 4 were added to 

vials. Swatches of washed cotton fabric weighing 2.0 g were added to the vials. The reaction was carried 

out at 80 °C in a shaker bath at 80 rpm with an adsolubilization period of 2 h and a polymerization 

time of 2 h before being rinsed and dried in an oven at 80 °C. Samples were repeatedly home 

laundered using detergent (Tide) in a laboratory washing machine at 30 °C for 20 min and dried in 

conventional tumble dryer at 60 °C for 45 min to test durability of treated fabric. 

2.3. Characterization of Treated Fabric 

Modified cotton knits and reference samples were characterized by wetting times, static contact 

angle determination, SEM, elemental analysis, stain resistance and stain recovery measurements. 

2.3.1. Water Repellency Tests 

Two test methods were employed for assessing water repellency. The first involved a simple drop 

test, with 20 µL water being deposited from a pipette at a height of 1 cm. Time for absorption of water 

(wetting time) on a fabric surface in the drop test was determined up to maximum of 30 min, at which 

point the sample passed. A second method was performed according to AATCC test method 22 (spray 

test). This method requires larger samples that were prepared by carrying out admicellar polymerization 

in a Werner Mathis Labomat Type BFA 16 beaker dyeing unit. 

2.3.2. Contact Angle Analysis 

Contact angle is a quantitative measure of the wetting of a solid by a liquid, which can evaluate the 

potential for water and stain repellency. We performed static contact angle measurements using an 

optical tensiometer (KSV T2000) and software supplied with the instrument. A 20 µL drop of distilled, 
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deionized water of surface tension 72.75 mN/m was deposited on fabric by syringe from  

a height of 2 cm. Observations occurred over a 10 min period with replicates at five different sites on 

the fabric.  

2.3.3. SEM Study 

SEM images of modified and unmodified interlock swatches were taken using a JEOL JSM 880 

after the samples were sputter coated with a thin layer of gold. Elemental analyses were carried out 

using ZEISS 960A SEM equipped with Oxford Link energy dispersive spectroscopy (EDS) with a thin 

window and using IXRF EDS 2008 software at beam energy of 5 keV. Elemental analyses provided an 

indication of fluorine content at the surface of the fibers.  

2.3.4. Stain Recovery and Stain Resistance Tests  

Stain tests were performed on untreated control and treated fabric samples and compared to results 

for the commercial reference samples. Standardized measurements followed AATCC test method 130, 

referred to as the oily stain release method, and AATCC test method 118, referred to as the oil 

repellency test. In AATCC test method 118, 50 µL drops of different grades of hydrocarbon oil 

specified in the protocol are applied to the fabric material and scored on a scale from 1 to 8. Higher 

values indicate the point at which ever lighter aliphatic oils penetrate the fabric in a period of 30 s or 

less and thus greater oil repellency. In AATCC test method 130, the fabric is placed on a blotting paper 

and 5 drops corn oil of 40 µL each are deposited in the center. A blotting paper is laid on top followed 

by a 5 lb weight for 60 s. The fabric is washed in the specified manner at 41 °C and evaluated 

according to the test protocol. To further assess stain resistance and recovery, we examined the effects 

of common staining materials like oil, mustard and ketchup by reflectance measurements of the fabric 

samples. Stain resistance measurements were performed after wiping with tissue paper while stain 

recovery evaluation was done after washing. Reflectance was determined by using an Ultrascan 

colorimeter (Hunter Lab) at a wavelength of 440 nm. Percentage of stain resistance and percentage of 

stain recovery were calculated using the formulas  

 

 

2.3.5. Tensile Strength Measurement 

Dumbbell-shaped samples were punched out (using dumbbell shaped die cutter, ASTM D638) from 

fabric. Tensile strength measurements were performed at room temperature using computerized model 

testing machine (SSTM tester from United Testing Systems) at a speed of 0.5 in/min according to 

ASTM D1708. Four measurements for each sample were done. 
  

100 x 
fabricuntreatedofeReflectanc

ngafter wipi fabric on treatedstain  of eReflectanc
 =  ResistanceStain  of %  

 100 x 
 stainingafter   eReflectanc-staining  before eReflectanc

stainingafter   eReflectanc- washoneafter   eReflectanc
 =Recovery  Stain  of %
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3. Results and Discussion 

3.1. Appearance of Thin Film 

SEM images and elemental analysis of the fabric samples before and after admicellar 

polymerization were obtained. Figure 1(a,b) shows fibers in the untreated cotton fabric samples, the 

surface of fibers is smooth with striations evident in places. It is devoid of polymer aggregates and any 

other agglomerations over the surface. 

Figure 1. Untreated fibers of interlock knit cotton. 

 

(a) (b) 

Figure 2(a,b) shows fibers of treated cotton fabric with PA1 after modification by admicellar 

polymerization. Compared to untreated samples shown in Figure 1, striations are not visible while a 

coarse, bumpy appearance indicates formation of fluoropolymer on the fiber surface. Figure 2(c,d) 

shows fibers in the treated cotton fabric with PA2. In this case, striations are also not visible and 

fluoropolymer coating can be seen on the surface of fibers. With the longer chain fluorocarbon of PA2, 

the coating appears to be more evenly spread as a uniform layer. It is evident in both cases that the 

coatings are thin. 

Figure 2. Interlock knit cotton fibers treated with PA1 (a,b) and PA2(c,d). 

(a) (b) 
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Figure 2. Cont. 

(c) (d) 

The EDS spectrum of an untreated control sample (Figure 3a) does not exhibit a significant fluorine 

peak with the resulting elemental analysis for carbon, nitrogen, oxygen and fluorine indicating a 

fluorine content of only 0.33 atomic%. Carbon and oxygen, the main constituents of the cellulose 

substrate, give strong peaks. In treated fabrics (Figure 3(b,c)), distinct peaks are observed for fluorine 

along with those for carbon and oxygen. Fluorine content in PA1 was 6.89% while in PA2 was 

10.53%, consistent with the longer fluorocarbon chains of the latter. The levels of carbon and oxygen 

observed reflect contributions from penetration of the electron beam through the film and/or regions 

where the fiber surface was not covered. 

Figure 3. Energy dispersive spectroscopy (EDS) spectrum of: (a) untreated fiber 

(b) treated fiber with PA1 (c) treated fiber with PA2. 

(a) (b) 

(c) 
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3.2. Mechanical Characterization 

Figure 4 shows stress-strain relationships of untreated fabric and treated fabric with two formulations 

PA1 and PA2. UIF1 and UIF2 are results of untreated interlock fabric in two orthogonal directions 

indicating anisotropic behavior. The Young’s moduli of treated fabrics PA1 and PA2 correspond to the 

higher modulus of the untreated interlock knit, regardless of direction. Greater stiffness of PA1 and 

PA2 suggest the adhesion between fibers due to formation of polymer bridges between fibers. Between 

PA1 and PA2, Young’s modulus does not differ greatly but PA1 is somewhat stiffer than PA2. These 

trends mirror observations previously reported for plain and modified pique fabric [21]. Although the 

Young’s modulus increases, these fabrics retain soft feel after modification. 

Figure 4. Stress-strain plot of untreated fabric and treated fabric with formulations PA1 

and PA2. 

 

3.3. Water Repellency Tests 

Evaluation of fabric hydrophobicity is difficult to assess by any one method. The drop test enables a 

quick and easy determination, while multiple methods of testing help us to know performance and 

quality of the material more precisely. To ascertain the water-repellency characteristics of the fabric, 

the resistance of the fabric to surface penetration by a spray and resistance to surface wetting should be 

measured. Tests have to be carried out in combination with each other in order to obtain a complete 

understanding of performance. Samples were assessed for performance using drop test, spray test and 

contact angle measurement.  

Interlock cotton knit modified with polyacrylates PA1 and PA2 displayed drop test results greater 

than 30 min. In fact, superhydrophobic character was found with contact angles of 150° for PA1 and 

160° for PA2. Figure 5 shows static contact angle results for the various fabric samples, all of which 

displayed strong hydrophobic character. With a contact angle near 160°, PA2 had the highest value 

observed. The remaining fabric samples have contact angles around 150° or less. Contact angles in this 

range result from a combination of chemical composition and surface microstructure. The microstructure 

includes fibers within the cotton yarns and possibly texture on the surface of the fibers due to the 

114

G



Appl. Sci. 2012, 2             

 

199

presence of the fluoropolymer. The SEM and EDS data suggest that the higher fluorocarbon content 

explains why PA2 exhibits a higher contact angle than PA1.  

Figure 5. Comparison of contact angles for treated and commercial reference samples. 

 

Samples were repeatedly home laundered with washing and drying steps to gauge durability  

characteristics. Results for the drop test with number of laundering cycles appear in Figure 6. Treated 

fabric with PA1 passes with as many as 20 washes while PA2 can hold its treatment up to 30 home 

launderings. As shown above, PA2 has greater fluorine content and, as such, would be expected to 

have lower solubility which might explain its ability to endure more home launderings. Findings for 

fabrics modified by admicellar polymerization were compared to commercial materials. The  

off-the-shelf knit sample (Ref. 1) fared poorly as it failed the drop test after only 5 washes. The 

interlock knit material PA1 with the lower fluorochemical content compared well to the woven 

commercial sample (Ref. 2) with both passing the drop test for 20 washes. The interlock knit PA2 

surpassed them all with 30 washes. 

Figure 6. Comparison of durability of treated fabrics with commercial reference samples 

by the drop test. 
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In the spray test (AATCC 22), repellency of fabric is assessed in a dynamic system by comparison 

to wetting patterns on a standard chart. Measurements of spray test rating were made after a series of 

home laundering which were discontinued once the fabric failed the drop test. From Figure 7, the 

interlock commercial sample (Ref. 1) is seen to exhibit a decrease in performance with each home 

laundering down to a rating of 60 when the drop test result was less than 30 min. The woven material 

(Ref. 2) performed well with a rating of 100 up to 15 home launderings where it decreased to a rating 

of 90. Performance of PA1 was comparable to the woven fabric. Notably, PA2 showed substantially 

greater durability. Trends observed among the different fabric samples by the spray test were 

consistent with those of the drop test. 

Figure 7. Comparison of spray test of treated fabric and commercial samples. 

 

3.4. Oil Repellency 

Oil test results performed according to AATCC test method 118 are reported in Figure 8. Treated 

fabric with PA1 did not show any oil repellency. In contrast, application of PA2 by admicellar 

polymerization yielded an initial oil repellency of grade 7. This value dropped to grade 5 after half a 

dozen home launderings and then remained at grade 5 after many cycles. In fact, it was in these oil 

repellency tests where the effects of the longer chain fluoroalkyl moiety in polyacrylate PA2 were 

most evident in its effect on oil repellency. Both off-the-shelf reference samples were rated initially at 

grade 5. However, interlock sample Ref. 1 degraded rapidly to ratings of 3 and 2. The performance of 

the woven fabric Ref. 2 paralleled that of PA2, only 2 grades lower throughout. With the exception of 

PA1, the oil test results for durability corresponded to findings by the water repellency tests.  
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Figure 8. Comparison of oil test for treated fabric with commercial reference samples. 

 

3.5. Stain Recovery and Stain Resistance  

The main advantage of a stain resistant and stain recovery finish for fabric is that, when a spill 

occurs, it can be cleaned easily. Removal of stains during low temperature home launderings is often 

recommended. Assessment of performance under such conditions can be done according to standard 

tests, such as AATCC test 130. Results for stain release (Table 1) roughly followed the oil repellency 

findings except the woven commercial fabric received a lower rating than the commercial interlock 

fabric. At a grade of 4.5, sample PA2 received the highest rating of the group and PA1 the poorest at 1. 

Table 1. Stain release grades according to AATCC test method 130. 

Types of fabric Stain release grade 

Interlock (PA1) 1 
Interlock (PA2) 4.5 
Interlock (Ref. 1) 3 
Woven (Ref. 2) 2 

Fabrics were stained with oil, mustard and ketchup in additional tests. On the basis of the oil 

repellency and oil release results, sample PA1 was excluded from further testing. After wiping the 

stain with a tissue paper, stains remained visibly attached to untreated cotton, but, for treated fabric 

with PA2, all the stains were wiped away. To quantify this, we measured the reflectance of the fabric 

after wiping the stains for oil, mustard and ketchup. Figure 9 shows the stain resistance performance of 

treated cotton with PA2 and untreated cotton. PA2 exposed to oil showed stain resistance of 100% 

indicating oil can be wiped off immediately. When stains were dropped on untreated cotton, stains 

penetrated and contributed to lower reflectance. For treated cotton, the various agents did not penetrate 

and could be wiped off easily so reflectance retuned nearly to 100%. 

Staining tests were also performed on the commercial reference samples and compared with PA2. 

Figure 10 presents reflectance measurements of stain resistance for treated and reference samples after 

exposure to oil, mustard and ketchup. All fabrics performed well in resisting blemishes by oil. Overall, 

PA2 performed comparably to the woven commercial material and outperformed the commercial knit. 
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The commercial interlock type fabric (Ref. 1) showed poor performance compared to the fabric 

modified by admicellar polymerization with only about 75% of stain resistance with mustard and about 

80% with ketchup. It is a significant finding that the coated cotton knit could function at a level 

comparable to a fabric with a tighter weave. 

Figure 9. Stain resistance for untreated and treated fabric with PA2 with different 

staining agents. 

 

Figure 10. Stain resistance comparison for PA2 and commercial fabrics with different stains. 

 

Similar experiments for stain recovery of the fabric were carried out by doing one home laundering 

and then assessing the level of stain recovery using reflectance measurements. Results for stain 

recovery are presented in Figure 11. All materials perform well in removal of oil by washing. 

Otherwise, stain recovery of PA2 was substantially better than the reference samples. 
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Figure 11. Stain recovery of treated fabric with PA2 compared to commercial 

reference fabrics. 

 

4. Conclusion 

Application of fluorocarbon finishes by admicellar polymerization can yield durable cotton fabrics 

with excellent stain resistance and stain recovery properties. Performance of these fabrics, prepared in 

a laboratory, compare well to that of commercial production materials examined.  
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Abstract: In this paper, we review recent progress and new challenges in the area of 

oxyfluoride perovskite, especially layered systems including Ruddlesden-Popper (RP), 

Dion-Jacobson (DJ) and Aurivillius (AV) type perovskite families. It is difficult to 

synthesize oxyfluoride perovskite using a conventional solid-state reaction because of the 

high chemical stability of the simple fluoride starting materials. Nevertheless, persistent 

efforts made by solid-state chemists have led to a major breakthrough in stabilizing such a 

mixed anion system. In particular, it is known that layered perovskite compounds exhibit a 

rich variety of O/F site occupation according to the synthesis used. We also present the 

synthetic strategies to further extend RP type perovskite compounds, with particular 

reference to newly synthesized oxyfluorides, Sr2CoO3F and Sr3Fe2O5+xF2−x (x ~ 0.44). 
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1. Introduction 

Since the discovery of a high-TC superconducting cuprate by Bednorz and Muller [1], there has 

been considerable progress in the field of solid-state chemistry and physics. In particular, we have 

deepened the understanding of metal oxides, while making improvements and development of 

experimental techniques and theories. It is well known that a perovskite structure formulated as ABO3 

(A = large s-, d-, or f-block cation; B = smaller transition metal cation) has rich variety in structural, 

electronic and magnetic properties, ranging from superconductivity, through ferroelectricity, to 

photocatalytic activity. Figure 1(a) shows the ideal perovskite structure in which A cation occupies an 

interstitial site of an eight corner-sharing BO6 octahedra. This type of structure can be extended to the 

layered perovskite intergrowth system termed the Ruddlesden-Popper (RP) phase, A2A’n−1BnO3n+1  

(n = the number of perovskite block), the structures with n = 1 and 2 which are depicted in Figure 1(b) 

and (c). Each perovskite block is intervened with double rock-salt AO layers. Thanks to the ability of 

the A and B sites to adopt various metal cations, we are able to finely control the chemical 

compositions as well as the physical properties, as exemplified by magnetoresistive manganite [2–4] 

and superconducting cuprate [5,6]. While the majority of studies have concentrated on the influence of 

cation substitution, little effort has been made to control the structural and physical properties by 

manipulating the anion lattices. Considering that the anion strongly affects the crystal field and 

electronic state of the metal center, we can expect that substitution of anions with different bonding 

nature, valence state or ionic radius from oxygen in a metal oxide can enhance the original physical 

properties or induce new exotic phenomena. In fact, LaTiO2N [7] and Sr2CuO2F2+δ [8] exhibit  

visible-light photocatalytic activity and superconductivity, respectively.  

Figure 1. Structure of the ideal perovskite structure, An−1BnO3n+1 (n = 1, 2, ∞). 

 

In general, it is very difficult to stabilize two kinds of hetero anions in one structure using 

conventional solid-state reactions, in comparison with compounds with a single anion, such as an 

oxide, sulfide or nitride. As for the oxyfluoride compounds, several synthetic approaches are employed 

to overcome the problem, namely a low-temperature reaction using fluorinating agents [8–11], 
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hydrothermal reaction [12] or high-pressure synthesis [13,14]. Interestingly, O/F site order and/or F 

contents inserted, which are closely correlated with the structural and physical properties, depend on 

the reaction method used. In particular, layered perovskite structures exhibit three types of anion 

distribution patterns; (i) regular or random anion occupation pattern in the perovskite blocks, (ii) 

fluorine insertion into only interstitial sites between the perovskite blocks, or (iii) fluorine occupation 

of both the terminal apical sites and the interstitial sites. In this paper, we first review recent progress 

in the oxyfluoride chemistry of perovskite-based compounds, then present a synthesis strategy to 

further extend layered perovskite systems. 

2. Fluorine Occupation Patterns in Layered Oxyfluoride Perovskite 

2.1. Regular or Random Anion Occupation Pattern in the Perovskite Blocks 

Early in the study on the layered oxyfluoride perovskite, high temperature solid-state reaction, one 

of the easiest synthetic methods, was commonly employed. However, the variety of transition metals 

in the reported oxyfluoride compounds is quite limited, mainly due to the high chemical stability of the 

simple starting fluoride materials. To the best of our knowledge, the first example of the RP-type 

layered perovskite compound is K2NbO3F, which was reported in 1962 by Galasso and Darby [15]. As 

shown in Figure 2(a), the niobium oxyfluoride adopts the tetragonal structure in the space group of 

I4/mmm with octahedral coordination around Nb atom and O/F site disorder at the apical sites. The 

preferential occupation of the fluoride anion at the apical sites elongated the Nb-O/F bonds (2.0642 Å) 

along the c axis compared with those (1.9780 Å) in the ab plane. Subsequently, the same authors 

reported an isostructural iron oxyfluoride, Sr2FeO3F [16] and determined the crystal structure to be 

I4/mmm. However, Weller and his collaborators demonstrated that the exact crystal symmetry could be 

described as P4/nmm [17]. In contrast to K2NbO3F, the Fe counterpart possesses the O/F site order at 

the apical sites leading to a strong distortion of the FeO5F octahedron (see Figure 2(b)). In fact, the 

bond length between Fe and O or F is 1.904 or 2.730 Å. Therefore, the iron metal center effectively 

takes a square pyramidal coordination against five O2− anions. Weller et al. also extended the layered 

oxyfluoride system to Ba2BO3F (B = Sc and In) [18]. Both compounds exhibit preferential occupation 

by F− anions at the apical sites, but the anion-site order/disorder in B = In/Sc.  

In addition to the RP-type layered perovskite, Dion-Jacobson (DJ) and Aurivillius (AV) -type 

layered oxyfluoride phases are reported. The formulas of DJ and AV phases are expressed as 

AA’n−1BnO3n+1 and (Bi2O2)(A’n−1BnO3n+1), respectively. ASrNb2O6F (A = Li, Na, Rb) [19] (Figure 3) 

and RbLnTiNbO6F (Ln = La, Pr, Nd) [20] were synthesized by conventional solid-state reaction. In 

contrast to the above RP phases, the F atoms prefer to occupy the equatorial and central apical anion 

sites in the double-layered perovskite block, not the terminal apical ones, because the covalency of the 

chemical bond between Nb and the terminal apical oxygen is incompatible with the ionicity of the  

Nb-F bond. On the other hand, Kobayashi et al. reported the reductive fluorination of DJ-RbLaNb2O7 

and RP-NaYTiO4 into RbLaNb2O7−xFx and NaYTiO4−xFx using poly(vinylidene)fluoride (PVDF) [21]. 

PVDF or poly(tetrafluoroethylene) (PTFE) are effective fluorinating agents, utilized by Slater for the 

first time [11]. This fluorination proceeds in a topotactic manner; the framework of the precursor is 

maintained through the reaction. While ASrNb2O6F and RbLnTiNbO6F with the non-magnetic B 
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cations are insulating, RbLaNb2O7−xFx possesses mixed valence states between Nb4+ and Nb5+ cations, 

which makes it electrically conductive.  

Figure 2. Crystal structure of (a) K2NbO3F, (b) Sr2FeO3F, and (c) Sr2CoO3F. Solid line 

represents the unit cell. 

 

Figure 3. Crystal structure of (a) RbSrNb2O6F and (b) LiSrNb2O6F. 

 

For n = 2 RP-type layered perovskite, Ba3In2O5F2 [22] and Sr3Fe2O6F0.68 [17] are known. Common 

to both compounds, fluorine atoms occupy the terminal apical sites. In comparison with Ba3In2O5F2, 

synthesized by conventional high-temperature reaction, Sr3Fe2O6F0.68 is obtained by a low-temperature 

fluorination using F2 gas. As shown in Figure 4, the precursor Sr3Fe2O6 has an oxygen vacancy at the 

central apical site, but its oxidative fluorination causes local migration of the terminal apical site to the 

original oxygen vacant site. Because the intercalated F atoms occupy the terminal apical sites with O, 

the deviation of the O-Fe-O bond angle in the plane from the ideal 180° is only 7.6°, much smaller  
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than the corresponding value of 15.28° in Ba3In2O5F2 with full fluorine occupation of the terminal 

apical sites. 

Figure 4. Crystal structure of (a) Sr3Fe2O6 and (b) Sr3Fe2O6F0.86. (c) Fluorination process 

of Sr3Fe2O6 to Sr3Fe2O6F0.86, showing rearrangement of oxide and fluoride anions.  

 

Figure 5. Crystal structure of (a) Bi2TiO4F2, and (b) Bi2NbO5F. 

 

Three kinds of AV-type layered oxyfluoride perovskites, Bi2BO5F (B = Nb, Ta) and Bi2TiO4F2 

(Figure 5), were synthesized by Aurivillius [23]. Later work presented the ferroelectric phase 

transitions at TC = 303, 283, and 284 K, respectively, but the relationship between the crystal structure 

and the ferroelectricity is still controversial. Hydrothermal synthesis yields better sample quality than 

conventional solid-state reaction [24]. Bi2TiO4F2 adopts the simple body-centered tetragonal structure 

in the space group I4/mmm [24] while Bi2NbO5F is proposed to adopt Pbca symmetry [25]. These 
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centrosymmetric crystal structures contradict the requirement for the ferroelectricity. In fact, the 

reexamination of electrical properties in Bi2NbO5F demonstrated neither second-harmonic generation 

nor a permittivity anomaly associated with ferroelectric phase transition reported previously. It is 

believed from bond-valence-sum calculations that F atoms tend to occupy the equatorial sites for 

Bi2TiO4F2 or the apical sites for Bi2NbO5F. 

We would like to show a new class of anion ordered perovskite materials, KNaNbOF5 and 

KNaMO2F4 (M = Mo6+, W6+) expressed as the general formula ABB’(O,F)6 [12]. Poeppelmeier et al. 

successfully synthesized these three compounds by hydrothermal reaction. Layers of K+ cations and 

cation vacancies are alternately located in the A site along the c axis, and Na+ and B (Nb5+, Mo6+, W6+) 

cations are ordered in a rock salt configuration. More interestingly, fluoride anions are located in K+ 

cation layers while apical oxide anions are located in the adjacent A-site layer containing the A-site 

vacancies. Similar to DJ-ASrNb2O6F, the Nb5+ cation form short Nb=O bonds and one long Nb-F bond 

opposite the O2− anion, leading to strong distortion of the Nb5+-centered octahedron. This type of O/F 

anion order has never been seen in any other oxyfluorides. It is apparent that the cation order in both A 

and B sites influences the O/F anion order. 

2.2. Fluorine Insertion into Only Interstitial Sites between the Perovskite Blocks 

There are a few examples that involve fluorine insertion into only interstitial sites between the 

perovskite block layers. The RP-type layered manganese oxides, LaSrMnO4 (n = 1) and 

Ln1.2Sr1.8Mn2O7 (Ln = Pr, Nd, Sm, Eu, and Gd) (n = 2), accommodate fluorine in the (La/Sr)O  

rock-salt layers between the Mn-O perovskite blocks, followed by large expansion of the c-axis of 

1 ~ 3 Å (see Figure 6). Utilization of F2 gas, NH4F, CuF2 or PVDF as a fluorination agent at low 

temperatures yields LaSrMnO4F2 [26,27] and Ln1.2Sr1.8Mn2O7F2 [26,28] where fluorine is inserted in 

each perovskite block. In addition, heating these fluorinated compounds with the corresponding 

precursors in appropriate ratios results in a staged intercalation structure, namely LaSrMnO4F [27,29] 

and La1.2Sr1.8Mn2O7F [27] where F is inserted between alternate rock-salt layers. It should be noted 

that the F sites in the rock-salt layers are different between LaSrMnO4F and LaSrMnO4F2, and 

La1.2Sr1.8Mn2O7F and Ln1.2Sr1.8Mn2O7F2; the F atoms in LaSrMnO4F and La1.2Sr1.8Mn2O7F are located 

in the interlayer space so as to bridge between La/Sr and the apical oxygen, while the F atoms in 

LaSrMnO4F2 and Ln1.2Sr1.8Mn2O7F2 occupy tetrahedral sites of (La/Sr)4 in the rock-salt layers. In spite 

of the valences of Mn cations close to 4+, no long-range magnetic order is observed down to 5 K.  

The n = 2 RP phase Sr3Ru2O7 is also fluorinated using CuF2 to give the oxyfluoride Sr3Ru2O7F2 [30]. 

In the fluorinated phase, fluorine is inserted in the tetrahedral sites of Sr4 in rock-salt layers between 

perovskite blocks (see Figure 7). The precursor crystallizes in the tetragonal structure with I4/mmm, 

but the fluorine insertion lowers the crystal symmetry to orthorhombic symmetry (Pbam), which is 

associated with rotation and tilting of the RuO6 octahedra. The magnetic properties also change after 

the fluorination reaction, from the ferromagnetic state with TC = 105 K to weak ferromagnetic state 

with TN = 185 K.  
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Figure 6. Crystal structure of (a) La1.2Sr1.8Mn2O3F, and (b) La1.2Sr1.8Mn2O3F2. 

 

Figure 7. Crystal structure of Sr3Ru2O7F2. 

 

Fluorination of the RP-Ba2−xSrxPdO3 (0 ≤ x ≤ 1.5) by PVDF involves unusual oxygen displacement 

through anion exchange [31,32], which is different from the case of the fluorination of Sr3Fe2O6 

described above [17]. As shown in Figure 8, the structure of Ba2−xSrxPdO3 comprises corner-linked 

chains of PdO4 squares along the a-axis, similar to the one-dimensional structure in Sr2CuO3. 

Fluorination to Ba2−xSrxPdO2F2 involves structural conversion to T’-structure (isostructural with 

Nd2CuO4), namely rearrangement of the PdO4 network from a 1-D chain to a 2-D plane. The 

remaining O2− anions in the apical site move to the original vacant site and the two inserted F− anions 

build fluorite block layer with Ba/Sr cations. Because the Pd2+ cation exhibits a strong preference for 

square lattice geometry, no additional fluorine insertion at the apical sites is allowed. 
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Figure 8. (a), (b), (c) Fluorination of A2BO3 to A2BO2F2−δ (A = Sr, Ba; B = Cu, Pd).  

(d) Rearrangement of oxide and fluoride anions during fluorination reaction. 

 

2.3. Fluorine Occupation of Both the Terminal Apical Sites and the Interstitial Sites 

In most cases, low-temperature fluorination in layered perovskite structure proceeds by anion 

substitution at the apical sites and fluorine insertion in interstitial sites between perovskite blocks. This 

type of fluorination, especially in Cu oxides, has already been reviewed in detail by Greaves et al. and 

Wiley et al., independently [33–35], so we will present the following four examples in this paper, 

namely Sr2CuO2F2+δ [8,36], Ba2ZrO3F2·xH2O [37], Sr2TiO3F2 [38], and nitride-fluoride Ce2MnN3F2−δ [39].  

The discovery of a superconducting copper oxyfluoride Sr2CuO2F2+δ by Greaves et al. triggered the 

search for new oxyfluoride perovskite materials by a low-temperature route [8]. Other fluorinating 

agents, such as NH4F and XeF2, were shown to be useful in later work [9,10]. This compound was 

initially obtained by reaction of a 1-D structure Sr2CuO3 with F2 gas. As observed in Ba2−xSrxPdO2F2 [31], 

the network of corner-sharing CuO4 units drastically changes from a 1-D chain to a 2-D layer in the 

fluorination process (see Figure 8). However, fluorine anions partially occupy not only interstitial sites 

between the perovskite blocks but also the apical sites. The superconducting temperature takes a 

maximum value of TC = 46 K at δ ~ 0.3. Interestingly, reduction of Sr2CuO2F2+δ in a flowing H2/N2 gas 

atmosphere yields an insulating T’-structure Sr2CuO2F2 [36]; fluorine removal at the apical sites and 

rearrangement of the remaining F− anions form a fluorite Sr2F2 layer and square planar  

coordinated CuO4.  

Sr2TiO3F2 or Ba2ZrO3F2·xH2O can be prepared by the reaction of n = 1RP Sr2TiO4 or Ba2ZrO4 with 

NH4F, CuF2, ZnF2 or PVDF [37,38]. In both cases, fluorination occurs by substitution of two F− anions 

for one O2− anion, but the fluorine insertion manner and coordination environment around the metal 

center are different between these two compounds (see Figure 9). Fluoride anions in Sr2TiO3F2 occupy 

both the apical sites and interstitial sites in alternate rock-salt layers. Additionally, the TiO5F octahedron 

is highly distorted, probably due to O/F site order at the apical sites. In contrast, Ba2ZrO3F2·xH2O 
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possesses fluorine, located at the apical sites and in each rock-salt layer. The Zr metal center takes an 

octahedral coordination, with O/F anions being disordered at the apical sites. 

Figure 9. Crystal structure of (a) Sr2TiO3F2, (b) Ba2ZrO3F2•xH2O, and (c) Ce2MnN3F2−δ. 

 

It is important to note that a RP-type layered manganese nitride Ce2MnN3, which is isostructural 

with Sr2CuO3, accommodates fluorine in a different way [39]. Unlike Sr2CuO2F2+δ and Ba2−xSrxPdO2F2, 

fluorination involves local migration of the original apical oxygen to the equatorial anion vacant sites, 

but anion substitution or oxygen removal does not take place. Moreover, additional fluorine atoms are 

incorporated in alternate rock-salt layers. The resultant structure resembles that of Sr2TiO3F2 and the 

N/F site order results in deformation of the MnN4F octahedron. Upon fluorination, the magnetic 

properties changes the Pauli paramagnetic behavior to a paramagnetic one. 

3. Recent Results on New Layered Iron and Cobalt Oxyfluoride Compounds 

3.1. Unusual O/F Site Disorder in Layered Cobalt Oxyfluoride 

As reviewed above, a variety of fluorinating agents greatly contributes to oxyfluoride chemistry. 

Considering the limited variety of transition metals, however, a further search for new oxyfluoride 

phase is necessary in order to better understand oxyfluoride. Co is among the 3d transition metals 

studied to a lesser extent. In fact, only one Co-based perovskite compound has been reported: 

LaSrCoFeO5F [40], where O/F sites are randomly distributed as well as Fe/Co sites. High-pressure 

synthesis is an effective alternative approach to low-temperature fluorination, although expensive 

apparatus required for the reaction method is necessary. Recently, we have achieved the synthesis of 

the first example of RP-type layered cobalt oxyfluoride Sr2CoO3F, under a pressure of 6 GPa at 

1,700 °C [41]. This compound adopts a simple body-centered tetragonal structure with the space group 

I4/mmm (Figure 2(c)). Magnetic susceptibility measurements revealed an antiferromagnetic phase 

transition at around 320 K, which is different from the ferromagnetic behavior in the corresponding 

oxide Sr2CoO4 [42]. Furthermore, neutron powder diffraction study characterized the S = 2 high-spin 

state at Co cations. The structural features in the cobalt oxyfluoride are also worthy of attention. The 

O/F anions are disordered at the apical sites, and the cobalt cation shifted from the basal plane takes a 

square pyramidal coordination. We noticed that the coordination environment around Co center is 
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unusual when compared with related oxyfluoride compounds (see Figure 2). As described above, a 

similar O/F site disorder is observed in Ba2ScO3F and K2NbO3F, but each B cation with d0 electronic 

configuration takes octahedral coordination without shifting from the basal plane. In comparison, 

Sr2FeO3F and Ba2InO3F have a square-pyramidal coordinated metal center, but O/F site occupation 

occurs in an ordered manner. Thus, coexistence of anion disorder and square-pyramidal coordination, 

which has never seen in related oxyfluoride, is realized in the new cobalt oxyfluoride. It was initially 

assumed that square-pyramidal coordination stabilizes the O/F site ordered state, but this is not the 

case in Sr2CoO3F. Square-pyramidal coordination of Co cations is commonly seen in cobalt-based 

materials with d6 high spin configuration, such as BiCoO3 [43] and Sr2CoO3Cl [44]. The observed O/F 

disorder, however, is non-trivial. The role played in the unusual coordination environment around Co 

is probably related to the reaction condition employed: high-pressure and high-temperature synthesis. 

A denser environment at high pressure or entropic effects associated with high temperature are likely 

to stabilize the anion-disordered phase.  

3.2. Highly Fluorinated Iron Oxides 

Various fluorinating agents have been reported so far, for example, F2 gas, NH4F, XeF2, CuF2 and 

PVDF and PTFE [8–11,21]. Each fluorinating agent exhibits a distinct fluorinating power and reaction 

pathway. Thus, the fluorine contents in the resultant material depend on the choice, not only of the 

fluorinating agent, but also the anion lattice of the precursors. For example, the fluorine contents 

incorporated by XeF2 in YBa2Cu3O7−δ increase with decreasing the oxygen deficient contents [45]. The 

fluorination of perovskite SrFeO3 using PVDF yields SrFeO2F while the reaction of brownmillerite 

Sr2Fe2O5 with F2 gas results in the formation of two cubic phases different from SrFeO2F [17,46]. 

On the other hand, as shown above, the n = 2 RP-type layered iron oxide Sr3Fe2O6 was fluorinated 

with F2 gas to give the oxyfluoride Sr3Fe2O6O0.87 [17]. This fluorination did not involve anion 

substitution. There are two approaches to extending the fluorine contents; a precursor with smaller 

oxygen concentrations is reacted with F2 gas, or a fluorinating agent with higher reducing power is 

employed. According to such perspectives, we successfully synthesized a more highly fluorinated iron 

oxide, Sr3Fe2O5.44F1.56, by reaction of Sr3Fe2O7−δ (δ~0.25) [47]. As is the case in Sr3Fe2O6O0.87, 

fluoride anions preferentially occupy the terminal apical anion sites with oxide anions, but the O/F 

sites are displaced from the ideal 4e (0, 0, z) to more general sites 16m (x, x, z). Moreover, fluorination 

with PTFE results in more significant expansion of the c-axis (21.406(2) Å) and the deviation of the  

O-Fe-O bond angle in the plane from 180° is 15.28° nearly close to that in Ba3In2O5F2, reflecting the 

increased fluorine content in Sr3Fe2O5.44F1.56. And, the antiferromagnetic phase transition temperature 

greatly differs from below r.t. to 390 K.  

Interestingly, work that is more recent has demonstrated further extended fluorination. Slater et al. 

have successfully synthesized three more fluorinated phases, Sr3Fe2O5.28F1.72, Sr3Fe2O4F4, and 

Sr3Fe2O3F6, by changing the molar ratios of Sr3Fe2O7−δ to PVDF [48]. While Sr3Fe2O5.28F1.72 has 

structural features similar to Sr3Fe2O5.44F1.56, fluorine atoms in Sr3Fe2O4F4 occupy half interstitial sites 

between rock-salt layers as well as terminal and central anion sites (see Figure 10). These two 

compounds exhibit antiferromagnetic order at r.t. In contrast, Sr3Fe2O3F6, which is assumed to 
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correspond to complete filling of both apical sites and interstitial sites by fluorine, magnetically  

orders below r.t. 

Figure 10. Crystal structure of (a) Sr3Fe2O5.44F1.56, and (b) Sr3Fe2O4F4. 

 

5. Conclusions 

We have reviewed how layered oxyfluoride perovskite compounds have a rich variety of fluorine 

occupation, depending on reaction route, namely, low-temperature reaction, hydrothermal reaction, 

and high-pressure synthesis. Low temperature topotactic reaction is an attractive and straightforward 

technique to synthesize kinetically stable phases; Not only anion substitution but also fluorine insertion 

in interstitial sites between perovskite blocks occur, in some cases involving a rearrangement of anions 

around the metal center. In particular, the high capacity for fluorine insertion observed in Sr3Fe2O7−δ is 

quite unusual compared with other metal oxides. High-pressure synthesis can also provide good 

opportunities for extending oxyfluoride chemistry. Indeed, an unusual coordination environment in 

Sr2CoO3F was realized under extreme experimental conditions. This result should contribute not only 

to further syntheses of new oxyfluoride compounds, but also to controlling the structural and physical 

properties through anion order/disordering.  
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Abstract: This paper reports significant improvements in the electrical performance of 

In0.53Ga0.47As metal-oxide-semiconductor field-effect transistors (MOSFET) by a post-gate 

CF4/O2 plasma treatment. The optimum condition of CF4/O2 plasma treatment has been 

systematically studied and found to be 30 W for 3–5 min. Approximately 5× reduction in 

interface trap density from 2.8 × 1012 to 4.9 × 1011 cm−2eV−1 has been demonstrated with 

fluorine (F) incorporation. Subthreshold swing has been improved from 127 to 

109 mV/dec. Effective channel mobility has been enhanced from 826 to 1,144 cm2/Vs. 

Keywords: InGaAs; HfO2; fluorine plasma treatment; high-k dielectrics 

 

1. Introduction 

In0.53Ga0.47As based-III-V compounds have attracted a great deal of attention for their advantages in 

high electron mobility over their Si-based counterparts. However, poor interface quality between 

In0.53Ga0.47As and high dielectric constant (high-k) gate dielectrics has imposed an enormous challenge 

for implementing inversion-type enhancement mode metal-oxide-semiconductor field-effect transistors 

(MOSFETs). Proper surface pre-treatment and insertion of interface passivation layer [1–3] have 

generally employed to achieve improved interface quality. Those approaches usually performed prior 

to high-k deposition, however, interface state traps created during the high-k deposition need to be 

passivated by a post-oxide treatment.  
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Reprinted from Applied Sciences. Cite as: Chen, Y.-T.; Wang, Y.; Xue, F.; Zhou, F.; Lee, J.C.
Optimization of Fluorine Plasma Treatment for Interface Improvement on HfO2/In0.53Ga0.47As
MOSFETs. Appl. Sci. 2012, 2, 233-244; doi:10.3390/app2010233.

G



Appl. Sci. 2012, 2 234 

 

 

It can be expected that fluorine (F) will be an effective passivation agent for In0.53Ga0.47As because 

F has high binding energy with In (5.25 eV), Ga (5.99 eV), and As (4.26 eV), respectively [4]. F 

incorporation has been demonstrated on Si, Ge, and In0.53Ga0.47As substrates. It has been found that F 

can passivate high-k bulk traps and interface defects at high-k/substrates (Si, Ge and In0.53Ga0.47As) 

interface [5–9]. Although previous reports showed that the insertion of a thin interface passivation 

layer could improve interface quality [10], those layers usually have relative lower k value [11]. This 

may hinder equivalent oxide thickness (EOT) scaling and as a result, hardly meet the requirement for 

the sub 22 nm nodes. 

In this paper, we systematically studied the effects of CF4/O2 plasma power wattage and treatment 

time on HfO2/In0.53Ga0.47As gate stack. The condition of CF4/O2 plasma has been optimized, which 

significantly improves the effective channel mobility (µeff), transconductance (Gm), drive current (Id), 

and subthreshold swing (SS). With F incorporation, we have successfully developed excellent interface 

quality of HfO2 directly on In0.53Ga0.47As without using interface passivation layer. Fluorinated 

samples exhibit low interface trap density (Dit) of 4.9 × 1011 cm−2eV−1, which is the lowest value 

compared to prior reported HfO2/In0.53Ga0.47As gate stacks.   

2. Experimental Section  

Figure 1 shows the device structure and the illustration of F incorporation. The wafers used in our 

study were molecular beam epitaxy grown by a vender. P-type (Zn-doped, 3 × 1018/cm3) InP wafers 

were the starting substrates. P-type (Be-doped, 5 × 1016/cm3) In0.52Al0.48As of 100 nm thick was grown 

as a buffer layer, followed by a 300 nm p-type In0.53Ga0.47As layer (Be-doped, 5 × 1016/cm3), which 

was used as the channel layer. The native oxides were removed with 1% diluted HF solution, followed 

by 20% (NH4)2S solution for sulfur passivation. To protect gate stack from the source and drain (S/D) 

activation annealing, the gate-last process was adopted: A 10-nm-thick atomic-layer-deposited (ALD) 

Al2O3 was deposited at a substrate temperature of 200 °C as an encapsulation layer. S/D regions were 

selectively implanted with a Si dose of 2 × 1014/cm2 at 35 keV. The S/D activation annealing was 

performed in nitrogen ambient at 700 °C/10 s. The encapsulation layer was then removed using 

buffered oxide etch solution. A 5 nm-thick ALD HfO2 film was deposited after the same surface 

preparation (HF and (NH4)2S). Some samples were treated ex situ with CF4 plasma with varied RF 

wattages and treatment times. A mixed flow of CF4 and O2 gas (ratio ~10:1) was introduced into the 

chamber with pressure of 100 mTorr. The purpose of O2 flow was to avoid carbon contamination. 

Control samples without CF4/O2 plasma treatment were also fabricated as references. Post-deposition 

annealing was then performed for all the samples at 500 °C for 60 s in a nitrogen ambient. 

Subsequently, a 200 nm TaN was sputtered and patterned as gate electrode. AuGe/Ni/Au alloy was 

deposited by E-beam evaporation and a liftoff process to form S/D Ohmic contacts; backside  

contact was made by E-beam evaporation of Cr/Au, followed by annealing at 400 °C for 30 s in 

nitrogen ambient.  
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Figure 1. The device cross-sectional structure of HfO2/In0.53Ga0.47As gate stack. Samples 

were treated in a mixed flow of CF4 and O2 gas (ratio ~10:1) with varied RF power and 

treatment time. 

 

Figures 2 and 3 show the X-ray photoelectron spectroscopy (XPS) spectra of Hf 4f and F 1s for the 

HfO2/In0.53Ga0.47As gate stack with and without CF4/O2 plasma treatment. All the scanned binding 

energy was calibrated by the C 1s signal at 284.5 eV.  

Figure 2. X-ray photoelectron spectroscopy (XPS) analysis of the Hf 4f electronic spectra 

for the samples with and without fluorine (F) incorporation. 

 

Figure 3. XPS analysis of the F 1s electronic spectra for the control sample and fluorinated sample. 
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Compared to the control sample, the fluorinated sample has an increased binding energy by 0.2 eV 

and 0.3 eV for the Hf 4f7/2 and Hf 4f5/2 signal, respectively. This suggests that parts of the oxygen 

vacancies were terminated by the incorporated F atoms to form stronger Hf-F bonds with higher 

binding energy. In Figure 3, the peak signal located at ~685 eV corresponds to the F bonds in the bulk 

HfO2, indicating that F was incorporated into the HfO2 after CF4/O2 plasma treatment. 

In order to search the F distribution in the HfO2/In0.53Ga0.47As gate stack, the secondary ion mass 

spectrometry (SIMS) technique was examined, as shown in Figure 4. A considerable amount of F was 

incorporated into the HfO2 gate stacks with CF4/O2 plasma treatment while the oxygen concentration 

remained similar. Due to sudden structural transition at the HfO2/In0.53Ga0.47As interface, the density of 

defective bonds at the interface is much higher than that in the HfO2 bulk. F tends to pile up at the 

HfO2/In0.53Ga0.47As interface passivating interface traps, resulting in a better interface quality 

(discussed later in this paper).  

Figure 4. Secondary ion mass spectrometry (SIMS) profile of elements in the 

HfO2/In0.53Ga0.47As gate stack with and without CF4/O2 plasma treatment. The CF4/O2 

plasma condition is 30 W for 3 min. 

 

The composition and stoichiometry of HfO2 were determined by XPS analysis (data not shown). 

For the control sample, HfO2 was in good stoichiometry (Hf:O = 1:2) and it became oxygen-rich 

(HfO2.25) after CF4/O2 plasma treatment. One possibility of improvements could be due to the oxygen 

vacancies passivation during the plasma treatment. The effect of O2 plasma treatment is under investigation.  

One concern of doping F into gate oxide is that dielectric constant of the gate oxide would decrease 

with heavy F incorporation. From XPS, the F concentration in our fluorinated HfO2 is estimated to be 

2.7 at.%, which is lower than that used in the low-k technology [12]. Therefore, the dielectric constant 

of HfO2 remains similar (~17) after F incorporation, as shown in Figure 5. The inset of Figure 5 

compares the gate leakage current of samples with and without F incorporation. The gate leakage 

current is slightly reduced with F incorporation. 
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Figure 5. Equivalent oxide thickness (EOT) versus physical thickness for the samples with 

and without F incorporation. Inset: the gate leakage current comparison of samples with 

and without F incorporation. 

 

One objective of this work is to investigate the optimum condition of CF4/O2 plasma. The RF power 

and the plasma treatment time are two critical factors that affect the electrical characteristics 

significantly. Insufficient plasma treatment might not improve the gate dielectric quality, whereas 

excessive plasma treatment possibly causes plasma damage and corrodes the improvement. To study 

the effects of RF power on HfO2 gate dielectrics, some samples were treated in CF4/O2 plasma for  

3 min at different RF power in the range from 20 to 40 W. It was found that the samples treated by the 

power of 30 W improved most in terms of Gm, Id and SS. With the fixed RF power of 30 W, we 

continued to study the effect of CF4/O2 plasma treatment time. Some samples were treated in CF4/O2 

plasma at different treatment times ranging from 1 to 7 min with a fixed RF power of 30 W. It was 

found that 5 min plasma treatment further improved SS. 

3. Results and Discussion 

3.1. Optimization of CF4/O2 Plasma 

The maximum Gm and Id as a function of different RF power (CF4/O2 plasma treatment time: 3 min) 

are shown in Figure 6 (W/L = 600/20 µm, at Vd = 50 mV and 0.5 V). The maximum Gm and Id of the 

control sample are 3.1 mS/mm and 1.3 mA/mm (Vd = 50 mV), and 20.3 mS/mm and 12 mA/mm  

(Vd = 0.5 V), respectively. With F plasma treatment of 30W, the maximum Gm and Id reach 

3.7 mS/mm and 1.7 mA/mm (Vd = 50 mV), and 26 mS/mm and 16.2 mA/mm (Vd = 0.5 V), 

respectively. However, the maximum Gm and Id roll back with power larger than 30 W indicative of 

possible plasma damage. SS data with different RF power are shown in Figure 7. In0.53Ga0.47As 

MOSFETs have similar EOT (~1.4 nm, data not shown) with different RF power treatment. With F 

incorporation, SS has been improved from 127 to 118.1 mV/dec (as shown in the inset of Figure 7), 

which suggests that the interface quality has been improved. For the RF power of 40W, SS increases to 

127.5 mV/dec, indicating that excessive CF4/O2 plasma treatment degrades the interface quality. 
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Figure 6. Maximum Gm and Id as a function of CF4/O2 plasma RF power  

(W/L = 600 µm/20 µm at Vd = 50 mV and 0.5 V). CF4/O2 plasma treatment time: 3 min.  

 

Figure 7. Subthreshold swing (SS) as a function of CF4/O2 plasma RF power. CF4/O2 

plasma treatment time: 3 min. Inset: Id-Vg comparison of the control sample and the sample 

with CF4/O2 plasma treatment for 30 W/3 min.  

 

Figure 8 compares the maximum Gm and Id as a function of plasma treatment times ranging from  

1 to 7 min with a fixed RF power of 30W (W/L = 600 µm/20 µm at Vd = 50 mV and 0.5 V). 3 min 

plasma treatment reaches the peak values of the maximum Gm and Id, whereas 5 min plasma treatment 

achieves the lowest SS value (Figure 9). The inset of Figure 8 compares the Id-Vg curves (in log-linear 

scale) of the control sample and the sample with F treatment 30 W/5 min. A steeper SS slope is  

clearly observed.  
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Figure 8. Maximum Gm and Id as a function of CF4/O2 plasma treatment time  

(W/L = 600 µm/20 µm at Vd = 50 mV and 0.5 V). RF power: 30 W. 

 

Figure 9. SS as a function of CF4/O2 plasma treatment time. RF power: 30 W. Inset: Id-Vg 

comparison of the control sample and the sample with CF4 plasma treatment for 30 W/5 min. 

 

Effective channel mobility (µeff) of In0.53Ga0.47As MOSFETs with different plasma treatment times 

are plotted in Figure 10. The peak µeff of 30 W/3 min reaches 1,144 cm2/Vs, which is 38% 

improvement compared to the control samples (826 cm2/Vs). The improvements in the Id, Gm, SS and 

µeff are believed to be due to the improved interface quality by an appropriate amount of CF4/O2 

plasma post-HfO2 treatment. 
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Figure 10. Effective channel mobility versus inversion charge density as a function of 

CF4/O2 plasma treatment time. RF power: 30 W. 

 

We noticed that the plasma damage occurred if excessive plasma (either plasma wattage or 

treatment time) was applied. The plasma damage could come from disordering, surface roughening, 

and fluorine contamination [13]. The disordering layer contains dangling bonds and broken bonds, 

which would scatter the electrons underneath (in the channel) and lower the electron mobility. Severe 

disordering would lead to surface roughness, which results in more dangling bonds and broken bonds. 

If the F concentration is too high (>5 at.%, [12]), the dielectric constant of HfO2 decreases, resulting in 

lowering drive current.  

3.2. Electrical Characterization of the Interface Trap Density 

Charge pumping measurements were conducted to accurately evaluate the interface quality of the 

control and fluorinated MOSFETs. The charge pumping characterization was performed by sweeping 

the base level voltage (Vbase, −2.3 V to 1 V in a step of 50 mV) of the trapezoidal gate pulse (with a 

constant-amplitude, 1 V) at 200 KHz. The S/D terminals were grounded. The region of the bandgap 

probed was from electron emission energy level to hole emission energy level, which was around the 

midgap. The charge pumping current (Icp) is plotted as a function of Vbase for equal trapezoidal pulse 

rise time (tR) and fall time (tF), as shown in Figure 11. tR and tF are varied from 100 to 800 ns. Lower 

Icp for the fluorinated sample is indicative of reduced Dit. The mean Dit value can be extracted 

according to the following equation [14,15],  
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where q is the electronic charge, A is the transistor gate area (2.08 × 10−4 cm2 in our devices), k is 

the Boltzmann constant, Vfb is the flat band voltage, Vt is the threshold voltage, ∆Vg is the gate pulse 

amplitude, Vth is the thermal velocity of the carriers, ni is the surface concentration of minority carriers, 

and σn and σp are the capture cross sections of electrons and holes, respectively. The mean Dit values 

were extracted from the slope of Icp/f versus ln[(tR × tF)1/2], as shown in Figure 12. It has been found 

that the mean Dit value was reduced ~5× from 2.8 × 1012 to 4.9 × 1011 cm−2eV−1 after F plasma 
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treatment. F atoms possibly passivate dangling bonds and oxygen vacancies in the HfO2/In0.53Ga0.47As 

interface and thereby reduce Dit value. 

Figure 11. Charge pumping measurement with rise/fall time dependence. Samples with F 

incorporation show much smaller Icp. Vbase: −2.3 V to 1 V in a step of 50 mV and the pulse 

amplitude is 1 V. 

 

Figure 12. Qcp (=Icp/f) vs. ln[(tR × tF)1/2]. The mean Dit value is extracted by linear fitting 

according to References [14,15]. Samples with F incorporation show less Dit value of  

4.9 × 1011/eVcm2. 

 

Table 1 compares the device performance and interfacial properties of In0.53Ga0.47As MOSFETs 

reported in this paper and other high-k/In0.53Ga0.47As gate stacks in recent publications. The Dit value 

reported in this paper is the lowest value compared to prior reported HfO2/In0.53Ga0.47As gate stacks. 
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Table 1. Comparison of the electrical and interfacial properties of this work with some 

recently reported paper. 

High k 
Passivation 

method 
Channel 
material 

LG 
EOT or 

thickness of 
high-k 

Dit 
(cm−2eV−1) 

SS 
(mV/dec) 

Ref. 

Al2O3 * - In0.53Ga0.47As - 4.2 nm 5 × 1011 - [16] 

Al2O3 - In0.53Ga0.47As - 10 nm of Al2O3 2.5 × 1011 - [17] 

Al2O3 - In0.53Ga0.47As 1.5 µm 8 nm of Al2O3 1 × 1012 >200 [18] 

Al2O3 - In0.53Ga0.47As 0.5 µm 30 nm of Al2O3 1.4 × 1012 240 [19] 

HfO2 * - In0.53Ga0.47As - 2.1 nm 1 × 1012 - [16] 

HfO2 * - In0.53Ga0.47As - 7.8 nm of HfO2 2 × 1012 - [20] 

HfO2 * Al-doped In0.53Ga0.47As - 8–9 nm of HfO2 6 × 1012 - [21] 

HfO2 * PH3 In0.53Ga0.47As 4 µm 1.7 nm 8.6 × 1011 103 [22] 

HfAlO SiH4+NH3 In0.53Ga0.47As 2–10 µm 3.8 nm 6.5 × 1011 155–210 [2] 

ZrO2 LaAlO3 In0.53Ga0.47As 5 µm 1.63 nm 7.5 × 1011 116 [23] 

HfO2 
CF4/O2 post 
treatment 

In0.53Ga0.47As 5–20 µm 

1.4 nm 4.9 × 1011 109 
This 
work 

HfO2 Control 1.35 nm 2.8 × 1012 127 
This 
work 

* Capacitor structure.  

4. Conclusions 

The effects of post-oxide CF4/O2 treatment on HfO2/In0.53Ga0.47As gate stack have been 

systematically investigated. The condition for the CF4/O2 plasma is optimized to be 30 W for 3–5 min. 

The gate stack interface quality has been notably improved by F incorporation. The mean Dit value has 

been reduced ~5× from 2.8 × 1012 to 4.9 × 1011 cm−2eV−1. As a result, enhanced electrical performances 

have been presented: steeper SS from 127 to 109 mV/dec, enhanced µeff from 826 to 1,144 cm2/Vs, 

and improved Gm and Id from 3.1 to 3.7 mS/mm and from 1.3 to 1.7 mA/mm, respectively (at 

Vd = 50 mV, 20 µm channel length). These results suggest that the post-HfO2 F treatment could be a 

key technique to implement high performance III-V MOSFETs for the sub 22 nm nodes.  
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Abstract: Nucleic acid-based fluorinated derivatives, e.g., nucleosides or oligonucleotides 

connected to highly fluorinated chains or labeled with one or more fluorine atoms, have been 

investigated recently due to their high potential for biomedical applications. This review 

deals with recent works on nucleoside and oligonucleotide fluorocarbon amphiphiles as 

well as with properties and applications of fluorine-labeled oligonucleotide analogues. 

Keywords: fluorocarbon; amphiphile; lipids; nucleoside; oligonucleotides 

 

1. Introduction  

The nucleic acid architectures stabilized by base-pairing and aryl π−π stacking interactions provides 

to scientists one of the most sophisticated supramolecular models. Since the determination of the 

structure of double-stranded DNA (dsDNA) by Watson, Crick, Wilkins and Franklin [1–3], artificial  

bio-inspired molecules featuring nucleic acid units have become a very powerful strategy to construct 

supramolecular systems [4–6]. Of particular interest is the design of hybrid amphiphilic nucleolipids 

featuring a bi-functionality based on the combination of nucleic acids and lipids [7–15]. Interestingly, 

different bottom-up approaches involving nucleolipids have been used for the construction of 

nanostructures for different applications, including materials [16–18] and biomedical devices [19–21]. 

In parallel to nucleolipid derivatives, the combination of nucleobase units with fluorocarbon 
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hydrophobic and lipophobic moieties to create novel materials, for diagnostics or in medical 

applications, is still in its infancy. It has been extensively reported that highly fluorinated derivatives 

possess unique properties, including chemical and biological inertness, strong hydro- and lipophobia. 

Interestingly, fluorocarbon colloids used for biomedical applications feature high gas solubility, low 

lipid and water solubility, and outstanding surface characteristics [22].  

Hence, material and biomedical sciences could take advantage of the new properties coming  

from the combination of nucleic acids and fluorocarbon synthetic units for new applications. The 

availability of chemically modified nucleotides and fluorocarbon synthons and/or reagents, means that 

Nucleic Acids Fluorocarbon Amphiphiles (NAFAs) could be used in numerous fields of research 

including engineering, biology and medicine (Figure 1). Recently, the use of nucleoside-based 

fluorocarbon derivatives has been mainly motivated by three fundamental objectives: (i) construct 

novel supramolecular materials and/or devices; (ii) develop new drug delivery systems; and (iii) find 

new therapeutic molecules. 

Figure 1. Nucleic Acids Fluorocarbon Amphiphiles (NAFAs), including Fluorocarbon 

Nucleoside and OligoNucleotide amphiphiles (FNs and FONs, respectively): building 

blocks for soft materials and biomedical applications.  

 

This short, non-exhaustive review intends to illustrate the role that highly fluorinated amphiphiles 

may play in chemistry, biology and material science. It consists primarily of an account of the authors’ 

own efforts and experience in the field, hence will be limited to some specific aspects of this chemistry. 

It also intends to outline the potential applications of fluorinated nucleolipids, ranging from chemistry 

to biomedical research. 

First, we will focus on the recent progress achieved in the fields of fluorocarbon and nucleoside 

amphiphiles. This first section includes hybrid molecules bearing both a nucleic acid and fluorocarbon 

chains: namely the Fluorocarbon Nucleoside amphiphiles (FNs). Second, we will present several 

Fluorocarbon OligoNucleotide amphiphiles (FONs) and fluorinated oligonucleotide analogues. 
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2. Fluorocarbon Nucleoside Amphiphiles (FNs) 

2.1. Fluorocarbon Amphiphiles  

Due to their unique properties, fluorocarbon chains represent a useful building block for the 

construction of supramolecular systems. Perfluoroalkyl chains have a larger cross section and are more 

rigid than their hydrogenated counterparts. They are considerably more hydrophobic and are 

lipophobic as well. As a result, when dispersed in water, fluorinated amphiphiles exhibit an enhanced 

capacity to self-assemble into highly stable and well-defined assemblies such as films, membranes, 

micelles, vesicles and other stable supramolecular systems [23,24]. The self-assembling behavior  

of a variety of synthesized single and double chain neutral, zwitterionicor anionic fluorinated  

phospholipids [25–28], glycolipid [29,30], glycophospholipids, glycopeptides [31,32] was already 

explored (Figure 2) [33], to evaluate the impact of the fluorinated chains on the properties of the 

resulting aggregates. It enhances stability, low permeability to both hydrophilic and lipophilic material 

and reduces interaction with biological media. These fluorinated amphiphiles possess a considerable 

potential for the delivery of materials such as drugs, prodrugs, markers, contrast agents and nucleic 

acids. Recently, new perfluorinated dimerizable polycationic amphiphiles were designed by Vierling et al. 

to evaluate the ability of the monomer to condense DNA and of the dimer to form stable nanoparticles 

capable of efficient cell transfection [34]. Although formulation of small-sized cationic monomolecular 

DNA nanoparticles (<40 nm) with the dimerizable perfluorinated succeeded, spermine-based amphiphiles 

proved to be poor non-specific transfection agents in vitro. Improvements are still in progress [35,36].  

Figure 2. Examples of fluorocarbon amphiphiles; (a) sugar-based fluorocarbon  

amphiphile [30]; (b) fluorinated amphiphilic building block used for the synthesis  

of glycopeptide conjugates [32]; and (c) perfluorinated dimerizable polycationic  

amphiphile [34]. 

 

2.2. Nucleoside Amphiphiles  

Nucleoside-based lipids commonly named nucleolipids [7] are hybrid molecules composed of a 

nucleobase, a nucleoside, a nucleotide or an oligonucleotide (either DNA or RNA), and a lipophilic 

moiety, which might be either simply a single- or double-chained alkyl moiety. Several improved 

150

G



Appl. Sci. 2012, 2 248 

 

 

nucleolipids have been reported hereafter (Figure 3) [37–47]. Most nucleolipids have a polar head 

group at the 5’ position and hydrophobic groups at both the 2’ and 3’ positions, patterned after natural 

glycerol phospholipids, which are key components of the cellular membrane. Nucleolipids were 

designed to interact with nucleic acids through hydrogen bonding, π–π stacking, and nucleobase 

recognition, as well as electrostatic interactions and the hydrophobic effect. Several cationic [12,48–51] 

and anionic [52,53] nucleolipids were first investigated as potential agents for the delivery of nucleic 

acids into cells. Indeed their self-assembled structures into lipoplexes mimic cellular membranes and 

their cationic properties attract both anionic oligonucleotides and negatively charged cellular membranes. 

New versions comprising neutral, zwitterionic, and anionic nucleolipids are currently evaluated. 

Figure 3. Examples of nucleoside amphiphiles; (a) diC8PA [37]; (b) a gemini  

nucleotide [39]; and (c) a zwitterionic nucleolipid. 

 

2.3. Hybrid Fluorocarbon Nucleoside Amphiphiles  

The combination of the self-assembly potential of nucleoside amphiphiles with the hydrophobic 

character of highly fluorinated chains is of high relevance to prepare new self-assembled structures 

with tunable physico-chemical properties and functions. To assess whether fluorinated chains can 

enhance the scope of supramolecular assemblies formed by hybrid fluorocarbon nucleoside amphiphiles, 

different molecules were synthesized (Figure 4).  

The fluorocarbon amphiphile 1 is based on a uridine backbone modified by a phosphocholine 

moiety at the 5’ position, and two 2H,2H,3H,3H-perfluoroundecanoyl side chains at the 2’ and 3’ 

positions. One of the goals of the study was to characterize the properties of such new compounds and 

to compare those results with that observed for the analogous hydrocarbon nucleoamphiphiles. In 

aqueous solution, fluorocarbon nucleoamphiphiles were surprisingly able to form large vesicular 

assemblies and unexpected lamellar phases below their Tm, contrary to hydrocarbon analogs that  

self-assemble into helical structures below their Tm and bilayers above it [54]. These highly 

hydrophobic fluorocarbon amphiphiles exhibited interesting hybrid microspherical supramolecular 

151

G



Appl. Sci. 2012, 2 249 

 

 

assemblies in the presence of thorium that were characterized by Scanning Electron Microscopy 

(SEM) [55].  

Figure 4. Chemical structures of compounds 1-3, and corresponding electronic microscopy 

images of DiF17UPC/Th4+ microspheres (SEM image from [55]), and supramolecular 

assemblies formed by GNFs 2 and 3 in water (TEM images from [58]). 

 

Recently, two glycosyl-nucleoside fluorinated amphiphiles (GNFs) were designed to construct new 

supramolecular hydrogels. Molecules 2 and 3 feature both sugar moieties attached to a thymidine base 

and a 2H,2H,3H,3H-perfluoroundecanoyl side chain at the 5’ position, linked via triazole bridges 

resulting from “click” chemistry. The self-assembly and gelation properties of such molecules  

were investigated. Similarly to their hydrocarbon analogs [56,57] GNFs stabilize hydrogels at low 

concentrations (0.1% w/w for compound 2). GNFs gelators displayed supramolecular networks of 

varying morphologies, such as nanofibers and helical springs, which are correlated to the presence of 

fluorocarbon chains. Moreover, fluorocarbon amphiphile GNF 2 proved to be not toxic for human cells 

(Huh7) whereas hydrocarbon analogue becomes toxic above 100 µM, demonstrating the greater 

potential of such fluorocarbon nucleoside amphiphiles for biomedical applications [58].  

3. Fluorocarbon OligoNucleotide Amphiphiles (FONs) and Fluorinated Oligonucleotide Analogues  

In the previous section, several examples of nucleoside-based fluorinated amphiphiles have been 

discussed for gel stabilization. In this section we will discuss on Fluorocarbon OligoNucleotide 

amphiphiles (FONs). The fluorine atom is likely a mimic of either a hydroxyl group (in terms of 
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electronegativity) [59–62] or a hydrogen atom (in terms of steric factor). In this context, we will also 

provide an overview on properties and applications of oligonucleotides carrying fluorine modifications 

at different positions. 

3.1. Fluorocarbon OligoNucleotide Amphiphiles (FONs)  

Recently our group has reported on the synthesis and biological properties of FONs [63]. In previous 

studies, our group already reported on the synthesis and cellular uptake studies of lipid-oligonucleotide 

conjugates (LONs) [64,65]. The main purpose of attaching a fluorocarbon chain to a polyanionic 

oligonucleotide (ONs) was to study how cellular uptake or internalization of ONs are influenced by the 

nature of the hydrophobic moieties. To address this issue, Godeau et al. have synthesized two FONs 

featuring C8F17 and C6F13 chains using 1,3-dipolar Huisgen’s reaction [66] via a “post synthetic” 

modification approach. Three different human cell lines were incubated with either FONs or LONs or 

unconjugated ONs for comparative study of cellular internalization (Figure 5). Moreover, 

internalization kinetics of FONs, LONs and unconjugated ONs with Huh7 cells were also evaluated. 

Keeping in mind the hydrophobic and lipophobic properties of fluorocarbon chains, it can be 

hypothesized that FONs self-assemble outside the cell to form nano aggregates. It is likely that these 

nanoobjects would be uptaken by the cell via an endocytosis pathway. It is worth mentioning here that 

to the best of our knowledge, there is no earlier report on oligonucleotide amphiphiles featuring 

perfluorinated chains. 

Figure 5. Conjugation of fluorocarbon chain to the oligonucleotide (FONs) allows the 

delivery of highly polyanionic oligonucleotides into human cells.  

 

3.2. Application of Fluorinated Oligonucleotide Analogues 

Various groups have been interested in the synthesis and application of fluorinated oligonucleotide 

analogues. There are different possible sites for the modification of an oligonucleotide with one or 

more fluorine atoms for various biological and therapeutical applications. Fluorine atoms have a strong 
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influence on both the electronic and the conformational properties of the nucleic acids’ furanose ring. 

The 2’-position in the ribose moiety of RNA is prime target for chemical modifications. Extensive 

research work is going on towards the study of structural properties, biological applications and 

delivery strategies of oligonucleotides-incorporated with 2’-deoxy-2’fluoronucleotide in combination 

with other structural modifications [67–84]. Oligonucleotides containing 2’-deoxy-2’fluoronucleosides 

have been synthesized for regiospecific cleavage of RNA by RNase H [67]. Incorporation of 2’-deoxy-

2’-fluoronucleotide into oligonucleotides induces substantial enhancement in their binding affinities to 

RNA targets [68]. Damha et al. have shown that fluorine-induced sugar pucker in 2’-deoxy-2’fluoro-β-

D-ribonucleicacid (2’-F RNA; C3’-endo) and 2’-deoxy-2’fluoro-β-D-arabinonucleicacid (2’-F ANA; 

C2’/O4’-endo) can improve the activity of siRNA (Figure 6) and enhance its serum stability. They 

have also provided the evidences for an important role of a pseudohydrogen bond between the F2’ and 

H8 of the nucleobase for 2’-F ANA:RNA duplex stability [72–84]. 

Figure 6. Structure and sugar puckering equilibrium for (a) 2’-deoxy-2’-fluororibonucleic 

acid (2’-F RNA); C3’-endo is the most stable conformation for 2’-F RNA. (b) 2’-deoxy-2’-

fluoroarabonucleic acid (2’-F ANA); C2’-endo is the most stable conformation for  

2’-F ANA.  

 

On the other side, very interesting and novel studies have been carried out by Erande et al. using  

3’-deoxy-3’ribofluoro/xylofluoro uridine incorporated oligonucleotides (2’-5’-strand) [85]. They have 

shown the effect of incorporation of one or more unit of 3’-deoxy-3’-fluoronucleosides (having either 

locked or frozen S-type/Ntype sugar conformations) on the stability of isoDNA:RNA duplexes. For the 

first time, evidences were given that the DNA strand prefers S-type geometry in stable isoDNA:RNA 

duplexes (Figure 7) [85]. 
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Figure 7. Structure and sugar puckering equilibrium for (a) 3’-deoxy-3’-ribofluorouridine. 

(b) 3’-deoxy-3’-xylofluorouridine.S-type (C2’-endo) conformation (preferred by 3’-deoxy-

3’-ribofluorouridine) stabilized isoDNA:RNA duplexed while N-type (C3’-endo) conformation 

(preferred by 3’-deoxy-3’-xylofluorouridine) destabilized isoDNA:RNA duplexes.  

 

To investigate the forces (hydrogen bonding, base stacking and solvation) which are responsible for 

stability of the secondary structure of nucleic acids, Engels et al. have synthesized novel nucleic acid 

analogues in which nucleobases are replaced by their steric mimics, containing one or more fluorine 

atom. They have utilized fluorobenzene and fluorobenzimidazole derivatives (Figure 8) [86,87]. They 
have discussed how C–FH–C hydrogen bonds affect the stability of the secondary structure of 

nucleic acids in details. 

Figure 8. Monomer building blocks for the incorporation of fluorine derivative into RNA 

oligonucleotides by solid-phase synthesis.  

 

Owing to the favorable NMR properties of fluorine atom (19F), fluorinated oligonucleotide 

derivatives provide a sensitive probe for structural study of nucleic acids in the solution state and their 

interactions with other biological moieties [71,88–95]. Barhate et al. have synthesized nucleosides 

with perfluorinated tert-butyl group and successfully incorporated it into the oligonucleotide at 

different positions and demonstrated as a sensitive 19F NMR probe of nucleic acid conformation [95]. 

Oligonucleotides, labeled with radioactive isotopes, are new imaging tools to study gene expression at 

the nucleic acid and protein levels. Due to its positron-emission properties, fluorine-18 (radioactive 

isotope of fluorine) is widely used for oligonucleotide labeling for in vivo PET (Positron Emission 

Tomography) imaging. Dollé et al. [96–100]. have developed an original method for labeling 
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oligonucleotides with 18F in different positions. Several other research groups have also synthesized 
18F labeled oligonucleotide analogues for imaging studies with PET [101–103]. 

4. Conclusions 

The nucleic acids fluorocarbon amphiphiles belong to a new class of hybrid bioinspired molecules, 

which is clearly connected to soft materials, nanosciences and biomedical technology. It is a promising 

and exciting time for NAFAs and the emerging devices developed so far clearly open up interesting 

routes for the design and development of nanodevices, therapeutic strategies and biotechnological 

tools.The potential innovations using these fluorocarbon molecules are numerous in terms of chemical 

architectures, physicochemical and biological properties. This short survey highlights the interest to 

combine nucleic acids with fluorocarbons for developing soft and complex matters. The history of this 

field is still at the beginning and we can imagine that remarkable achievements will be realized in  

the future. 
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Abstract: Silicon-[18F]fluorine (Si-18F) radiochemistry has recently emerged alongside 

other unconventional approaches such as aluminum-18F and boron-18F based labeling 

strategies, reshaping the landscape of modern 18F-radiochemistry. All these novel 

methodologies are driven by the demand for more convenient 18F-labeling procedures to 

further disseminate one of the most sophisticated imaging technologies, Positron Emission 

Tomography (PET). The PET methodology requires special radionuclides such as 18F (one 

of the most prominent examples) to be introduced into bioactive molecules. Si-18F 

radiochemistry contributed greatly towards the development of new radiopharmaceuticals 

for PET imaging. Herein, we describe the radiochemical basics of Si-18F bond formation, 

the application of Si-18F tracers for PET imaging, and additionally, the inherent chemical 

intricacies of this methodology. 
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1. Introduction: Fluorine-18, an Important Nuclide for PET Imaging 

PET can be considered as one of the major advances in modern imaging technologies [1]. The 

method itself relies on the use of positron-emitting radionuclides which decay by positron emission  

(β+ emission). These PET radionuclides are proton rich, unstable and lose energy by the conversion of 

a proton into a neutron, an electron neutrino and a positron (β+). 

Figure 1. A β+ emitting radionuclide (e.g., fluorine-18) is attached to a biomolecule. After 

the β+ particle is emitted, it travels within the tissue, depending on its β+ energy. After 

coming to rest, the β+ forms a hydrogen atom-like system (with a positron instead of a 

proton center) with an electron from the surrounding environment and finally disintegrates 

under emission of two diametrically opposed gamma rays of 511 keV. These photons can 

be detected in “coincidence” (meaning at the same time within a certain time frame)  

and used for reconstruction of a 3D image of the radioactive decay and thus  

tracer accumulation.  
PET principle

Eg = 511 keV

radionuclide 
attached to a 
biomolecule 

Eg = 511 keV

+

coincidence detection

β+

-

 

A positron is the antimatter counterpart of an electron and it can annihilate with an electron of the 

environment under full conversion of the positron-electron masses into energy. The conversion energy 

which is equivalent to 2 electron masses (a positron weighs the same as an electron) is 1,022 keV. As a 

result of the conservation of energy and momentum at annihilation, two gamma rays of 511 keV are 

emitted in an angle of 180° which are capable of penetrating most materials, including living tissue 

(Figure 1). These can be detected simultaneously by two radioactivity detectors outside of the 

object/subject within a certain time window. A PET camera consists of a multitude of such detectors 

(usually bismuth germanium oxide (BGO) crystal detectors) arranged in a circular shape stretching 
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over many layers and a subject (e.g., a human) can be placed inside that cavity. A computer system 

hooked up to these detectors registers coincidence detection of two gamma rays between two 

independent detectors at a time. In the end, after processing many of those events and subsequent data 

reconstructions, a 3D image of the object is obtained. The PET technique has been proven very useful 

in the detection of cancer, cardiovascular disease, metabolic disorders and for imaging of certain 

structures in the human brain as receptors or proteins which are associated with known afflictions, 

such as Parkinson's and Alzheimer's disease. One of the most useful radionuclides for PET imaging is 
18F. With a half-life of 109 min and low positron energy of 640 keV, 18F can yield PET images of high 

resolution when PET scanners of the newest generation are used. In order to take advantage of the 

favorable physical characteristics of 18F, methods have to be found to stably introduce 18F into any 

useful molecule serving a biological purpose such as binding to a specific brain receptor or 

accumulating in tumor tissue. Until recently, 18F was only incorporated into organic compounds by 

electrophilic or nucleophilic reactions resulting in the formation of a carbon-18F bond [2–4]. The 

problem is that both electrophilic (e.g., using [18F]F2) and nucleophilic (using [18F]F−) reactions are not 

100% specific and other radioactive products besides those intended are formed. This necessitates 

usually an extensive purification of the 18F-tracer molecule by means of High Performance Liquid 

Chromatography (HPLC) and subsequent solid phase cartridge extraction, the former being a rather 

time consuming and costly process. Furthermore, the synthesis of 18F-tracers for PET imaging requires 

a fully equipped radiochemistry unit, including a cyclotron in a reasonable distance which produces the 
18F by bombarding H2

18O enriched water with protons, initiating a nuclear reaction converting the 18O 

atom into a 18F atom (18O(p,n)18F). However, this is only the first step in a long chain of procedures 

and reactions finally yielding the 18F-labeled radiotracer. The actual radiochemistry is the most 

involved process and there is a demand for easier and less skill-demanding methods to introduce 18F 

into organic compounds to disseminate the usage of PET in medicine and life science. A breakthrough 

would be the finding of labeling procedures which closely resemble the kit-like production of SPECT 

(Single Photon Emission Computed Tomography) radiopharmaceuticals. SPECT imaging remains the 

dominating imaging modality in nuclear medicine for diagnostic purposes, as the synthesis of the 

SPECT tracers is easy and requires only minimal technical skills and equipment. Although PET has 

many advantages over SPECT, it still suffers from its complicated infrastructural requirements and its 

difficulties to produce the required imaging agents. The main aim of modern 18F-radiochemistry 

should therefore focus on more reliable and standardized synthetic methods to introduce 18F into 

biomolecules like peptides and proteins, as these are increasingly screened as promising PET imaging 

agents. One-step labeling procedures of these complex compounds would be preferable and the 

purification of the final imaging agent should be possible without HPLC. The advent of novel  
18F-labeling methods has just begun. The introduction of Si-18F [5–7], B-18F [5,6] and Al-18F [8–12] 

radiochemistry has set the foundation for the development of novel radiotracers and has the potential to 

reshape the landscape of 18F-radiochemistry if some hurdles can be overcome in time. This review 

article deals primarily with Si-18F radiochemistry and the interested reader is advised to further consult 

various excellent review articles on 18F-radiochemistry [13–18] and original publications about B-18F 

and Al-18F chemistry. 

165

G



Appl. Sci. 2012, 2             

 

 

280

2. Basics of Silicon-18F Radiochemistry 

Up until recently, only sporadic attempts to bind 18F to a different atom other than carbon have been 

reported in the literature. One reason might be that for many years, mainly small radiolabeled 

compounds were in the focus of 18F labeling chemistry for PET imaging. Those small compounds are 

most of the time not amenable to heteroatomic modifications because of their sensitive nature and their 

very specific structure-related target binding. Only a few years ago, radiochemists started to use 18F to 

label even complex molecules, such as peptides and proteins. Even today, the 18F labeling of these 

compounds of high molecular weight is challenging, and requires elaborate pathways to introduce the 

radionuclide. Direct labeling approaches for peptides based on C-18F bond formation are rare and not 

universally applicable. Thus, so-called prosthetic labeling sythons, already bearing the 18F atom 

(attached to a carbon), have to be employed which is even more important in the case of proteins, 

bearing a multitude of different functional groups. It seems that C-18F radiochemistry has reached its 

limits and alternative strategies have to be found to advance the field further in terms of convenience, 

applicability and reliability. The use of Si-F bond formation in radiochemistry dates back to 1958 [19] 

and a few more papers on that subject have been published before the first in vivo application  

was reported [20–22]. 

At first glance, the use of silicon for binding 18F appears not to be a promising choice. Despite the 

fact that the bond energy of the Si-F bond is ca. 90 kJ higher than that of the C-F bond (570 kJ·mol−1 

vs. 480 kJ·mol−1), the kinetic stability of the Si-F bond against hydrolysis is very low due to strong 

bond polarization. This is an apparent obstacle for the use of Si-18F bearing compounds as potential 

tracer probes for PET, since under physiological conditions present in the blood, the Si-18F bond would 

undergo immediate hydrolysis, resulting in the detachment of the 18F from the biomolecule. This was 

proved to be true in 1985 by Rosenthal and co-workers [23], who labeled a simple compound like 

chlorotrimethylsilane with anionic 18F− in good radiochemical yields of 65% in one step. The resulting 

[18F]fluorotrimethylsilane is a volatile compound which was shown to be quickly taken up in the 

bloodstream when inhaled by rats. It quickly turned out that the in vivo stability of the Si-18F bond was 

rather low and the corresponding silanole was more or less formed immediately, resulting in the 

predominant uptake of 18F− into the bones, forming fluoroapatite. Even back in 1985, the authors 

already suggested the use of bulkier substituents on the Si atom to shield the Si-F bond from 

hydrolysis. Interestingly, Gatley described a purification method for 18F− using 

[18F]fluorotrimethylsilane, exploiting the easy hydrolysis of the Si-18F bond in nearly anhydrous 

acetonitrile to form highly nucleophilic 18F− a few years later [24]. This is the first example in the 

literature where highly nucleophilic 18F− was prepared without azeotropic water removal, which was 

then used in the synthesis of [18F]2-fluoro-2-deoxy-D-glucose (FDG), the most prominent  
18F-radiotracer to date [25]. The need of bulky substituents at the Si atom was reiterated later by 

Walsh et al. [26]. They suggested the use of alkoxy silanes as potential precursor compounds for the  
18F-labeling with aqueous HF, actually a reaction already well known to organic chemists for the 

deprotection of silylated alcohols. The key to prevent fast hydrolysis is the introduction of sterically 

hindered substituents, a fact which was discovered and proven to be valid almost simultaneously by 

Blower and co-workers [27] and Schirrmacher and Jurkschat in 2006 [28]. Alkoxysilanes as well as 

hydroxylsilanes and chlorosilanes readily react with 18F− in excellent to quantitative yields.  
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Some compounds displayed a reasonably high stability towards hydrolysis in neutral and acidic media, 

but underwent fast hydrolysis under even slightly basic conditions. On closer examination, the 

requirement for a Si-18F compound to be useful in vivo is not to be stable over a wide range of pH 

values, but rather at the very slightly basic conditions of pH 7.4 as encountered in vivo. The aim should 

therefore be to achieve a hydrolytic stability of the Si-18F bond under physiological conditions rather 

than over a wide pH range. The first two structurally simple model compounds which were injected 

into animals to investigate the in vivo stability were characterized by bulky substituents such as aryl 

and tert-butyl groups attached to the Si atom (16 and 17, Figure 5B). The Si-18F compound bearing 

two aryl and one tert-butyl group, although stable for many hours under neutral or acidic conditions, 

displayed a rapid loss of the 18F label in vivo. This has been proven by a strong radioactivity signal 

from the bones. After replacing one of the two aryl groups with a tert-butyl group, the resulting 

triorganofluorosilane 16, labeled with 18F, showed a remarkable in vivo stability and served as a lead 

structure to develop this labeling chemistry further for more practical applications. However, it was 

noticed early that chlorosilanes do not work as building blocks for the 18F-labeling of more complex 

molecules as a result of their tendency to hydrolyze rapidly. The bioconjugation of chlorosilane 

synthons to peptides or proteins would fail simply because the chemical processing of any conjugation 

product entails HPLC and other aqueous workup, inevitably leading to the formation of the 

corresponding silanole. However, even silanols can serve as 18F-labeling precursors. This has been 

elegantly demonstrated by Ametamey and co-workers in 2008 and this attractive labeling concept is 

discussed in depth alongside other appealing leaving groups attached to Si [29]. Historically, before 

OH, H and alkoxy groups were employed as leaving groups for 18F-labeling, two different labeling 

strategies for silicon-bearing synthons were developed, both of which are still in heavy use. Perrin's 

group was the first to describe radioactive tetrafluorosiliconates “ate” salts, being elegantly obtained 

from their triethoxysilane precursors [5]. Almost parallel to these findings, Schirrmacher and Jurkschat 

observed that non-radioactive fluorine can be effectively replaced by radioactive 18F− in a simple and 

convenient isotopic exchange [30].  

3. [18F]Tetrafluorosiliconates “Ate” Salts 

Perrin and co-workers from TRIUMF convincingly demonstrated that biotinylated 

(aminopropyl)triethoxysilane (1) reacts quantitatively with aqueous 18F− directly from the target water 

(target water is 18O enriched water containing 18F-anions) (Figure 2) [5]. In order to target the required 

stoichiometric silicon to fluoride ratio of 1:4, the experimental labeling setup required the addition of a 

non-radioactive fluoride source and their experimental conditions are characterized by very low 

solvent amounts. In a typical labeling experiment, 16 MBq of 18F− in 5 μL buffer together with 3.3–4.4 

equivalents of 19F− were used for radiolabeling. This solution was then added to 1 in 5 μL of DMF, 

MeOH, MeCN, DMSO or water. The group is currently devoted to transfer their seminal findings to 

true no-carrier-added conditions. This is the first convincing example of nucleophilic 18F− aqueous 

radiochemistry, giving a stable product in high radiochemical yields. Perrin’s group is also working 

extensively on the field of boron-18F chemistry which they have impressively advanced over the last 

few years. 
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Figure 2. Radioactive 18F-labeling of 1 yielding the [18F]tetrafluorosiliconate “ate” salt 2 in 

quantitative yields in aqueous buffered solution.  
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4. Silicon-Fluoride-Acceptors (SiFAs): An introduction 

Isotopic exchange reactions in 18F-radiochemistry have been deemed an inherently inferior way of 

labeling and considered only as a last resort if other labeling strategies fail. The reason behind this is 

the intention to maximize the specific activity of the compound (that is the proportion of radioactive to 
18F-labeled plus 19F-bearing compound). Usually, in conventional C-18F radiochemistry, when 

activated fluoroarenes are subjected to isotopic exchange reactions, specific activities in the low 

kBq/µmol range are accomplishable, most of the time not high enough to enable an in vivo application. 

Specific activity is an important issue, since the in vivo target of PET tracers are most often receptors 

or enzymes, which are present in low amounts only. If the specific activity is too low, the receptors are 

occupied with non-radioactive ligands leading to a loss of the signal resulting from specific binding, 

and potentially leading to pharmacologic effects. Normally, the amount of labeling precursor needed 

for isotopic exchange reactions is in the mmol range (a few mg). Unfortunately, the 19F-labeled 

molecule cannot be chemically distinguished from the 18F-labeled compound, meaning that both 

compounds are inseparable. This impediment in classical 18F-C chemistry turns into an advantage in 

the case of 19F for 18F exchange at the Si atom. In conventional labeling chemistry, the labeling 

precursor, being chemically different from the labeled product, has to be removed from the reaction 

mixture prior to the in vivo application. In isotopic exchange reactions however, labeling precursor and 

labeled compound are identical, which eliminates the need for purification. If a sufficient specific 

activity can be achieved with isotopic exchange, the overall labeling procedure would be far more 

convenient, reducing the synthetic effort.  

It was found that the fluorosilane tBu2PhSiF (16) could be labeled by isotopic exchange in high 

radiochemical yields and high specific activities of up to 230 GBq/μmol, using as little as 1 μg of the 
19F-fluorosilane in acetonitrile. The purification was exceptionally easy, since the only components in 

the labeling mixture that had to be removed were un-reacted 18F− (less than 5%), Kryptofix 2.2.2 

(a cryptand forming a complex with potassium, the counterion of 18F−, yielding a highly reactive 

“naked” 18F− anion in dipolar aprotic solvents) and K2CO3. This could be easily achieved by simply 

purifying the [18F]fluorosilane using a C18 solid phase cartridge. All other components of the labeling 

reaction mixture pass through the cartridge and are therefore separated from the 18F-product. This 

surprisingly efficient isotopic exchange reaction was termed SiFA for Silicon-Fluoride-Acceptor. A 

great variety of SiFA compounds have been synthesized to date (Figure 3), and successfully labeled 

with 18F. In the current wave of click chemistry, Tietze and Schmuck recently reported on the synthesis 

of SiFA azide (12) as a new building block for PET imaging using Click Chemistry [31]. 
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Figure 3. Structures of small molecule SiFA building blocks. 
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SiFA compound 3, bearing an aldehyde functionality, displayed a remarkably high rate of isotopic 

exchange even when high radioactivity amounts of 18F− were used. Up to 3 GBq of 18F− reacted with 

just 1 μg (3.75 nmol) of 3 within 10 min at room temperature and yielded the [18F]fluorosilane in 97% 

radiochemical yield (RCY). The calculated specific activity is between 225 and 640 GBq/μmol.  

Under regular basic labeling conditions, the active esters could initially not be labeled with 18F− as a 

result of their tendency to hydrolyze quickly. Very recently, Kostikov and co-workers found a way to 

circumvent this problem by adding oxalic acid to the labeling cocktail [32]. The N-succinimidyl-3-(di-

tert-butyl[18F]fluorosilyl) benzoate ([18F]SiFB), an active ester in the style of the most frequently-used 
18F-active ester [18F]SFB, was obtained in high radiochemical yields and used for protein labeling  

(cf. Section 9). To shed some light on the mechanism and unanticipated efficiency of the isotopic 

exchange, Density Functional Theory (DFT) calculations were performed on three model fluorosilanes 

in the gas phase as well as in acetonitrile as a solvent.  

The Gibbs free energies calculated in the gas phase and acetonitrile were −50 to −40 kcal/mol and 

+5 to 10 kcal/mol in acetonitrile, respectively. The fluoride ion in acetonitrile exhibits a drastically 

reduced basicity which accounts for the large difference in Gibbs energies in the gas and solution 

phases. The formation of the pentacoordinate siliconate is therefore less favored and results in a very 

fast isotopic exchange, as observed experimentally. In a follow-up study from 2011, it was shown that 

the activation energy (AE) of the isotopic exchange in acetonitrile is 15.7 kcal/mol [32]. This data was 

acquired from an Arrhenius plot of ln k against 1/T within a temperature range of −20 °C to 0 °C. 

Comparing these 15.7 kcal/mol to the AE of the simple carbon-18F formation (e.g., the synthesis of  

2-[18F]fluoroethyl tosylate), which was just 1.3 kcal/mol higher, it became apparent that the 4 times 

larger pre-exponential factor of the isotopic exchange is responsible for the faster rate constant. Even 

at very low temperatures, the isotopic exchange was very fast and yielded the radioactive SiFA in  

high yields.  
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5. The synthesis of SiFAs 

Jurkschat and his group developed the vast majority of the already described SiFA compounds, with 

the exception of a most recently described SiFA building block bearing a positive charge. Since the  

Si-F bond is very stable, the synthesis and purification of all fluorosilanes is straightforward and very 

convenient. The synthesis of most triorganofluorosilanes follows the scheme below (Figure 4). 

Figure 4. Syntheses of various small SiFA building blocks intended for bioconjugation.  
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First, silyl-protected functionalized p-bromobenzenes are reacted with tert-butyllithium and 

subsequently di-tert-butyldifluorosilane at −78 °C. The product tri-organofluorosilanes (4–6) are 

obtained after final silyl-protecting group removal, releasing the respective functional group that can 
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be further derivatized or used for bioconjugation reactions. In addition to relatively stable -SH, -NH2,  

-COOH and -CH2OH groups in para position to the Si atom, compounds comprising sensitive and 

highly reactive functional groups such as -CHO, -NCO, -NCS and even active esters  

(succinimidyl- as well as pentafluorophenyl esters) could also be synthesized following the outlined 

synthetic procedures.  

6. SiFAs and Their High Lipophilicity 

Despite the ease of the isotopic exchange and its specificity, the SiFA chemistry exhibits a very 

unfortunate characteristic: its inherent, structure-related lipohilicity. Why is lipophilicity an issue? The 

ultimate utilization of the SiFA chemistry will be in the field of diagnostic radiotracer development for 

PET. This means that the new SiFA-based tracer probes will be administered intravenously to an 

animal or even to a human being for the purpose of acquiring in vivo information about certain 

diseases related to the specific binding of the tracer. However, if the lipophilicity of the injected 

compound is too high, the administered tracer will most probably end up in the liver, accumulating 

there and being no longer available for binding to its intended binding site. Compounds exhibiting a 

very high lipophilicity show such a rapid first pass effect. The liver basically siphons these compounds 

out of the blood stream obviating a proper binding to the target.  

In terms of brain imaging, a certain degree of lipophilicity is required for passive transport across 

the blood-brain barrier, as only lipophilic, lipid soluble compounds pass through that protective 

membrane. However, if a compound is too lipophilic (logD > 4), a passive diffusion across the blood 

brain-barrier is less likely and the compound is trapped in the lipid layer.  

The first small model SiFA compounds (Figure 5) all exhibited a very high lipophilicity, as 

displayed by the 1-octanol:bufferpH7.4 partition coefficient (logD) of >4, basically as a result of the 

hydrophobic tert-butyl groups. None of these compounds are water soluble, but dissolve readily in 

organic solvents. Most of the time, compounds for PET imaging are used in nanomolar quantities. In 

this concentration range, the solubility product plays only a minor role, and so compounds usually 

insoluble in water can nevertheless be used for in vivo applications. When SiFA compound [18F]17 

was administered to a rat, dynamic PET data were acquired over 1h. The liver uptake was initially high 

and the radioactivity uptake in bones became predominant over time, suggesting the hydrolysis of the 

Si-18F bond. As already pointed out, just one tert-butyl group is not sufficiently bulky to protect the  

Si-18F bond from hydrolysis. These results were independently corroborated by Ametamey and  

co-workers and are discussed in detail later. However, when the bis-tert-butyl SiFA [18F]16 was 

administered to rats, the compound did not lose its radiolabel in vivo (no bone uptake) and was 

primarily metabolized in the liver and excreted via the colon. The lipophilicity introduced by the SiFA 

moiety was later shown to be responsible for a SiFA-peptide conjugate to accumulate almost 

exclusively in the liver and not bind to its tumor target (cf. Section 8). One can certainly conclude that 

the high lipophilicity of the SiFA moiety is the biggest hurdle in the clinical setting. Efforts are 

currently underway to overcome this obstacle by reducing the high lipophilicity of the SiFA building 

blocks by introducing charges and hydrophilic moieties. Kostikov et al. in 2011 synthesized the first 

positively-charged SiFA compound, termed SiFAN+Br−, as a lead compound for a new generation of 

SiFA building blocks with reduced lipophilicity [32]. The compound could be labeled in high 
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radiochemical yields of up to 90% by isotopic exchange and specific activities of 20 GBq/µmol could 

be achieved. 

Figure 5. (A) Isotopic exchange mechanism resulting in a pentacoordinated silicon 

intermediate. The back-reaction yielding the original 19F-SiFA compound is statistically 

not favored. (B) Density Functional Theory calculations on three model SiFAs result in a 

Gibbs free energy of −50 to −40 kcal/mol in gas phase and +5 to 10 kcal/mol in 

acetonitrile. 
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These first results of adding a positive charge to the SiFA molecule are encouraging. In the 

following sections, we will discuss practical examples of silicon-18F chemistry used for peptide as well 

as protein labeling. At the end, we will present the first few small molecules modified with a silicon 
18F motif intended for PET imaging. Before these approaches are elucidated further, another silicon 18F 

labeling strategy has to be highlighted, which was developed in parallel to the SiFA chemistry. 

7. Silicon Building Blocks Containing H, OH and Alkoxy Moieties as Leaving Groups  

In 2008, a group of researchers around Klar and Ametamey published their pioneering work on 

silicon-based building blocks for the one-step 18F-radiolabeling of peptides (cf. Section 8). This 

innovative labeling approach, based on the exchange of leaving groups such as alkoxyl moieties, OH 

and H by 18F− under slightly acidic conditions, ultimately arrived at the same silicon-18F building block 

structures as described by Schirrmacher and Jurkschat in 2006. It was confirmed that the steric 

hindrance as exerted by iso-propyl or tert-butyl groups is crucial for the compounds’ hydrolytic 

stability. A very important finding was that the linker group used for further bioconjugation does not 

necessarily need to be an aryl group. Allyl linkers were proven to be hydrolytically stable as well, 

which significantly expands the potential structural variation of the silicon building blocks. Before 
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labeling larger organic compounds such as peptides, some silicon-based building blocks modified with 

hydrogen, methyl, iso-propyl, tert-butyl, aryl and various n-alkyl moieties were successfully labeled 

with 18F− (Figure 6). Some of the investigated compounds could be labeled in very high RCYs. It 

became apparent that in case of H as a leaving group, the addition of acid did not significantly 

influence the formation of the Si-18F bond and was therefore regarded as the most promising strategy 

for further investigations. Using alkoxyl moieties or OH leaving groups requires the presence of 

protons to amplify the leaving group’s exchange tendency via oxygen protonation. This can be difficult 

to achieve, since the 18F−, in the form of its potassium-Kryptofix2.2.2 complex salt, is highly basic and 

before protonating the leaving group, the protons neutralize the K2CO3 (in the form of a 

[K+/Kryptofix]2/CO3
2− salt, also present in the labeling cocktail). This labeling strategy requires 

elevated labeling temperatures ranging from 30 °C up to 90 °C, which is in stark contrast to the SiFA 

labeling procedure (isotopic exchange) that works at room temperature or below. In particular, the 

hydrolytically stabilizing tert-butyl group-bearing building blocks require higher reaction 

temperatures, most probably as a result of steric effects. 

Figure 6. Radioactive labeling of silicon building blocks bearing different leaving groups 

(LG = alkoxyl moiety, OH, H), sterically demanding residues (R = iso-propyl, tert-butyl) 

and linker structures (Linker). 
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The hydrolytic stability of a large variety of different silicon building blocks was investigated in 

detail by Ametamey and co-workers [33]. Macroscopic amounts of the organofluorosilanes (15 

compounds were tested) showed variable stability toward hydrolysis in a mixture of acetonitrile and 

buffer at pH 7. Although these conditions do not exactly resemble physiological conditions (pH 7.4 

and no co-solvent), the trend of hydrolytic susceptibility discovered experimentally should not be 

influenced by this difference in pH and the fact that acetonitrile is present as co-solvent. However, the 

actual hydrolytic half-lives might be different and potentially shorter under true physiological 

conditions, especially when using very small amounts of 18F-silicon building blocks. It would be 
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interesting to compare the data from the hydrolysis experiments conducted by the investigators using 

macroscopic amounts of fluorosilanes with the 18F-labeled analogs under true nca conditions.  

It could clearly be demonstrated that iso-propyl groups, when combined with a di-methyl 

substituted aryl system, result in a comparable hydrolytic stability of the Si-18F bond as two tert-butyl 

groups and an un-substituted aryl system. Figure 7 is an excerpt of the original published table of 

compounds, highlighting the substituents substantially impacting on hydrolytic stability. Interestingly, 

the substitution on the phenyl residue as one of three substituents connected to the silicon atom plays 

an important role for the hydrolytic stability, hinting at the possibility of electronic effects in addition 

to steric effects. 

Figure 7. (A) Silicon building blocks with very low hydrolytic stability. Compound 21, 

bearing two iso-butyl groups exhibits a relatively high stability towards hydrolysis.  

(B) Silicon building blocks with highest hydrolytic stability. C: Influence of the substituent 

on the phenyl moiety on hydrolytic stability. (*t1/2: hydrolytic half-life). 
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Column A (Figure 7) corroborates the results on hydrolytic stability found by Schirrmacher et al. in 

2006 [28]. Attaching three aryl substituents to Si results in a very low hydrolytic stability. Although 

the aryl moiety is considered to be a bulky substituent, water molecules seem to easily attack the Si 

atom in an SN2 kind of way. Replacing two of the three aryl residues by iso-butyl-groups stabilizes the 

Si-F bond significantly. The silicon building blocks displayed in column B show the highest stability 

towards hydrolysis. The tert-butyl groups undoubtedly impart the highest amount of hydrolytic 

stability which corroborates the findings made for the SiFA compounds. In order to be on par with two 

tert-butyl groups, two iso-propyl groups have to be accompanied by an aryl residue having a higher 

grade of substitution. As shown under B, two methyl groups ortho to the Si atom combined with two 

iso-propyl residues result in a comparable hydrolytic stability. The substitution pattern of the aryl 

group also seems to have a profound influence on the hydrolytic stability of the Si-18F bond. Column C 

reveals that a longer alkyl chain positioned para to the silicon atom leads to a higher stability, most 

probably due to increasing hyperconjugation and an increasing +I effect. The electron releasing effect 

of the alkyl chain stabilizes the highly polarized Si-F bond, affecting primarily the ortho and para 

position. In contrast, the 2-hydroxy ethyl chain in the meta position (compound 27) does not exhibit 
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this stabilizing effect which is reflected by its shorter hydrolytic half-life in comparison to the para 

substituted compound (26). The likely mechanism of hydrolysis and final loss of fluoride is shown  

in Figure 8. 

Ametamey and co-workers furthermore found some DFT function on the basis of the already 

characterized 2-(phenylazo)phenyl-allyldifluorosilane which structurally resembles the situation in 

fluorosilanes. The most fitting functional to describe the bond length of the Si-F bond of their model 

compounds was found to be the TPSS/RI/TZVP(P) functional. Besides the Si-F bond length, angles, 

partial charges as well as ligand exchange energies for the hydrolysis reaction were determined on  

that basis [33]. 

Figure 8. SN2 mechanism of Si-F bond hydrolysis with the common pentacoordinate 

transition state (ii) as described in the literature. According to Ametamey and co-workers, 

water is a spectator in this mechanism.  
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A model for the hydrolysis of Si-F compounds was derived from these data in combination with the 

experimentally acquired hydrolysis data from the aforementioned 15 model compounds. For the most 

stable compounds 22, 23 and 24, the bond lengths of the intermediate ii were 1.831, 1.817 and 1.827 Å 

respectively. After careful consideration of the obtained data, a linear relationship between the Si-F 

bond length difference between structure ii and iii and the corresponding half-lives were found to be 

reliable predictors of stability. However, the model was constructed on the simplified assumption that 

the hydrolytic half-lives are most probably impacted by kinetic and/or equilibrium effects, depending 

on the steric hindrance imparted by the organic rests attached to the Si atom. The radioactive labeling 

of the corresponding alkoxyl- and H-derivatized silanes demonstrated that steric hindrance impedes an 

easy access of the 18F− ion and reduces radiochemical yields. Even at 90 °C, the labeling precursor of 

23, bearing an H atom as leaving group, could only be labeled in 48% radiochemical yield. In all 

investigated cases, where either the H- or alkoxyl-derivatized silanes were used as precursors, an 

amount of 5 mg was used, which is a substantial amount that has to be separated by preparative HPLC 

after the reaction if the 18F-labeled fluorosilane is required in pure form. The labeling experiments 

were extended to peptides which will be discussed in Section 8. 

8. Peptides  

Peptides, having an intermediate size between small molecules and proteins, normally show a 

relatively high stability towards even harsh labeling conditions, making a one-step labeling feasible. 
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However, the many different unprotected functional groups of the amino acid side chains can possibly 

hamper a selective one-step 18F-introduction by nucleophilic substitution. Therefore, 18F-labeling 

reactions of peptides normally imply multistep syntheses consisting of the production of a secondary 

labeling precursor bearing the F-18 label, which has then to be reacted with the peptide. Although the 

synthesis of several secondary labeling precursors has been improved in recent years, yielding the 

labeled peptides in high yields and relatively short reaction times, the multi-step syntheses of  
18F-labeled peptides using these synthons still require long preparation times—which is unfavorable, 

considering the short half-life of 18F—as well as complex and costly in terms of technical 

equipment [34–36]. 

An alternative to the conventional secondary labeling precursor approach is the recently developed 

technique to introduce 18F by reaction with Al3+ and the subsequent complication of the system formed 

by NOTA and NO2A derivatives or the 18F-labeling of the preformed Al-NOXA complex [8,11,12,37] 

This method allows for a one-step and straightforward introduction of 18F-fluoride, even into complex 

peptidic compounds at elevated temperatures of 100–110°C within 15 min, and will probably attract 

increasing attention within the next years. A modification of this technique involving the use of a 

NO2A chelator derivatized with a maleimide functionality also allowed for protein 18F-labeling in a 

two-step labeling reaction applying i) the fast complication of Al-18F by the chelator and ii) the 

efficient conjugation of the formed complex to the studied antibody fragment [12]. 

Another alternative to the use of conventional C-18F secondary labeling precursors is the  

SiFA-technique for introduction of 18F into peptides. There, the 19F against 18F isotopic exchange 

reaction on the SiFA moiety proved to be applicable for the one-step introduction of 18F even into 

complex molecules such as peptides. The isotopic exchange is thereby so efficient that it takes place 

even at room temperature and within short reaction times, as demonstrated on the example of the 

clinically relevant peptide Tyr3-octreotate (TATE). The labeled compound 29 (Figure 9) was obtained 

in high radiochemical yields (RCYs) of 55–65% after purification and within 25 min overall synthesis 

time [28]. Important advantages of this procedure are the mild labeling conditions applied which result 

in the formation of only one radiolabeled product, making an HPLC purification dispensable.  

However, in the first attempts of peptide labeling using this strategy, the achieved specific activities 

(SAs) of the labeled peptides were rather low (between 3–5 GBq/µmol) even when testing different 

reaction conditions. This resulted in the development of a two-step labeling approach in order to 

achieve higher specific activities which consisted of i) the 18F-radiolabeling of SiFA-derivatized 

aldehyde (3) under mild conditions in high RCYs of up to 97% and high SAs of 225–680 GBq/µmol 

and ii) the subsequent chemo- and regioselective conjugation of the obtained aldehyde to different 

aminooxy-functionalized peptides [30]. The second step also proceeded efficiently and gave the 

products in short overall synthesis times of 40 min, comparably high specific activities and overall 

RCYs of 50–55% after HPLC purification. Using this experimental setup, Tyr3-octreotate, cRGD and 

BZH3, which have gained widespread interest in clinical imaging of different malignant diseases, 

could be radiolabeled with 18F (Figure 9). Furthermore, this approach has the advantage of being 

applicable to the 18F-labeling of various aminooxy-derivatized peptides. 
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Figure 9. Structures of 18F-SiFA-TATE (29), 18F-SiFA-cRGD (30) and 18F-SiFA-BZH3 (31). 
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In order to circumvent a two-step labeling reaction requiring a final HPLC purification which 

reduces the convenience and lengthens the preparation time (despite the fast reaction kinetics of the 

SiFA approach), optimized labeling conditions were developed. These allow for an efficient reaction at 

room temperature yielding the product within 30 min in high RCYs of 38% after purification and 

specific activities between 29 and 56 GBq/µmol, which is sufficient for receptor imaging in vivo. The 

key to these favorable results is the use of very small nanomolar amounts of the respective 19F-labeling 

precursors (10 to 25 nmol) [38]. 

In order to allow for a more modular synthesis of SiFA-peptides, enabling not only a terminal but 

also an intra-sequential introduction of the SiFA building block, a SiFA-containing amino acid 

derivative (15) was developed and shown to be useful for the intra-sequential SiFA-derivatization as 

demonstrated on the standard Fmoc-based SPPS of three model Tyr3-octreotate derivatives [39]. 

In later studies, when comparing the substitution pattern on the silicon atom with regard to 

radiolabeling efficiency and hydrolytic stability, an investigation was mounted to see if silicon 

moieties containing substituents sterically, not as demanding as tert-butyl groups, could be used—in 

order to achieve a high incorporation rate of 18F into the silicon building block by substitution of H-, 

OH- and alkoxy-residues [29,33,40,41] Although it was found that, in general, the silicon moieties 

comprising smaller substituents on the silicon atom exhibited a higher isotopic exchange efficiency 

than the corresponding bulky tert-butyl-containing ones [29,33], it was also shown that the hydrolytic 

stability of the tert-butyl substituted building blocks was by far the highest [29,40]. This effect of 

limited hydrolytic stability was also observed in the case of the corresponding model peptides [29, 41] 

and bombesin derivatives [40] modified with isopropyl-containing silicon building blocks. With regard 

to 18F-labeling, relatively high amounts of precursor (e.g., alkoxyl-silanes) had to be used. Belentova 
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and co-workers needed 6 mg (11 μmol) of a small model peptide derivatized with an alkoxyl-silane 

moiety (Figure 10) [41]. Of course, the use of such high amounts of precursor peptides necessitates a 

final HPLC purification of the 18F-labeled peptide.  

Figure 10. Course of labeling reactions described by Balentova et al. 
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Of crucial importance are, not only the used labeling conditions, achievable RCYs and specific 

activities, but also the in vivo behavior of the 18F-labeled peptides that were obtained. In a study carried 

out by Höhne et al. [40], a 18F-silyl-bombesin derivative (35, Figure 11), exhibiting a most favorable  

in vitro binding affinity to the GRP receptor (IC50 = 22.9 nM), was evaluated in vivo in a PC-3  

tumor-bearing mouse model. In this study, the 18F-labeled bombesin derivative unfavorably showed a 

low and unspecific in vivo tumor uptake of only 0.6 %ID/g at 1 h p.i., despite its high affinity to the 

target receptor. This effect can most probably be attributed to the high lipophilicity of the tracer caused 

by the stable but bulky and unfortunately highly hydrophobic silicon-containing moiety, resulting in 

the observed high accumulation in liver, gallbladder and intestine. 

Figure 11. Structure of the 18F-silyl-bombesin derivative 35 used for in vivo 

biodistribution studies in tumor-bearing mice.  
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Thus, attempts were made to compensate the high lipophilicity of the organo-silicon moiety by 

introducing hydrophilic substituents into the peptide sequence in order to achieve a more favorable  

in vivo biodistribution of SiFA-derivatized peptides [38]. In order to increase the hydrophilicity of 

peptidic compounds, PEG and carbohydrate building blocks have been used before [42–44]. Thus, 

Tyr3-octreotate derivatives were synthesized, comprising a SiFA moiety and a carbohydrate and/or a 

PEG moiety. The resulting peptide derivatives 36 and 37 (Figure 12) were radiolabeled, their 
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lipophilicity and in vitro binding affinities towards the Somatostatin receptors were determined, and 

their in vivo biodistribution characteristics determined and compared to the non-modified SiFA-Tyr3-

octreotate 29 (Figure 12). The derivatization of the Tyr3-octreotate with hydrophilic building blocks 

showed only a minor influence on the binding affinities to the target receptors, resulting in potent 

target receptor binders while at the same time compensating, at least to some extent, the high 

lipophilicity of the organo-silicon moiety (log POW36 = 1.23, log POW37 = 0.96 vs. log POW29 = 1.59). 

This positive effect was also reflected in the successful visualization of the tumor in vivo in an AR42J 

tumor-bearing mouse model by 37, whereas the non-modified 18F-SiFA-peptide 29 showed only a very 

low and unspecific accumulation in the tumor tissue due to its high lipophilicity [38]. 

Figure 12. Structures of 18F-SiFA-TATE (29), 18F-SiFA-Glc-TATE (36) and 18F-SiFA-

Glc-PEG-TATE (37).  
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Thus, although many improvements have been made in the radiolabeling of peptides with 18F using 

silicon building blocks carrying bulky substituents, some efforts still have to be undertaken to optimize 

the in vivo biodistribution properties of the resulting 18F-silicon-derivatized peptides. 

9. Protein Labeling 

The successful labeling of proteins with the radionuclide 18F has always been challenging. Unlike 

peptides, which are structurally manageable, proteins contain a vast number of side chain 

functionalities which cannot be masked by protecting groups to enable a direct one-step 18F labeling 

strategy. Hence, the labeling of proteins requires prosthetic groups, small molecules which are  
18F-labeled prior to the actual protein labeling. These molecules bear functional groups, such as active 

esters, which react readily with nucleophilic groups in the protein via acylation. [18F]SFB is currently 
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the most common protein labeling agent. Besides active esters, Click Chemistry has also been 

employed, especially the maleimide-thiol click reaction. Of all Si-18F approaches, so far only the SiFA 
19F by 18F-exchange chemistry has been used to develop small silicon-containing prosthetic groups for 

protein labeling. The first attempt to synthesize a SiFA-based active ester was made by Jurkschat and 

co-workers in 2009. The non-radioactive labeling precursors were obtained according to Figure 13 but 

could not be labeled with 18F by isotopic exchange under basic labeling conditions. The active ester 

moiety was simply hydrolyzed during the isotopic exchange and no SiFA active ester could be 

isolated. Using a different strategy, rat serum albumin (RSA), a 64 kDa protein isolated from rat 

serum, was labeled with two different SiFA synthons, a maleimide-18F-SiFA ([18F]11) and a thiol-18F-

SiFA ([18F]4) (Figure 13). In order to use the maleimide-SiFA, the protein was derivatized with  

2-iminithiolane to provide additional thiol groups to react with the maleimide group of the SiFA 

synthon (Figure 13). In case of thiol-SiFA used for protein labeling, the protein was modified, 

complementary with sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate sodium salt 

(sulfo-SMCC). Both SiFA prosthetic groups [18F]11 and [18F]4 readily reacted with the modified RSA 

via Click Chemistry and provided the 18F-labeled proteins in good yields. This method is very 

convenient, since the number of derivatization sites introduced at the protein modification step 

(maleimide or thiol introduction) can be easily determined by Ellman's assay. 

Figure 13. Kit-like labeling of RSA using two different SiFA sythons: A) sulfo-SMCC 

modified RSA reacts with thiol-SiFA ([18F]4); B) 2-iminothiolane modified RSA reacts 

with maleimide-SiFA ([18F]11). 
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The labeled RSA was used in small animal PET imaging, visualizing the blood pool. However, one 

adverse feature of this strategy, despite being one of the most convenient procedures described so far, 

is that the proteins have to be modified before the actual labeling occurs. This requires certain special 

knowledge from the user and could be deemed as being less comfortable. To resolve this 

inconvenience, Schirrmacher and co-workers endeavored to mimic a well-known concept in  

bio-conjugation—the use of isothiocyanates for the modification and labeling of proteins. The goal of 

180

G



Appl. Sci. 2012, 2             

 

 

295

their study was to develop a radioactive counterpart to fluorescein isothiocyanate which is the most 

commonly applied fluorescent labeling agent for lysine containing proteins. Following that idea, SiFA 

isothiocyanate (SiFA-NCS or SiFA-ITC) was synthesized and 18F-labeled at room temperature via 

isotopic exchange [45]. The amount of SiFA used was very low (10–12 nmol) and the radiochemical 

yields were surprisingly high, keeping in mind that the isothiocyanate moiety is very labile. After 

10 min reaction time, 95% of the introduced 18F− was incorporated into the SiFA-NCS. The  
18F-SiFA-NCS reacts with primary amino functions of lysine residues. Three different proteins, 

varying in molecular weight (66–144 kDa), were labeled in radiochemical yields between 30–80%, 

depending on the SiFA/protein ratio. RSA was again chosen to serve as an in vivo blood pool imaging 

agent for PET. One shortcoming of this SiFA synthon is its inherent tendency towards hydrolysis and 

therefore associated challenging storage. The compound has to be meticulously stored under protecting 

gas and any exposure to humidity has to be avoided. Nevertheless, the use of isothiocyanates omits the 

necessity of modifying the protein but rather depends on lysine residues in the protein. 

Figure 14. Radioactive labeling of RSA and other proteins (not shown) using  

(A) [18F]SiFA-isothiocyante ([18F]SiFA-ITC, [18F]7), (B) [18F]SiFB and (C) the non-

silicon containing most frequently applied protein labeling synthon [18F]SFB. (D) The PET 

images show the biodistribution of [18F]SFB (a and a') and [18F]SiFB (b and b') labeled 

RSA in rats (coronal plane sum images t = 5–60 min). The biodistribution was identical, 

validating the usefulness of [18F]SiFB as an alternative labeling agent for proteins. 
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As already mentioned, by far the most common 18F-labeling agent for proteins is [18F]SFB. In 

contrast to 18F-labeled SiFA active esters, the preparation of non-radioactive SiFA active esters has 

never posed a problem. The Si-F bond is stable under a great variety of reaction conditions and an 

active ester moiety, such as a succinimidyl ester, can be introduced without problems. The challenge, 

however, is to undertake the isotopic exchange reaction without disintegration of the highly reactive 

active ester moiety. The SiFA labeling so far described uses a highly basic labeling cocktail containing 

large amounts of carbonate ions in addition to 18F−. Although not being an exceptionally good 

nucleophile under aqueous conditions, 18F−, in the presence of carbonate dissolved with Kryptofix2.2.2 

to complexate the counter ion in dipolar aprotic solvents, is remarkably reactive. Under common 

labeling conditions, the [18F]SiFA active esters could not be detected, either on radio-TLC, or on 

HPLC, but only the hydrolyzed products. Very recently, Kostikov and co-workers devised a modified 

composition of the 18F-labeling solution. Strictly speaking, the isotopic exchange reaction on SiFAs 

does not mechanistically require a basic labeling environment. Thus, their hypothesis was that the 

basic 18F-containing reaction mixture in acetonitrile can be simply neutralized by addition of a suitable 

acid. Indeed, the addition of oxalic acid to the labeling cocktail proved to be highly efficient and the 

isotopic exchange using SiFB (Figure 14B) proceeded without hydrolysis of the active ester moiety. 

[18F]SiFB is very similar to the already mentioned SiFA active esters (cf. Figure 3). For stability 

reasons, the ester moiety was placed meta to the silicon atom, instead of para. The amount of oxalic 

acid added proved to be crucial. In all experiments, the less basic potassium oxalate had been used 

instead of carbonate and it was found that a ratio of oxalate/oxalic acid of 2:1 yielded the highest 

isotopic exchange yields. The reduction in complexity of synthesis and purification of [18F]SiFB in 

comparison to [18F]SFB was enormous. Depending on the [18F]SiFB synthesis, if either a full batch of 
18F− or just an aliquot of 18F− was used, 25–50 min of reaction time could be saved. No HPLC 

purification had to be performed. The synthesis merely requires a reaction vial and a solid phase 

extraction cartridge. The subsequent protein labeling was as efficient as that using [18F]SFB. 

[18F]SiFB, and [18F]SFB labeled RSA were injected into healthy rats. The biodistribution of both 

proteins was identical (Figure 14D) which conclusively demonstrated the applicability of [18F]SiFB as 

a labeling synthon for proteins. 

10. Small Molecules  

Although several examples of 18F-radiolabeled peptides and proteins using the organo-silicon 

building block strategy for 18F-introduction can be found, small biologically-active molecules have 

rarely been labeled using this approach. This can be attributed to the high lipophilicity exerted by the 

bulky hydrophobic substituents on the silicon core used to achieve a high in vivo stability of the  

Si-18F-bond. This high lipophilicity can result in a dramatically altered in vivo biodistribution of the 

labeled substances, especially in the case of small molecules. Thus, examples for small molecules 

containing organo-silicon building blocks for the introduction of 18F are rare, but some approaches 

have been described recently [46–48]. 

One example is the preparation of 18F-labeled silicon-based nitromidazoles (Figure 15) that were 

designed as possible alternatives to the clinically relevant tracer [18F]FMISO and intended for  

hypoxia-imaging [46]. The radiosynthesis of these compounds—bearing methyl, iso-propyl-,  
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phenyl- and naphthyl-moieties in order to stabilize the Si-18F-bond—started from the corresponding 

alkoxy-silanes and gave good 18F-incorporation yields at elevated temperatures of 75 °C for 20 min, 

but a final HPLC purification of the tracers was necessary.  

Figure 15. Structures of 18F- silicon-based nitromidazoles 40–43 intended for hypoxia-imaging. 
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Stability studies confirmed the expected stability characteristics of the different 18F-fluorinated 

compounds: a very low stability of 40 (t1/2 < 5’), a low stability of 42 (t1/2 = 5’) and 41 (t1/2 = 15’) and 

an at least moderate stability of 43 (t1/2 = 130’). Interestingly, and despite its short half-life, more 

favorable results could be obtained in the in vivo experiments in tumor-bearing animals with hypoxic 

tumor areas using 40 compared to 43. In the case of 40, hypoxic tumor areas could at least be 

visualized, despite a very high background activity, as confirmed by [18F]FDG landmarking 

experiments, whereas in the case of 43, only an unspecific uptake into the lungs was observed which 

was attributed to an accumulation of the tracer in the pulmonary capillaries. Thus, an optimization of 

the in vivo properties of the compounds regarding stability and biodistribution profile remains 

necessary.  

Recently, attempts were made to radiolabel nucleosides and nucleotides using the  

silicon-18F-labeling strategy [47]. In order to synthesize the labeling precursors, silicon building 

blocks, comprising azide and alkyne functionalities were synthesized, introduced into thymidine, 

derivatized accordingly via copper-catalyzed 1,3-dipolar cycloaddition, and subsequently  

radiolabeled with 18F by an H against 18F exchange reaction (Figure 16 shows the structures of the  
18F-labeled products). 

Figure 16. Structures of the 18F-labeled thymidine derivatives 44 and 45. 
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Starting from these mono-nucleosides, also model di-nucleotides and a model decameric 

oligodeoxynucleotide containing all four bases, were synthesized and the labeling conditions were 

optimized. As the H against 18F-exchange reaction on the silicon core proceeds less efficiently than the 

isotopic exchange reaction, elevated temperatures were required to introduce the 18F-label. 

Nevertheless, all substances—nucleosides, di-nucleotides and the decameric oligodeoxynucleotide—

were compatible with the applied reaction temperatures of 60 °C, 165 °C and 100 °C, respectively, 
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neither affecting the phosphodiester linkage nor the purine bases. However, up to now, no in vivo data 

are available that would provide information about the biodistribution characteristics of such lipophilic 

nucleosides and nucleotides.  

Another class of SiFA-building-block-containing small molecules described recently was that of 

organo-silicon-derivatized D2-receptor ligands (Figure 17), derived from the clinically-relevant 

compounds [18F]FP ([18F]fallypride) and [18F]DMFP ([18F]desmethoxyfallypride) [48]. 

Figure 17. Structures of the 18F-SiFA D2-receptor ligands 46–49. 
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The synthesized 19F-precursors were evaluated regarding their D2-receptor affinities in vitro, 

showing less influence of the bulky SiFA-system on the receptor affinities than anticipated:  

SiFA-M-FP, SiFA-DMFP, SiFA-FP and SiFA-DDMFP showed Ki values of 4.2 nM, 13.6 nM, 

33.0 nM and 62.7 nM, respectively, being in a comparable range to FP and DMFP that showed Ki 

values of 0.1 nM and 0.6 nM in the same assay. As anticipated, the derivative with a short linker and 

thus some distance between the binding motive and the SiFA moiety (49) showed the highest affinity 

to the target receptor. However, this compound gave only poor results in 18F-labeling experiments, due 

to its limited stability. In contrast, the other derivatives 46–48 showed very favorable results in the 

labeling experiments, as high RCYs and SAs were synthesized within very short preparation times and 

showed high plasma stabilities. Again, the in vivo biodistribution properties remain to be determined. 

11. Conclusions 

The recent advent of silicon-18F chemistry has already impressively demonstrated that novel 

labeling techniques in radiopharmaceutical sciences invigorate not only basic research, but also the 

development of clinically-oriented applications. The enumeration of different approaches towards new 

imaging agents on the basis of silicon-18F bond formation presented in this overview is hopefully a 

prelude to a new generation of imaging agents for PET. The advancements in the field over a short 

period of time already improved the labeling of peptides and proteins. Small compounds still pose 

problems, especially with regard to the inherently high lipophilicity of all described organo-silicon 

building blocks so far. This issue becomes more pronounced with compounds of low molecular 

weight, because the effect of the organo-silicon building blocks on the compounds’ overall 

lipophilicity weighs heavier. It cannot be concluded yet whether Si-18F radiochemistry will be fully 

accepted by the radiopharmaceutical community. This holds true not only for silicon, but also for all of 

the other highly-innovative labeling approaches, including aluminum- as well as boron-18F chemistry 

introduced most recently. As PET becomes more and more the most prominent in vivo imaging 
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modality, novel radiochemistry approaches will always be needed as a driving force to further advance 

all disciplines reliant on radiochemistry.  
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Abstract: A new polyfluorinated anti-staining coating material CF3O(CF2CF2O)xCF2- 

-CONHCH2CH2CH2Si(OCH3)3 has been developed by utilizing the PERFECT method, 

which employs a liquid-phase direct fluorination reaction with elemental fluorine as a key 

step. Direct fluorination of a partially-fluorinated ester, which was prepared from a  

non-fluorinated poly(ethylene glycol) and a perfluorinated acyl fluoride, followed by 

methanolysis, gave the perfluorinated corresponding compound, which was led to the 

coating material for surface treating agents, and the methyl ester of the starting 

perfluorinated acyl fluoride. Application to the synthesis of a new perfluorinated bifunctional 

sulfonate monomer CF2=CFOCF2CF2CF2OCF(CF2SO2F)2 for polymer electrolyte 

membranes (PEMs) of fuel cells was also developed. 

Keywords: direct fluorination; anti-staining coating; surface treating; polymer electrolyte 
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1. Introduction 

Nowadays, organofluorine compounds are essential materials, especially in recent IT, electronics, 

and medical applications [1]. For example, the low surface energy of an organofluorine compound 

leads to water repellent and oil repellent properties, so that it is utilized as surface treating agents for  

water-and-oil repellent film. Therefore, it is expected that an anti-staining coating material for glass, 

for example, for automobiles or displays (a liquid crystal display, a CRT display, a projection display, 

a plasma display, an EL display or the like), could be achieved by an organofluorine compound. One 

such compound 1 may be a candidate [2,3].  

CF3(CF2)7(CH2)2SiX3  [X = OCH3, NCO] Compound 1

When the compound 1 is applied to the surface of a substrate, the hydrolyzable groups are 

hydrolyzed by hydroxyl groups of the substrate or moisture on the substrate to form silanol groups. 

Once the silanol groups are bonded to the substrate, perfluoroalkyl groups will be oriented on the 

atmosphere side, so that the coating film made of the compound 1 exhibits water repellency [4].  

However, as perfluoroalkyl groups are highly crystalline and stiff, the coating film made of the 

compound 1 does not have enough efficiency for the removal of oil-and-fat stains. To solve the 

problem, a compound having a perfluoropolyether group 2 was reported [5].  

CF3CF2CF2O-(CF2CF2CF2O)n-CF2CF2(CH2)3Si(OCH3)3 Compound 2

The perfluoropolyether (PFPE) group has a flexible structure, because stiff perfluoroalkyl groups 

are separated by oxygen atoms and C-O-C bonding have high mobility, so that the coating film made 

of the compound 2 is excellent in its efficiency in removing oil-and-fat stains, and also has water and 

oil repellency. 

However, the mobility of the PFPE groups in 2 cannot be regarded as sufficient, and the efficiency 

for removal of oil-and-fat stains is not enough, because the ratio of oxygen atoms to carbon atoms in 

the PFPE groups is still small. From the viewpoint of molecular design, –(CF2CF2O)– as a repeating 

unit is ideal. However, there has not been a synthetic method for creating such a molecule, while it is 

possible to utilize the industrial intermediate of fluorinated oil to synthesize 2. 

An organofluorine compound also shows chemical and thermal stability, derived from the nature of 

a C-F bond. Although highly polarized, the C-F bond gains stability from the resultant electrostatic 

attraction between C and F atoms [6]. Thus, because of their high thermal and chemical stability and 

conductivity, perfluorinated sulfonic acid ionomers are often used in polymer electrolyte membranes 

(PEMs) of fuel cells [7],. Their performance is, however, still not enough. 

To achieve much higher conductivity, it is necessary to increase the number of sulfonyl groups per 

unit. On the other hand, PEMs should have a certain mechanical strength to assemble membrane 

electrode assemblies. In the event that conventional monosulfonated monomers are increasingly used 

to raise this number, the copolymer obtained will have many branches, and the mechanical strength of 

the PEM from the copolymer decreases. A bifunctional monomer is expected to overcome this 

dilemma. However, there has not been a feasible synthetic method to realize such a molecule. 

On the other hand, we have reported an entirely new synthetic method for perfluorinated molecules, 

the PERFECT (PERFluorination of an Esterified Compound then Thermolysis) process [8], which 
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makes it possible to create new fluorinated compounds because it utilizes organic synthesis in 

hydrocarbon molecules. For example, a nonfluorinated primary alcohol can be converted to the 

corresponding perfluorinated acyl fluoride (Scheme 1). PFPE lubricants for hard disk drive  

(HDD) [9] Afluid®, PFPE surfactants [10] and perfluoroalkanesulfonyl fluorides for ion-exchange 

membranes [11] have all been synthesized by employing the PERFECT process. Thus, it was 

considered to be possible to synthesize the molecules mentioned above by utilizing this process. 

Scheme 1. The PERFECT process. 

 

Here, we report the synthesis of a PFPE derivative, which possesses –(CF2CF2O)– as a repeating 

unit, that is, CF3O(CF2CF2O)xCF2CONHCH2CH2CH2Si(OCH3)3 (3), and the synthesis of a 

perfluorobis(alkanesulfonyl) monomer CF2=CFOCF2CF2CF2OCF(CF2SO2F)2 (4). The evaluation of 

the former on water and oil repellency and anti-staining property is also mentioned. 

As for the PFPE derivative 3, poly(ethylene glycol) monomethyl ether (5) is employed as a starting 

material in Scheme 1. The target, perfluorobis(alkanesulfonyl) monomer 4, is considered to be 

synthesized by utilizing the PERFECT process according to the retrosynthesis shown in Scheme 2. 

Scheme 2. Retrosynthetic analysis of perfluorobis(alkanesulfonyl) monomer. 
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2. Experimental Section  

2.1. General 

All boiling points were not corrected. IR spectra were recorded on a Nicolet Impact 410 

spectrometer. NMR spectra were obtained on a JEOL AL-300 or EX-400 (tetramethylsilane as internal 

standard for 1H and 13C, and trichlorofluoromethane for 19F). High resolution mass spectra were 

obtained on a JEOL SX-102A coupled to a HP 5890 with a 60 m capillary column, J&W DB1301. 

Average molecular weight (Mn) number and average molecular weight (Mw) weight were measured 

by gel permeation chromatography (GPC). A solvent mixture of R225 (Dichloropentafluoropropane, 

ASAHIKLIN® AK-225G, available from Asahi Glass Co., Ltd.) and hexafluoroisopropyl alcohol 

(HFIP) (AK-225G/HFIP=99/1 volume ratio) was used as a mobile phase. As the column for analysis, 

one having two PL-gel MIXED-E (Polymer Laboratories Ltd.) connected in series was used. As a 

detector, an evaporation light scattering detector (ELSD, Shimazu Co.) was used, and GPC was 

measured at a column temperature of 37 °C at a mobile phase flow rate of 1.0 mL/min. 

As standard samples for measuring the molecular weight, five types of perfluoropolyethers having 

molecular weight distributions (Mw/Mn) of less than 1.1 and different molecular weights between 

1,300 and 10,000. 

Elemental fluorine was generated by FluorodecTM 30, Fluoro Gas (UK). Elemental fluorine is a 

highly toxic and corrosive gas, and may cause an explosion on contact with organic compounds in the 

vapor-phase. Extreme care must be taken when handling! Hydrogen fluoride (bp. 19.5 °C), which 

evolved in both the liquid and vapor phases during the reaction, are also highly corrosive and cause 

severe burns on skin contact. Care must be taken! Prior to use, all hydrocarbon greases must be 

removed and apparatus gradually passivated with elemental fluorine. 

1,1,2-trichlorotrifluoroethane (R113: CCl2FCClF2) was used as a solvent in the fluorination reaction 

on a small scale. Although the use of R113 is regulated, we give experimental examples with it for 

convenience, because it is still much more cheaply available (Aldrich) than other solvents. Care must 

be taken in order to avoid environment emission! 

Poly(ethylene glycol) monomethyl ether (5, Uniox M-400: CH3O–(CH2CH2O)n–H average Mn 400. 

NOF Co.) was employed as the starting alcohol for the PFPE derivative 3. Other reagents were 

obtained from Kanto Chemicals (Japan). Commercially obtained materials were used as received 

unless otherwise noted. All reactions sensitive to oxygen and/or moisture were conducted under 

nitrogen atmosphere with magnetic stirring. For large scale column chromatography, a Biotage Flash 

150M pre-packed column (KP-Sil silica, 15 cm ID × 30 cm long) was used. 

2.2. Typical Procedure for the Anti-staining Coating Material 

2.2.1. Synthesis of the Anti-staining Coating Material (Scheme 3) 

CH3O-(CH2CH2O)nC(O)-CF(CF3)OCF2CF(CF3)OCF2CF2CF3 (7) 

Prior to use, all glass flasks were oven dried at 120 °C. A mixture of 5 (25.0 g, 62.5 mmol), R225 

(20.0 g, 98.5 mmol), NaF (1.20 g, 28.6 mmol) and pyridine (1.60 g, 20.2 mmol) was vigorously stirred 
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in a flask at under 10 °C. Subsequently, perfluoro(2,5-dimethyl-3,6-dioxanonanoyl) fluoride (6, 46.6 g, 

93.5 mmol) was added to the flask over a period of 3.0 h while maintaining the internal temperature to 

be no higher than 5 °C. After completion of the addition, the mixture was stirred at 50 °C for 12 h and 

at room temperature for 24 h. The crude liquid was filtered under reduced pressure and dried for 12 h 

in a vacuum drier at 50 °C. The crude liquid was then dissolved in R225 (100 mL) and washed three 

times with a saturated sodium hydrogen carbonate aqueous solution (1,000 mL). To the organic phase, 

magnesium sulfate (1.0 g) was added, followed by stirring for 12 h, and removed by filtration under 

pressure. From the recovered liquid, R225 was evaporated to obtain 7 (56.1 g, 62.0 mmol, 99.0%, 

average value of n: 7.3) which was liquid at room temperature; 1H-NMR (300.4 MHz, CDCl3)  

δ (ppm): 3.50 (m, 3H, CH3), 3.60–3.80 (m, 2H, OCH2), 4.50–4.65 (m, 2H, CH2CH2OCO); 19F-NMR 

(282.7 MHz, CDCl3) δ (ppm): −79.5 (3F, CF3), −80.0 (5F, CF2CF2CF3), −82.5 to −85.0 (5F, OCF2, 

CF3), −129.2 (2F, CF2CF2CF3), −131.5 (1F, OCOCF), −144.5 (1F, CFO). 

CF3O-(CF2CF2O)nC(O)-CF(CF3)OCF2CF(CF3)OCF2CF2CF3 (8) 

Prior to use, all hydrocarbon greases must be removed and the apparatus must be gradually 

passivated with elemental fluorine. Into a 3,000 mL hastelloy autoclave, R113 (1,560 g, 8.32 mol) was 

stirred at 25 °C. At a gas outlet of the autoclave, a condenser held at 20 °C, a NaF pellet-packed layer 

and a condenser held at −20 °C were connected in series. Further, a liquid-returning line was installed 

to return a liquid condensed by the condenser held at −20 °C to the autoclave. 

Nitrogen gas was supplied for 1.0 h into the autoclave, and then fluorine gas, diluted to 10% by 

nitrogen gas, (hereafter referred to as 10% fluorine in nitrogen) was supplied for one hour at a flow 

rate of 24.8 L/h. Then, a solution of 7 (27.5 g, 31.3 mmol), dissolved in R113 (1,350 g, 7.20 mol), was 

injected over a period of 30 h into the autoclave, while supplying 10% fluorine in nitrogen at the same 

flow rate. Then, R113 (12 mL) was injected at 40 °C into the autoclave, while supplying 10% fluorine 

in nitrogen at the same flow rate. Then, 1% benzene in R113 (6 mL) was injected. Further, 10% 

fluorine in nitrogen was supplied for 1.0 h and then, nitrogen gas was supplied for 1.0 h. Then, the 

solvent was removed by vacuum drying at 60 °C for 6.0 h to obtain liquid 8 (45.4 g, 29.6 mmol, 

94.6%). From the results of the NMR analysis of the compound, it was confirmed that 99.9% of the 

total number of hydrogen atoms in 7 were substituted by fluorine atoms, that is, 8 was the main 

component (average value of n: 7.1); 19F-NMR (282.7 MHz, R113, internal standard for quantitative 
determination: hexafluorobenzene) δ (ppm) ： −54.9 (3F, CF3O), −79.5 (3F, CF3), −80.0 (5F, 

CF2CF2CF3), −82.5 to −85.0 (5F, OCF2, CF3), −87.5 (2F, OCF2), −89.7 (2F, CF3OCF2), −91.5 (2F, 

CF2OCOCF), −129.2 (2F, CF2CF2CF3), −131.5 (1F, CF2OCOCF), −144.5 (1F, CFO). 

CF3O-(CF2CF2O)n−1CF2COOCH3 (9) 

In a 300 mL egg-plant type PTFE flask, methanol (40.0 g, 1.25 mmol), NaF (5.60 g, 133 mmol) and 

R225 (50.0 g, 246 mmol) were stirred in nitrogen. Compound 8 (43.5g, 28.3mmol) was added, 

followed by vigorous stirring while bubbling nitrogen at room temperature for 8 h. The excess 

methanol and CH3OC(O)-CF(CF3)OCF2CF(CF3)OCF2CF2CF3 that formed were distilled off by a 

vacuum pump installed at the condenser tube. After 24 h, liquid 9 (26.8 g, 25.5 mmol, 90.3%) was 

obtained. 1H-NMR (300.4 MHz, R-113, internal standard for quantitative determination: nitrobenzene) 
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δ (ppm): 3.88 (m, 3H, CF2COOCH3); 
19F-NMR (282.7 MHz, R113, internal standard for quantitative 

determination: hexafluorobenzene) δ (ppm)：−54.9 (3F, CF3O), −77.4 (2F, CF2COOCH3), −87.5 (2F, 

OCF2), −89.7 (2F, CF3OCF2).  

The molecular weight (Mn) of obtained 9 was 1718, and the molecular weight distribution was 1.11. 

CF3O(CF2CF2O)n−1CF2CONHCH2CH2CH2Si(OCH3)3 (3) 

In a 100 mL round-bottomed flask, a mixture of 9 (33.1 g, 31.6 mmol) and  

3-trimethoxysilylpropylamine (10, 5.80 g, 32.3 mmol) were stirred at room temperature for 2 h.  

Then, unreacted 10 and by-product methanol were distilled off under reduced pressure to obtain 3 

(32.3 g, 27.0 mmol) which was liquid at room temperature. From the results of the NMR analysis of 

the compound, it was confirmed that 98.0 mol% of -CF2C(O)OCH3 in 9 was converted to  

–CF2C(O)NHCH2CH2CH2Si(OCH3)3.  
1H-NMR (300.4 MHz, R113) δ (ppm)：0.51 (m, 2H, CH2Si), 1.60 (m, 2H, CH2CH2CH2), 3.41 (2H, 

CF2CONHCH2), 3.67 (m, 3H, OCH3), 7.20 (m, 1H, NH); 19F-NMR (282.65 MHz, R113) δ (ppm)：

−54.9 (3F, CF3O), −77.4 (2F, CF2COOCH3), −87.5 (2F, OCF2), −89.7 (2F, CF3 OCF2). 

The molecular weight (Mn) of 3 was 1072, and the molecular weight distribution was 1.33. 

2.2.2. Evaluation of Anti-staining Performance 

After synthesis, 3 was carried out to assess anti-staining performance compared with a conventional 

anti-staining material C6F13C2H4Si(OCH3)3 (1a). Both 3 and 1a were applied on glass by dip coating in 

a dilute solution, as described below. 

Glass substrate was cleaned in acetone with ultrasound for 10 minutes and dried at 60 °C for  

10 min. It was dipped in a 0.05% solution of the material at room temperature for 10 min. 

ASAHIKLIN® AC6000 (C6F13C2H5, available from Asahi Glass Co., Ltd.) was used as a dilute 

solvent. Finally, the glass was cured at room temperature under a relative humidity between 40% and 

60% for 24 h. After coating, contact angle, friction coefficient and the abrasion resistance  

were evaluated. 

An abrasion test on the surface of a coating film of an article with a flannel cloth was carried out 

according to Japanese Industrial Standards JIS L0849 under conditions of a load of 1 kg and abrasion 

times of 1,000 reciprocations. The water contact angle was measured after various intervals to obtain 

the relationship with abrasion cycles. 

2.3. Typical Procedure for the Synthesis of the Perfluorobis(alkanesulfonyl) Monomer (Scheme 4) 

2.3.1. 1,3-Bis(phenylmethylthio)propan-2-ol (11) 

α-toluenethiol (507 g, 4.08 mol) was added dropwise for 1 h to a stirred solution of NaOH (163.3 g, 

4.08 mol) in methanol (2 L) under 10 °C. Epichlorohydrin (189 g, 2.04 mol) was further added 

dropwise for 1 h. The mixture was stirred for 3.5 h at 20 °C and poured into 5 L of water.  

The mixture was separated and the aqueous phase was extracted with methyl tert-butyl ether  

(MTBE, 3 × 1,000 mL). The combined organic phase was washed with saturated aqueous NH4Cl  

(3 × 200 mL), dried over MgSO4 and filtered, and the solvent was evaporated to afford 604 g  
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(1.98 mol, 97%) of 11; 1H NMR (300.4 MHz, CDCl3) δ (ppm): 2.47 (dd, J = 7.5, 13.9 Hz, 2H), 2.58 

(dd, J = 4.7, 13.9 Hz, 2H), 2.75 (d, J = 3.2 Hz, 1H), 3.63~3.73 (m, 1H), 3.68 (s, 4H), 7.18~7.33 (m, 

10H); IR (neat): 3445.8, 3060.2, 3026.9, 2913.4, 1493.6, 1452.8, 1239.7, 1071.2, 1028.2, 767.6,  

700.5 cm−1. 

The obtained crude 11 was used for the next step without carrying out purification. 

2.3.2. 2-Allyloxy-1,3-Bis(phenylmethylthio)propane (12) 

To a stirred suspension of 60% NaH (84.6 g, 2.12 mol) in anhydrous THF (2L) under 5 °C was 

added a solution of 11 (604 g, 1.98 mol) in anhydrous THF (400 mL) dropwise for 40 min. After 

stirring under 5 °C for one hour, allyl bromide (252 g, 2.08 mol) was further added dropwise for 

45 min. The mixture was stirred for 19 h at 20 °C, and poured into water (5 L). The mixture was 

separated and the aqueous phase was extracted with MTBE (3 × 1000 mL). The combined organic 

phase was washed with saturated aqueous NH4Cl (3 × 200 mL), dried over MgSO4 and filtered, and 

the solvent was evaporated. The large scale column chromatography on silica gel using a Biotage 

Flash 150M pre-packed column (KP-Sil silica, 15 cm ID × 30 cm long) with hexane-ethyl acetate (7:1) 

as the eluent provided 643 g (1.86 mol, 94%) of 12; 1H NMR (300.4 MHz, CDCl3) δ (ppm): 2.59 (dd, 

J = 5.8, 13.7 Hz, 2H), 2.64 (dd, J = 5.8, 13.7 Hz, 2H), 3.47 (qui, J = 5.8 Hz, 1H), 3.70 (s, 4H), 3.95 

(dm, J = 5.8 Hz, 2H), 5.14 (dm, J = 10.3 Hz, 1H), 5.23 (dm, J = 17.1 Hz, 1H), 5.87 (ddt, J = 10.3, 17.1,  

5.8 Hz, 1H), 7.18~7.34 (m, 10H); 13C NMR (75.45 MHz, CDCl3) δ (ppm): 34.45, 36.98, 70.81, 78.38, 

116.98, 126.95, 128.39, 128.91, 134.79, 138.31; IR (neat): 3061.0, 3027.3, 2918.3, 1493.7, 1452.9, 

1071.6, 923.1, 767.4, 700.5 cm−1. 

2.3.3. 4-Oxa-8-Phenyl-5-(Phenylmethylthiomethyl)-7-Thiaoctan-1-ol (13) 

To 1.01 M solution of borane-THF complex in THF (1,880 mL, 1.90 mol) under 10 °C was added 

cyclohexene (312 g, 3.80 mol) dropwise for 1.5 h. After stirring under 5 °C for 3 h, 12 (643 g,  

1.98 mol) was further added dropwise for 1 h. The mixture was stirred for 17 h at 10 °C. To the 

mixture was added a solution of NaOH (84.3 g, 2.11 mol) in water (700 mL) dropwise under 10 °C for 

45 min. The mixture was stirred for 15 min at the same temperature, and 30% H2O2 (700 mL, 

8.12 mol) was further added dropwise for 3.5 h. The temperature was maintained under 20 °C. The 

mixture was poured to a solution of K2CO3 (3 kg) in water (3 L), separated, and the aqueous phase was 

extracted with MTBE (3 × 800 mL). The combined organic phase was dried over MgSO4, filtered and 

freed of solvent in vacuo. The large scale column chromatography on silica gel using a Biotage Flash 

150M pre-packed column (KP-Sil silica, 15 cm ID × 30 cm long) with hexane-ethyl acetate (3:1) as 

the eluent produced 13 (569 g, 1.57 mol, 84%) and recovered 12 (46.0 g, 0.13 mol, 7%). 

13: 1H NMR (300.4 MHz, CDCl3) δ (ppm): 1.75 (qui, J = 5.7 Hz, 2H), 2.46 (t, J = 5.7 Hz, 1H), 2.56 

(dd, J = 6.2, 13.7 Hz, 2H), 2.62 (dd, J = 5.8, 13.7 Hz, 2H), 3.34 (qui, J = 5.8 Hz, 1H), 3.55 (t,  

J = 5.8 Hz, 2H), 3.69 (s, 4H), 3.74 (q, J = 5.4 Hz, 2H), 7.20~7.35 (m, 10H); 13C NMR (75.45 MHz, 

CDCl3) δ (ppm): 32.09, 34.63, 36.87, 60.95, 68.32, 78.55, 127.04, 128.45, 128.87, 138.14; IR (neat): 

3439.8, 3026.9, 2917.3, 2870.8, 1493.7, 1452.9, 1239.7, 1088.5, 1072.0, 768.9, 701.2 cm−1. 
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2.3.4. 4-Oxa-8-Phenyl-5-(Phenylmethylthiomethyl)-7-Thiaoctyl  

Perfluoro(2,5-Dimethyl-3,6-Dioxanonanoate) (14) 

To a stirred solution of 13 (596 g, 1.57 mol) and triethylamine (175 g, 1.73 mol) in dichloromethane 

(2.5 L) under 5 °C was added 6 (822 g, 1.65 mol) dropwise for 2 h. The mixture was stirred for 3 h at 

20 °C. The mixture was washed with saturated aqueous NaHCO3 (2 × 800 mL), 2 N-HCl (2 × 900 mL) 

and saturated aqueous NH4Cl (500 mL). The organic phase was dried over MgSO4, filtered, and freed 

of solvent in vacuo to afford 14 (1,323 g, 1.57 mol, >98%); 1H NMR (300.4 MHz, CDCl3)δ (ppm): 

1.91 (qui, J = 6.1 Hz, 2H), 2.55 (dd, J = 6.1, 13.5 Hz, 1H), 2.61 (dd, J = 5.8, 13.5 Hz, 2H), 3.31 (qui,  

J = 6.0 Hz, 1H), 3.44 (t, J = 6.0 Hz, 2H), 3.68 (s, 4H), 4.49 (m, 2H), 7.20~7.35 (m, 10H); 19F NMR 

(282.7 MHz, CDCl3) δ (ppm): −78.98~−85.55 (m, 4F), −80.48 (m, 3F), −81.82 (q, J = 7.0 Hz, 3F), 

−82.65 (m, 3F), −130.06 (s, 2F), −131.93 (dm, J = 21.1 Hz, 1F), −145.65 (m, 1F); IR (neat): 3029.3, 

2916.5, 1782.6, 1240.7, 1148.4, 1037.2, 993.5, 701.2 cm−1. 

The obtained crude 14 was used for the next step without carrying out purification.  

2.3.5. 6-Fluorosulfonyl-5-(Fluorosulfonylmethyl)-4-Oxahexyl  

Perfluoro(2,5-Dimethyl-3,6-Dioxanonanoate) (16) 

A flask-equipped dry ice condenser was charged with 14 (642 g, 764 mmol), acetic acid (1,350 mL) 

and water (150 mL). Chlorine was bubbled in the stirred mixture at a flow rate of 600 mL/min for  

2.5 h and 75 mL/min for 3.5 h at 20 °C. The mixture was cooled by water so that the reaction 

temperature did not exceed 30 °C. After bubbling, the mixture was purged with nitrogen, and water 

was added (1.5 L). The mixture was extracted with MTBE (3 × 500 mL). The combined organic phase 

was washed with water (500 mL), dried over MgSO4, filtered, and the solvent was evaporated to afford  

800 g of crude 6-Chlorosulfonyl-5-(chlorosulfonylmethyl)-4-oxahexyl perfluoro(2,5-dimethyl-3,6-

dioxanonanoate) (15); 1H NMR (300.4 MHz, CDCl3) δ (ppm): 2.05 (m, 2H), 3.79 (t, J = 5.8 Hz, 2H), 

4.11 (d, J = 6.0 Hz, 4H), 4.43~4.58 (m, 2H), 4.64 (m, 1H); 19F NMR (282.7 MHz, CDCl3)  

δ (ppm): −78.97~−85.64 (m, 4F), −80.48 (m, 3F), −81.82 (m, 3F), −82.63 (m, 3F), −130.06 (s, 2F), 

−132.01 (dm, J = 20.0 Hz, 1F), −145.65 (m, 1F). 

A flask was charged with 15, KHF2 (239 g, 3.06 mol), acetnitrile (1.5 L) and water (1.5 L). The 

mixture was stirred at 20 °C for 24 h, and organic phase was separated from aqueous phase. The 

aqueous phase was extracted with MTBE (200 mL). The combined organic phase was washed with 

water (2 × 200 mL), dried over MgSO4, filtered, and freed of solvent in vacuo. The residue separated 

into two layers and the upper one (mainly α-chlorotoluene) was removed. A crude mixture (373 g), 

including 16, was obtained. The large scale column chromatography on silica gel using a Biotage Flash 

150M pre-packed column (KP-Sil silica, 15 cm ID × 30 cm long) with hexane-ethyl acetate (3:1) as 

the eluent furnished 16 (269 g, 354 mmol, 46% from 14), which was directly used for the next liquid 

phase fluorination reaction; 1H NMR (300.4 MHz, CDCl3) δ (ppm): 2.06 (qui, J = 6.0 Hz, 2H), 3.77 (t, 

J = 5.9 Hz, 2H), 3.79 (dd, J = 3.2, 5.7 Hz, 4H), 4.42~4.58 (m, 3H); 19F NMR (282.7 MHz, CDCl3)  

δ (ppm): 61.56 (s, 2F), −79.01~−85.62 (m, 4F), −80.51 (m, 3F), −81.86 (m, 3F), −82.69 (m, 3F), 

−130.09 (s, 2F), −132.03 (dm, J = 18.8 Hz, 1F), −145.65 (m, 1F); IR (neat): 3003.9, 2953.8, 1781.6, 

1420.6, 1239.5, 1149.8, 1038.7, 993.8, 804.2, 744.8 cm−1.  
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2.3.6. Perfluoro[6-Fluorosulfonyl-5-(Fluorosulfonylmethyl)-4-Oxahexanoyl] Fluoride (18) 

In a 3 L autoclave made of stainless steel, equipped with a condenser maintained at 25 °C, an NaF 

pellet packed layer and a condenser maintained at −10 °C in series at its gas outlet, as well as a liquid 

returning line in order to return the condensed liquid from the condenser maintained at −10 °C, 6  

(4,520 g) was stirred at 25 °C. Nitrogen was blown into the system for 1 hr, and then 20% F2/N2 for  

0.5 h at a flow rate of 93.4 L/h. While blowing 20% F2/N2 at the same rate, the internal pressure of the 

reactor was raised to 0.1 MPa, and a solution of 16 (404 g, 532 mmol) in R113 (1,640 mL) was 

injected over a period of 31.5 h. After the injection, 20% F2/N2 was further blown at the same rate for  

8 h. The reactor was cooled to room temperature and purged with nitrogen. The removal of the solvent 

afforded the crude mixture (643 g), including the perfluorinated ester 17; 19F NMR (282.7 MHz, 

CDCl3) δ (ppm): 46.59 (2F), −78.62 ~ −80.46 (4F), −82.15 (8F), −84.23 ~ −87.36 (5F), −104.54 (4F), 

−128.40 (2F), −130.16 (2F), −132.26 (1F), −133.78 (1F), −145.96 (1F). 

A flask was charged 623 g of the mixture above and KF (3.16 g, 54.3 mmol). The mixture was 

heated at 90 °C for 1.5 h. The distillation in vacuo provided 18 (99.5 g, 216 mmol, 36% from 16); bp 

77 ~ 78 °C/40 mmHg ; 19F NMR (282.7 MHz, CDCl3) δ (ppm): 46.65 (s, 2F), 25.29 (tt, J = 4.6, 9.2 Hz, 

1F), −81.37 (d, J =13.7 Hz, 2F), −104.60 (m, 4F), −120.53 (m, 2F), −133.72 (t, J =19.8 Hz, 1F).  

2.3.7. Perfluoro[9-Fluorosulfonyl-8-(Fluorosulfonylmethyl)-2-Methyl-3,7-Dioxanonanoyl] Fluoride (19) 

18 (82.7 g, 180 mmol), CsF (2.33 g, 15.3 mmol) and monoglyme (18.0 g) were charged into a 

200 mL vacuumed autoclave. The mixture was stirred and hexafluoropropene oxide (HFPO, 33.0 g, 

199 mmol) was introduced at 5 °C. Internal pressure was raised to 1.4 atm. The mixture was further 

stirred for 1 h. The distillation in vacuo provided 19 (38.9 g, 62.0 mmol) and recovered 18 (35.9 g, 

78.0 mmol) (conversion = 57%, yield of 19: 60%); bp 79~80 °C/5 mmHg ; 19F NMR (282.7 MHz, 

CDCl3) δ (ppm): 46.65 (s, 2F), 26.66 (q, J = 4.6 Hz, 1F), −78.95 (ddt, J = 18.3, 149.5, 7.6 Hz, 1F), 

−79.32 (m, 2F), −82.08 (s, 3F), −86.35 (dm, J =149.5 Hz, 1F), −104.46 (m, 4F), −128.20 (s, 2F), 

−130.87 (d, J = 16.8 Hz, 1F), −133.73 (m, 1F).  

2.3.8. Perfluoro[2-(Fluorosulfonylmethyl)-3,7-Dioxa-8-Nonene]Sulfonyl Fluoride (4) 

To a suspension of KHCO3 (6.03 g, 60.2 mmol) in monoglyme (59 mL) was added 19 (35.6 g,  

52.6 mmol) dropwise for 30 min at 4 °C. The mixture was stirred for 30 min and freed of solvent  

in vacuo at 95 °C for 8 days and 120 °C for 2 days. Crude potassium perfluoro[9-fluorosulfonyl-8-

(fluorosulfonylmethyl)-2-methyl-3,7-dioxanonanoate] (21.1 g, 29.7 mmol) was obtained. The potassium 

salt was heated to 200 °C under reduced pressure (3 mmHg). Gas generated was corrected in a liquid 

nitrogen trap. Condensed liquid in the trap was washed with water (10 mL) to afford 4 (8.35 g, 

13 mmol, 25%); 19F NMR (282.7 MHz, CDCl3) δ (ppm): 46.62 (s, 2F), −79.45 (m, 2F), −85.56 (m, 2F), 

−103.14 ~ −105.38 (m, 4F), −113.27 (dd, J = 65.6, 82.4 Hz, 1F), −121.66 (ddt, J = 82.4, 112.9, 6.1 Hz, 

1F), −128.27 (s, 2F), −133.65 (m, 1F), −135.67 (ddt, J = 65.6, 112.9, 6.1 Hz, 1F); IR (neat): 1839.4, 

1777.6, 1468.6, 1340.6, 1286.4, 1213.6, 1167.1, 999.0, 812.2 cm−1; HRMS (CI) m/z (M-F+, C8F15O6S2
+) 

calculated 540.8897, found 540.8898. 
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3. Results and Discussion 

3.1. Synthesis and Evaluation of the Anti-staining Coating Material 

3.1.1. Synthesis of a PFPE which Possesses –(CF2CF2O)– as a Repeating Unit (Scheme 3) 

It has so far been quite limited to synthesize a perfluorinated poly(ethylene glycol) structure. It has 

only been achieved by liquid-phase direct fluorination. Lagow et al. reported this synthesis by utilizing 

liquid-phase direct fluorination with elemental fluorine [12]. However, the method cannot be applied 

directly to the synthesis of PFPE derivative 3, because 3 has a non-fluorinated functionalized group in 

one end. The synthesis of PFPEs starting from diols and tetrafluoroethylene was also  

effective [13]. However, it seemed to be difficult to apply it to the mono-functionalized  

PFPE derivative 3. 

Scheme 3. Synthesis of PFPE derivative 3. 

 

On the other hand, the PERFECT method enables it by employing a partially-fluorinated compound 

as the substrate, synthesized from a non-fluorinated alcohol [9]. According to the typical PERFECT 

procedure [8], firstly, poly(ethylene glycol) monomethyl ether (5) was reacted with a perfluoroacyl 

fluoride 6 to obtain partially-fluorinated ester 7. Next, perfluorination was achieved by liquid-phase 

direct fluorination with elemental fluorine to give the perfluorinated ester 8. Injection of a diluted 

solution of benzene after substrate addition was effective for complete perfluorination, because 

benzene reacts with elemental fluorine to generate many fresh fluorine radicals. Instead of the thermal 

elimination in the typical PERFECT procedure, methanol was added to perfluorinated ester 8 to 

provide the desired methyl ester 9 of the PFPE and the methyl ester of the starting perfluoroacyl 

fluoride 6, which was removed from the mixture by distillation. Finally, 9 was treated with 10 to afford 

the desired 3. The overall yield from the starting material 5 was 83%. 

Thus, the target PFPE derivative 3 for an anti-staining coating material was successfully synthesized 

by employing the PERFECT process as a key step. 

3.1.2. Evaluation of Water and Oil Repellency 

Water and n-hexadecane contact angles and friction coefficient are summarized in Table 1. As can 

be seen in Table 1, 3 showed higher water and oil (n-hexadecane) contact angles and lower friction 
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coefficient than the conventional anti-staining material 1a. This is because 3 has more fluorine contents 

in a molecule and a higher degree of molecular mobility, due more to an ether bond than 1a. Higher 

hydrophobic and oleophobic properties will give a better anti-staining performance. Moreover, a lower 

friction coefficient predicts that 3 will have both better stay-clean and easy-to-clean characteristics. 

Table 1. Contact angle and friction coefficient of coating glass. 

Material Water (deg.) n-Hexadecane (deg.) friction coefficient 

3 108 71 0.159 
1a 105 65 0.184 

3.1.3. Abrasion Resistance Test 

The effect of the abrasion resistance is also a key parameter when considering the use of 3 coating 

on surfaces subjected to physical wear. An abrasion test of the treated surface is a method commonly 

used to predict the effective life of the surface modification. The results are shown in Figure 1. As can 

be seen from Figure 1, there was a significant difference in the resistance to abrasion as measured by 

water contact angle. After 200 cycles the conventional 1a material had a drastic reduction in water 

contact angle, while 3 maintained high contact angle even after 1,000 cycles. It is considered that both 

longer molecular chain and lower friction coefficient of 3 contribute to this higher abrasion property. 

Figure 1. Abrasion Resistance Test. 

  

3.2. Synthesis of Perfluorobis(alkanesulfonyl) Monomer (Scheme 4) 

To date, the method to prepare perfluorobis(sulfonyl) compounds has been very limited. Forohar 

and DesMarteau reported fluorobis(fluorosulfonyl)acetyl fluoride, (FSO2)2CFCOF [14]. The yield of 
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this compound, however, was low, and it easily decarbonylated in the presence of fluoride ions. 

Instead of employing this method, we adopted a totally different approach, which includes the 

PERFECT process as a key step. It enabled us to build the perfluorinated backbone structure with two 

fluorosulfonyl groups and one fluorocarbonyl group from a non-fluorinated sulfonyl compound 

prepared by organic synthesis. Then, the introduction of a polymerizable trifluorovinyloxy group was 

carried out using hexafluoropropene oxide. Our method seemed not to have the problem described 

above, since the fluorocarbonyl group reacts with hexafluoropropene oxide prior to decarbonylation. 

The synthetic path to 4 is shown in Scheme 4. 

Scheme 4. Synthesis of perfluorobis(alkanesulfonyl) monomer 4. 

 

Compound 11 was prepared by a nucleophilic attack of α-toluenethiol to epichlorohydrin [15]. 

Allylation of the hydroxy group (allyl bromide-NaH-THF, 0 °C, 1 h, then 25 °C, 20 h) produced  

12 [16]. Hydroboration-oxidation was performed to the double bond of 12 (1. dicyclohexylborane-THF, 
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0 °C, 19 h; 2. NaOH aq. then 30% H2O2) to furnish 13. When the borane/THF complex was used as 

the hydroboration reagent, the unwanted secondary alcohol (2°-ol) was formed with the desired 13  

(13: 2°-ol = 69:31). Using the more sterically hindered dicyclohexylborane as the borane reagent 

essentially eliminated 2°-ol [17]. The compound 13 was condensed with perfluoro-2,5-dimethyl-3,6-

dioxanonanoyl fluoride (6) (triethylamine-dichloromethane, 0 °C, 1 h, then 25 °C, 3 h) to afford the 

ester 14. Oxidation of 14 by chlorine (acetic acid-water, 25 °C, 16 h) [18], followed by treatment with 

KHF2 (acetonitrile-water, 25 °C, 24 h) provided the sulfonyl fluoride 16 [19]. The PERFECT process  

was applied to 16 (1. 20% F2/N2-trichlorotrifluoroethane, 20 °C, 1.5 h; 2. KF, 90 °C, 1.5 h) to furnish 

18 [8]. The reaction of 18 with hexafluoropropene oxide (CsF-diglyme, 0 °C, 1 h) proceeded to obtain 

19, which was decarbonylated (1. KHCO3-glyme, 0 °C, 0.5 h; 2. 120 °C, 3 h, then 200 °C, 1 h) to 

afford the desired 4 [20]. 

The overall yield of 4 was as low as 2%, the net result of several low yield steps. The single lowest 

yield was the fluorination step. C-S bond disconnection occurred as in the case of the fluorination of 

other C-S bond containing substrates [11]. The typical yields of the fluorination of the substrates with 

one C-S bond have been 60–70%. The substrate 16, however, has two C-S bonds so that there is a high 

chance of the disconnection compared with substrates with one C-S bond. The introduction of sulfur 

into fluorinated molecules should be reconsidered. 

The yields of the steps after the fluorination were also low. They could be improved after 

optimizing the reaction conditions. 

4. Conclusions  

Applying the PERFECT process, a perfluoropoly(ethylene glycol) derivative has been synthesized, 

and proved to be a surface treating agent, which is excellent in water-and-oil repellency and efficiency 

for the removal of oil-and-fat stains. An industrial application to stain-proof glass is now being studied. 

Furthermore, the monomer having two sulfonyl groups has been synthesized by utilizing the 

PERFECT process. Polymerization with it and application to PEMs of fuel cells are items to be studied. 

The polymer made from the monomer is expected to show good performance and enhanced durability 

when used for PEMs of electropower systems. 

Thus, the PERFECT process provides the synthetic method of entirely new functional fluorinated 

molecules for leading-edge industries. 
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Abstract: The α,ω-dialkoxyfluoropolyethers (DA-FPEs) characterized by the structure 

RHO(CF2CF2O)n(CF2O)mRH have been developed as a new class of environmentally 

friendly hydrofluoroethers (HFEs) suitable as solvents, long-term refrigerants, cleaning 

fluids, and heat transfer fluids. Synthetic methodologies for DA-FPEs described here 

consist of radical-initiated oxypolymerization of olefin, peroxy-elimination reaction in 

peroxidic perfluoropolyethers (P-PFPEs) and further chemical modification of  

α,ω-diacylfluoride PFPE. The physical properties of selected α,ω-dimethoxyfluoropolyethers 

(DM-FPEs) have been evaluated and compared with analogous hydrofluoropolyethers 

(HFPEs) having -OCF2H as end-groups. Atmospheric implications and global warming 

potentials (GWPs) of selected DA-FPEs are also considered. 
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1. Introduction 

α,ω-Dialkoxyfluoropolyethers (DA-FPEs) are partially fluorinated polyethers not containing 

chlorine atoms. Hence, they do not contribute to ozone depletion [1]. 

RHO(CF2CF2O)n(CF2O)mRH  RH = CH3,C2H5, CH2=CHCH3 (1)

The incorporation of two alkoxy-groups provides reactive sites, which limit their atmospheric 

lifetime [1–3]; therefore, when compared with perfluoropolyethers (PFPEs), they have a lower 

environmental impact in terms of global warming potential (GWP) [1]. Furthermore, perfluorinated 

ether units from polymeric backbones also makes them well characterized by typical properties of 

PFPEs, like high thermal and chemical stability, no acute toxicity and excellent heat exchange 

properties [4]. Lastly, due to the presence of the above-mentioned alkoxy-groups as ending groups, 

they show good solvent properties with several organic liquids, such as ketones and alcohols [5].  

All these appealing properties of DA-FPEs make them excellent candidates as CFC, perfluocarbons 

and halons substitutes in a number of applications, like foaming and fire extinguishing agents, cleaning 

agents for sophisticated electronic devices and heat transfer fluids [6–8]. 

2. Syntheses of α,ω-Dialkoxyfluoropolyethers 

The synthesis of DA-FPEs described here involves a combination of a few innovative and 

conventional synthetic technologies. The whole process includes the following steps: (1) The oxidative 

polymerization of perfluoroolefinic monomers into peroxidic perfluoropolyethers (P-PFPEs) as a 

precursor; (2) the subsequent reduction of P-PFPEs to produce diacyl fluorides perfluoropolyether 

(DAF-PFPE); (3) and the further chemical modification of α,ω-diacyl functional groups of DAF-PFPE 

to yield the final products α,ω-dialkoxyfluoropolyethers. 

2.1. Oxypolymerization of Perfluoroolefin 

Oxidative polymerization of perfluoroolefinc monomers like tetrafluoroethylene (TFE) by 

molecular oxygen into P-PFPEs (A) described in Figure 1, is a well-known reaction [9]. 

Figure 1. Oxidative polymerization of tetrafluoroethylene. 

 

The forming peroxidic polymer has the following general structure: TO-(CF2CF2O)p-(CF2O)r-(O)q-T’, 

comprising fluoroether repeating units (-CF2CF2O- and -CF2O-), interspersed peroxy units  

(-CF2CF2OO- and -CF2OO-) and perfluorinated alkyl groups, acyl fluoride or fluoroformate as chain 

end-groups (T, T’). Practically, this oxypolymerization can be activated either by high energy UV light 

or by employing elemental fluorine or perfluoroalkyl hypofluorites, especially CF3OF, as chemical 

initiators [9]. The peroxidic polymer is the result of a complex free radical oxidation reaction 

dominated by the chemistry of perfluoro oxyradicals [10]. The composition and the reaction yields of 
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forming PFPE polymers depend on irradiation condition, TFE concentration, fluid dynamics of the 

system and other classical physical parameters like temperature and pressure. Commonly, the  

average molecular weight of formed P-PFPEs (A) is more than 104 amu [11]. Carbonyl fluoride and 

tetrafluoroethylene oxide are the main by-products. 

2.2. Deperoxidation of P-PFPEs 

α,ω-Diacyl PFPE can be obtained by thermal treatment or chemical reduction of peroxide bonds 

present in the above mentioned peroxidic precursor. Under the appropriate thermal treatment, 

homolysis of fragile peroxide bonds in P-PFPEs (A) produces PFPE alkoxy radicals; subsequently, the 

cleavage of the bond in ß-position to the oxygen-centered radicals leads to the formation of reactive 

carbon-centered PFPE radicals [12,13]. The fast cage-combination reaction of these radicals takes 

place and leads to a PFPE material in which acyl fluoride and fluoroformyl moieties are nearly 50% of 

the end groups (Figure 2). Generally, above 150 °C those fluoroformate groups can also be converted 

into acyl fluorides. After the thermal treatment of the peroxidic PFPE, the reduced PFPE products can 

be distinguished into two fractions: The major one includes PFPE with monoacid end-groups, while 

the minor one comprises completely neutral (perfluoroalkyl end-groups) and diacyl fluoride PFPEs. 

Figure 2. Deperoxidation of P-PFPEs by thermal treatment. 

 

P-PFPEs (A) can also be converted directly to diacyl fluoride PFPEs, 

F(O)CCF2O(CF2CF2)n(CF2O)mCF2C(O)F, by chemically induced reduction of the peroxide unites with 

better yield compared with thermal treatment (Figure 3). The chemical reduction is performed with 

reducing agents, such as hydrogen iodide or with molecular hydrogen in the presence of a noble metal 

catalyst (e.g., Palladium) [14]. 

Figure 3. Deperoxidation of P-PFPEs by chemical reduction. 

 

2.3. Preparation of DA-FPEs by DAF-PFPE Alkylation 

Finally, hydrofluoropolyethers DA-FPEs are prepared through the reaction of diacyl fluoride PFPEs 

(DAF-PFPEs) with electrophiles in the presence of a source of fluorine ions, generally, metal fluorides. 

This process actually comprises two steps (Figure 4): Firstly, in aprotic polar solvent, DAF-PFPEs 

react with fluoride ions released from metal fluorides to form metal perfluoroalkoxides 

M+−OCF2RFCF2O
−M+ as intermediates; secondly, metal perfluoroalkoxide is alkylated by a suitable 

alkylating agent X-RH leading to the introduction of alkoxy groups at the end of the perfluoropolyether 

chain. 
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Figure 4. General two step reaction for synthesis DA-FPEs. 

 

Metal perfluoroalkoxides are known as compounds characterized by low nucleophilicity [15] and 

they decompose into acylfluorides and metal fluorides, generally around room temperature. In order to 

increase the stability and the nucleophilic strength of these species, polar aprotic solvents (e.g., diglyme, 

tetraglyme) are generally required. The stability of these species depends on the nature of metal 

fluoride [16], temperature, and the solvent [17]. Metal perfluoroalkoxides are also important industrial 

intermediates in the synthesis of hypofluorites like CF3CF2OF [18] and fluorinated vinylethers [19,20]. 

Completely anhydrous reaction conditions are required, because in presence of water the hydrolysis of 

acyl fluoride groups generates hydrofluoric acid, HF, which can be absorbed by the solid metal 

fluoride giving MHF2 [16]. Because of the low nucleophilicity of perfluoroalkoxides, strong alkylating 

agents with high electrophilicity are needed to effectively react with metal perfluoroalkoxides and 

form DA-FPEs. 

2.3.1. Alkylation of PFPE Dialkoxides 

In the past years, there have been many disclosures reported on finding effective alkylating agents 

suitable for perfluoroalkoxides. Dialkylsulfate was one of the first specific reagents used [21], because 

of its strong alkylating ability. In fact, it has been used to alkylate almost every nucleophile [22,23], 

but the alkylating temperature of dialkylsulfate needs to be lower than 20 °C and undesired viscose 

gels can be formed at this temperature and remarkably reduce the alkylation rate and yield. Moreover, 

dialkyl sulfates are highly toxic and their carcinogenic activity makes them inapplicable for large-scale 

industrial production. 

Figure 5. Alkyl ester of the polysulphonic PFPE. 

 

Dialkyl sulfites and the alkyl ester of polysulphonic PFPE (Figure 5) were also proposed and 

applied as alkylating agents in reactions with acylfluorides to synthesize hydrofluoroethers (HFE) 

[6,24]. Compared with dialkyl sulfate, dialkyl sulphite and the alkyl ester of polysulphonic PFPE are 
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considered non-carcinogenic, and their alkylating temperature over 100 °C avoids the formation of 

undesired gels. However, the molar yield of the product resulting from the use of these two alkylating 

agents is low (below 20%), in addition, the preparation of alkyl ester polysulphonic PFPE is 

particularly difficult. 

Fluorovinyl alkyl ethers, (CF3)2C=CFO-RH, were also considered as one of the most effient but 

expensive class of alkylating agent for metal perfluoroalkoxides [25]. A high molar yield of HFEs  

was achieved by using heptafluoro-iso-butenyl methyl ether [26] in the reaction with metal 

perfluoroalkoxides, shown in Figure 6(a). A nonvolatile conjugated base (CF3)C=CO−FK+ was formed 

as by-product after the reaction that can be hydrolyzed into its carboxylic acid (CF3)2CHC(O)OH. 

Lastly, the carboxylic acid was decarboxylated with an aqueous base to form hexafluoropropane as 

another valuable product; this reaction is shown in Figure 6(b). Fluorovinyl alkyl ethers are 

commercially available products and they can also be prepared following the synthetic route described 

in Figure 6(c): The reaction between perfluoro-iso-butene (1) and a proper alcohol produces an 

octafluoro-iso-butyl alkyl ether (2) and by its subsequent dehydrofluorination the alkylating agent (3) 

and HF are synthesized. 

Figure 6. (a) Reaction between DAF-PFPEs and fluorovinyl alkyl ethers; (b) Byproduct 

converted into hexafluoropropane; (c) Synthetic route for alkylating agent -fluorovinyl 

alkyl ethers. 

 

(a) 

 

 

(b) 

 

 

 

(c) 

 

Newly developed alkylating agents which have strong a alkylating ability and less toxicity have 

been emerging in the past years, but these kinds of alkylating methods have an unavoidable common 

drawback: A stoichiometric amount of metal fluoride is usually needed to provide metal 

perfluoroalkoxides, and large amounts of partially reacted solid metal fluoride is left over after the 

reaction. 

2.3.2. Catalytic Alkylation of Perfluoro(mono)acyl Fluorides and DAF-PFPE 

A classical example of catalytic alkylation is the alkylation of perfluoroacyl fluorides performed by 

employing SbF5 as acid catalyst in anhydrous medium that reacts with alkyl fluoride to produce HFE 

(Figure 7). The first step in this pathway is the reaction of SbF5 with alkyl fluoride forming high 

valence metal SbF6
–. The extra F ion from SbF6

– attacks the carbonyl group of acyl fluorides forming 
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alkoxides. Subsequently, the nucleophilic addition to in situ generated alkoxides produces the PFPE 

with alkoxy-group endings. In this reaction, work-up with a large amount of partially reacted metal 

fluoride is avoided; however, the drawback of this method is that the active acid catalyst may promote 

undesired isomerization or decomposition reactions and consequently deliver low or erratic yields [27]. 

Figure 7. Alkylation of acylfluorides with SbF5 as acid catalyst. 

 

DA-PFPEs can be also successfully obtained via a novel synthetic route that consists in the reaction 

of DAF-PFPEs with alkyl fluoroformate (Figure 8) in the presence of a source of fluorine ions, 

generally metal fluoride (MF); the reaction can be regarded as catalytic alkylation of in situ generated 

PFPE dialkoxides. 

Figure 8. Reaction between DAF-PFPEs and alkyl fluoroformate with metal fluoride as 

source fluorine ions. 

 

Table 1. Preparation of selected DA-PFFEs through perfluoropolyether acylfluorides 

alkylation. 

Acylfluoride Fluoroformate HFE Conv.% Sel.% 

z-DAF a CH3OC(O)F CH3O-(Z-PFPE)-OCH3 90 100 
z-DAF a CH3CH2OC(O)F CH3CH2O-(Z-PFPE)-OCH2CH3 96 100 
z-DAF a CH2=CHCH2O(O)F CH2=CHCH2O-(Z-PFPE)-OCH2CH=CH2 90 100 

a linear DAF-PFPE: FC(O)CF2O-(CF2CF2O)n(CF2O)m-CF2C(O)F (AMW 620 amu). 

This fluoride-catalyzed fluoroformates alkylating reaction gives DA-PFPEs in good yield and CO2 

is the only by-product. Due to the big differences of boiling points among alkyl fluoroformates,  

DAF-PFPE and DA-PFPEs, un-reacted alkylating reagents can be easily restored through a standard 

distillation. Alkyl fluoroformate can be methyl, ethyl as well as allyl fluoroformates. The great variety 

of fluoroformate alkylating reagents improves the utility of this straightforward alkylating reaction. 

Examples of several successfully employed fluoroformates, which reacted with high boiling point 

linear DAF-PFPE with good selectivity and yield are reported in Table 1 [28,29]. 

This catalytic alkoxides alkylation followed two supposed pathways (Figure 9): (a) A nucleophilic 

addition of the perfluoroalkoxide to alkyl fluoroformate directly forming the DA-FPE and CO2;  

or (b) through the carbonate intermediate, RFCFOC(O)ORH, followed by a second nucleophilic 

substitution to generate the corresponding products [28]. According to both pathways, the rearrangement 

of the fluoroformate group can release fluorides and replenish the perfluoro-alkyloxy-anions formation 

by reacting with a new acylfluoride. Therefore, alkyl fluoroformates can be applied not only as 

alkylating agents but also as an alternative fluorine ion source for the alkoxide formation. 
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Figure 9. Reaction mechanism for the synthesis of DM-FPEs. For clarity, here using Rf-

C(O)F to represent DAF-PFPEs. 

(a) 

 

(b) 

 

The alkyl fluoroformates are not commercially available and their synthesis comprises the reaction 

of carbonyl difluoride with alcohols at a low temperature in the presence of anhydrous sodium 

fluoride. The main by-products of their synthesis are alkyl carbonate, RHOC(O)ORH, and hydrogen 

fluoride. Alkyl carbonate is formed by further reaction of the forming methyl fluoroformate with 

alcohol. Hydrogen fluoride can be rapidly scavenged by sodium fluoride [30]. 

3. Chemical Physical Properties of α,ω-Dialkoxyperfluoropolyethers 

One of the most representative classes of DA-FPEs is that of α,ω-dimethoxyfluoropolyethers  

(DM-FPEs) with the structure CH3O(CF2CF2O)n(CF2O)mCH3 (where the indices n and m define the 

random distribution of the related moieties content). In Table 2, the structures and molecular weights 

of four DM-FPEs samples are reported. The chemical structure is also identified by two digit numbers  

(i.e., 01, 02, 03 and 13): The first digit indicates the number of –CF2O– units and the second digit 

indicates the number of –CF2CF2O– units in the molecule. 

Table 2. Structure, molecular weight (MW) and purity of DM-FPEs samples. 

Sample Structure MS Purity (%, by GC) 

DM01 CH3OCF2CF2OCH3 162 99.8 
DM02 CH3OCF2CF2OCF2CF2OCH3 278 99.9 
DM03 CH3OCF2CF2OCF2CF2OCF2CF2OCH3 394 99.0 
DM13 CH3OCF2CF2OCF2OCF2CF2OCF2CF2OCH3 460 96.8 

3.1. Boiling Point  

The boiling points (b.p.) of DM-FPEs are reported in Figure 10 as a function of the number of 

backbone chain atoms (N), i.e., carbon plus oxygen atoms. They increase regularly with N.  

In Figure 10, DM-FPEs boiling points are also compared with those of α,ω-dihydrofluoroethers 

(HFEs) [31] and perfluoropolyethers (PFPEs) [32]. 
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Figure 10. Boiling points as a function of the number of chain atoms, N, for DM-FPEs (×), 

HFEs (□) and PFPEs (○). 

 

The highest boiling points are those of DM-FPEs, the intermediates are HFEs and the lowest ones 

are PFPEs. The above-mentioned result reflects the typical low intermolecular interactions of 

perfluorinated compounds. Partially fluorinated ethers, like HFEs and DM-FPEs, display higher 

boiling temperatures and this is indicative of greater intermolecular polar interactions [11]. 

Considering three similar fluoromethylethers, CF3OCF3 (b.p. 214 K; μ = 0.49 D), CF2HOCF3  

(b.p. 238 K, μ = 1.18 D) and CH3OCF3 (b.p. 250 K, μ = 2.56 D), the boiling points and the dipole 

moments have analogous tendencies [33]. The progressive substitution of fluorine atoms with 

hydrogen in the methoxy end caps leads to a stronger dipole and consequently, to an increase of the 

boiling point, as shown in Figure 10. The boiling point differences between PFPEs and HFEs and 

between PFPEs and DM-FPEs are not constant but decrease continuously with the chain length. Since 

the attractive forces are due to polar terminal groups, their relative intensity decreases as N increases 

and, as a result, the boiling points of HFEs, DM-FPEs and PFPE tend to an asymptote at higher N 

values. 

3.2. Density 

A comparison of the specific volume (Vsp) at 298 K of DM-FPEs, HFEs and PFPEs series is shown 

in Figure 11. The DM-FPEs sequence shows the highest specific volume and the PFPEs the lowest at 

identical number of chain atoms, N. The Vsp of PFPEs is almost constant and independent of N.  

The specific volumes of DM-FPEs and HFEs decrease continuously to a plateau that approximately 

coincides with the constant Vsp of PFPEs. This behavior can also be explained on the basis of the 

differences between terminal groups. Moving from –CF3 to –CF2H and to –CH3, the molecular weight 

of the groups diminishes; on the contrary, the variation of volume is less noticeable because the  

Van der Waals radii of fluorine and hydrogen are similar [34]: 0.147 and 0.12 nm, respectively. 

Consequently, the difference in specific volume between the three series is mainly due to the variation 

of molecular weight, explaining the tendencies of Vsp observed in Figure 11. Furthermore, as the 

weight fraction of the chain ends decreases with N, it is logical that the specific volume of HFEs and 

DM-FPEs tends to the Vsp values of PFPEs when the chain is sufficiently long. 
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Figure 11. Specific volume at 298 K as a function of the number of chain atoms, N, for 

DM-FPEs (×), HFEs(□) and PFPEs (○). 

 

3.3. Vapor Pressure and Vaporization Enthalpy 

The vapor pressure data, plotted as Clausius-Clapeyron equation in Figure 12, show a deviation 

from linearity at low temperatures, which is common for many oligomeric substances. Vaporization 

enthalpies (ΔHv) are also derived from the Clausius-Clapeyron plot in the range of temperatures in 

which the function is linear. 

The ΔHv data of DM-FPEs, reported as a function of number of chain atoms, N, are compared with 

those of HFEs and PFPEs in Figure 13. These data indicate the highest values for DM-FPEs, 

intermediate for HFEs and the lowest for PFPEs. As the effect of the polar terminal groups  

(–OCF2H and –OCH3) diminishes with the length of the chain, ΔHv also decreases and tends to the 

values of PFPEs when N is above 15 [4]. 

Figure 12. Clausius–Clapeyron plot for DM-FPEs: DM01 (×), DM02 (□), DM03 (○) and 

DM13 (Δ). (See also Table 2 for detailed composition of these DM-FPEs samples.) 
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Figure 13. Vaporization enthalpy, ΔHv, as a function of the number of chain atoms, N, for 

DM-FPEs (×), HFEs (□) and PFPEs (○). 

 

3.4. Refractive Index  

The refractive indices of the series DM-FPEs and HFEs plotted as a function of the number of chain 

atoms, N, indicate two opposed behaviors (Figure 14). In particular the refractive index n increases for 

DM-FPEs and decreases for HFEs. In both cases, increasing the chain length, the refractive indices 

tend to a plateau value, close to the characteristic refractive index of linear PFPEs (1.290–1.295) [11]. 

The tendencies of DM-FPEs and HFEs refractive indices are mainly due to the terminal groups that 

contribute to n in an opposite way. As reported in the literature, the group influence of –OCH3 is 

higher than that of –OCF3, while that of –OCF2H is lower [35]. 

Figure 14. Refractive index (n) at 293 K as a function of the number of chain atoms, N, for 

DM-FPEs (×) and HFEs (□), and the range of refractive index of linear PFPEs. 
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4. Atmospheric Chemistry of DA-FPEs 

The absence of chlorine atoms in HFEs makes them possess a negligible ozone depleting potential 

(ODP), but the presence of C-F and C-O bonds may absorb in the terrestrial infrared radiation region 

(800–1200 cm−1), and could play a significant role as a greenhouse gas. Therefore, considerable attention 

has been paid in recent years to perform both experimental and theoretical studies on atmospheric 

chemistry of HFEs. However, surprisingly, only relatively little information about DA-FPEs has been 

reported [36,37]. Since the only available data on DA-FPEs compounds are related to DM-FPEs with 

structure CH3O(CF2CF2O)nCH3 that only contain the –(CF2CF2O)– units, the discussion has been 

focused prevalently on the atmospheric chemistry of these compounds. 

4.1. Atmospheric Lifetimes and Decomposition Mechanism of α,ω-Dialkoxyperfluoropolyethers 

In 2004, the first understanding of the atmospheric chemistry for DM-FPEs was achieved by 

studying the kinetics and mechanism of CH3O(CF2CF2O)nCH3 (n = 1–3) oxidation which is initiated 

by Cl atoms and OH radicals in the atmosphere; the impact of their degradation products on the 

climate were also discussed [1]. Like most organic compounds, the primary tropospheric degradation 

of CH3O(CF2CF2O)nCH3 is mainly dominated by the attack of OH radicals [38]. Understanding of 

reaction kinetics is essential for the evaluation of the atmospheric lifetime of these molecules. In 

addition to the reaction with hydroxyl radicals (OH), organic compounds can also be removed from the 

atmosphere via photolysis, wet deposition, and reaction with NO3 radicals, Cl atoms, and O3 [38–40]. 

For saturated compounds such as CH3O(CF2CF2O)nCH3, reactions with NO3 radicals and O3 are 

typically too slow to be of importance [1]. The average concentration of Cl atoms in the troposphere is 

orders of magnitude less than that of OH radicals [41]. Reaction with Cl atoms will be a less significant 

atmospheric loss mechanism. Since ethers do not absorb at UV wavelengths > 200 nm, photolytic sink 

will be not be an important degradation pathway [42] either. Highly fluorinated molecules, such as 

CH3O(CF2CF2O)nCH3, are hydrophobic and wet deposition is unlikely to be of importance. In 

conclusion, the atmospheric lifetime of CH3O(CF2CF2O)nCH3 is determined by its reaction with OH. 

Smog chambers equipped with FTIR spectrometers were used to study the Cl atom and OH radical 

initiated oxidation of CH3O(CF2CF2O)nCH3 in 720 Torr of air at 296.3 K. Relative rate methods were 

used to measure k(Cl+CH3O(CF2CF2O)nCH3)) = 3.7 (±0.7) × 10−13 and k(OH+CH3O(CF2CF2O)nCH3) 

= 2.9 (± 0.5) × 10−14 cm3 molecule−1·s−1. The relative rate method is widely used to measure the 

reactivity of OH radicals with organic compounds [43]. The hydrogen abstraction reaction from the 

terminal groups has been assumed, according to established literature data, as the rate-determining step 

for the decomposition of the entire molecule [44]. It is well known that –CF2CF2– units are unreactive 

toward Cl and OH radicals. Thus, the reactivity of CH3O(CF2CF2O)nCH3 is confined to the C–H bonds 

on either end-groups of the molecule. Indeed, appropriate studies showed that the reactivity of the methyl 

group did not change noticeably by increasing the number n of –(CF2CF2O)– units from 1 to 3 [45]. 

Nevertheless, the average concentration of Cl atoms in the troposphere is orders of magnitude less than 

that of OH radicals [41]. Thus, knowing the k(OH+CH3O(CF2CF2O)nCH3)s rate constant, the  

DM-FPEs atmospheric lifetime has been evaluated to be two years [1]. 
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Tuazon et al. claimed that in air the oxidation of HFEs with difluoromethoxy ending groups, 

OCF2H, like HCF2OCF2OCF2CF2OCF2H, HCF2OCF2CF2OCF2H, and HCF2OCF2OCF2H, gives 

C(O)F2 as the only carbon-containing product [46]. For DM-PFEs which end with methoxy-groups, 

fluoroformates CH3O(CF2CF2O)nC(O)H were recognized as the only oxidation decomposition 

products with a 100% yield; the formed fluoroformates can be further oxidized to di-formates 

H(O)CO(CF2CF2O)nC(O)H [1]. Concerning the impacts of fluoroformates on the climate, since 

fluorinated esters are known to be easily hydrolyzed [46,47], it is usually assumed that they can be  

easily removed though wet deposition; therefore Andersen et al. [1] deduced that formate 

CH3O(CF2CF2O)nC(O)H is not expected to be persistent or pose any significant environmental hazard. 

However, Bravo et al. [48] assumed that the highly fluorinated nature of fluoroformates may decrease 

their solubility in water and could contribute a significant indirect GWP. Up to now, due to the lack of 

experimental data like gas-to-water equilibrium and solubility test of fluoroformates, it is still unclear 

how rapidly fluoroformates will be removed via uptake and hydrolysis in rain/cloud/seawater [49]. 

Further experimental examinations are needed for the determination of the atmospheric implication of 

fluoroformats. 

4.2. Global Warming Potential 

In 1995, Pinnock et al. outlined a method to determine the instantaneous forcings (IF) from the IR 

absorption spectra such as those reported in Figure 14. As the values of GWP can be estimated on the 

basis of the IF, in Table 3 GWP relative to carbon dioxide of DM-FPEs at 100 year time horizons has 

been reported, and the comparison with other greenhouse gases, such as CF3Cl (CFC-11), CF2HOCF3 

(HFE125), CH3OCF3 (HFE143a) and other HFEs, is reported in Table 3. 

Table 3. Atmospheric lifetimes and global warming potential (GWP relative to carbon 

dioxide) of DM-FPEs, CFC and HFE. 

 
IF 

(W·m−2·ppb−1) 
Lifetime 

(y) 
GWP 100 years 
Time horizon 

Reference 

CFCl3 (CFC11) 0.25 45 4750 IPCC/TEAP 
CF2HOCF3 (HFE125) 0.44 136 14900 IPCC/TEAP 
CH3OCF3 (HFE143a) 0.27 4.3 756 IPCC/TEAP 
C4F9OCH3(HFE-7100) 0.31 5 390 [50] 
HCF2OCF2H 0.40 11.3 3699 [8,9] 
HCF2OCF2OCF2H 0.66 12.1 2700 [50] 
HCF2OCF2CF2OCF2H 0.87 6.2 1500 [50] 
HCF2OCF2OCF2CF2OCF2H 1.37 6.3 1840 [8,9] 
CH3OCH3 0.020 0.015 0.3 [41,42] 
DM01 0.32 2 230 [1] 
DM02 0.61 2 270 [1] 
DM03 0.83 2 250 [1] 
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Figure 15. Infrared spectra of CH3OCF2CF2OCH3 (A), CH3O(CF2CF2O)2CH3 (B), and 

CH3O(CF2CF2O)3CH3 (C). 

 

It is evident from Table 3 that DM-FPEs have relatively high instantaneous forcing (IF) but much 

lower GWPs, if compared with CFC11 and HFE compounds. In addition, the higher the number of  

–(CF2CF2O)– units, the higher the absorption in the 800–1200 cm−1 range, that is responsible for the 

high IF. Thus the reason of the mitigation of DM-FPEs GWP is mostly due to their short atmospheric 

lifetimes and the emission of DM-FPEs into the atmosphere should not contribute significantly to the 

climate change. 

On the basis of the data of DM-FPEs which contain only –(CF2CF2O)– units and the studies on 

series of HFPE with –CF2H end-groups [51], it seems reasonable to expect that the reactivity of  

C–H bonds is independent from the number of -CF2O- units in the DM-FPE molecule. However, there 

are no available kinetic data for DM-FPEs with structure CH3O(CF2CF2O)n(CF2O)mCH3 to confirm 

this assumption. 

In addition, DM-FPE commercial products are mixtures of homologous copolymers with similar 

lengths but different unites, i.e., different n and m; further experimental studies are most likely necessary 

for a better understanding of the effects of the (CF2CF2O)n/(CF2O)m ratio on atmospheric chemistry of 

DM-FPEs. 
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Abstract: This article describes one-pot synthesis of new fluorinated hexahydroquinoline 

derivatives via unsymmetric Hantzsch reaction involving 5-trifluoromethyl-1,3-

cyclohexanedione, aldehydes, acetoacetate ester, and ammonium acetate in trifluoroethanol 

(TFE). The reaction is simple and rapid with high yield.  

Keywords: unsymmetric Hantzsch reaction; dihydropyridine; trifluoromethyl; 

hexahydroquinoline; acridinedione; trifluoroethanol 

 

1. Introduction 

Substituted 1,4-dihydropyridines (1,4-DHPs) are analogs of nicotine adenine dinucleotide 

dehydrogenase (NADH) coenzymes and are an important class of drugs [1]. In recent years, attention 

has been paid to the synthesis of 1, 4-dihydropiridines due to their significant biological activities [2]. 

They are well known as calcium channel modulators and have emerged as an important class of drugs 

for the treatment of cardiovascular diseases [3]. In particular, dihydropyridine drugs, such as 

nifedipine, nicardipine, amlodipine are effective cardiovascular agents for the treatment of 

hypertension [4]. Due to their ability to block the L-type calcium channel, DHPs, such as felodipines 

have been characterized as potentiators of several mutant cystic fibrosis transmembrane conductance 

regulator (CFTR) channels [5]. In addition, dihydropyridine unit has been used as a hydride source for 

reductive amination [6]. 
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Examples of 1,4-Dihydropyridine drugs. 

 

Heterocyclic ring system, such as acridinedione is generally considered to be among the most 

prevalent ring systems in medicinal chemistry [7]. They are known to be potent frameshift mutagens in 

virus and bacteria [8]. Acridinediones have also been reported as antimalarial agents [9]. 

Organic compounds bearing trifluoromethyl group have attracted considerable attention due to their 

role in organic, medicinal, and heterocyclic synthesis. In particular, the incorporation of fluorine atom 

has been used by medicinal chemists to tailor the physical and metabolic profiles of drug candidates [10]. 

For instance, addition of fluorine in the place of hydrogen has been known to enhance binding 

interactions, improve metabolic stability, increase CNS penetration, and eliminates ancillary ion 

channel activity by attenuating amine basicity [11]. The electronic effect of fluorine via induction is 

enormous and this change could have a major effect on the binding potential of the small molecules.  

Polycyclic compounds, particularly heterocycles are important in medicinal chemistry because their 

rigid structures permit selective interaction with proteins and other receptors. The literature has few 

reports of dihydropyridines containing the highly electronegative and lipophilic trifluoromethyl group. 

Thus, the synthesis of trifluoromethylated heterocyclic compounds has drawn much attention in recent 

years. In continuation of our efforts towards the synthesis of fluorinated heterocycles of biological 

importance, we turned our attention to the synthesis of fluorinated hexahydroquinoline derivatives in 

trifluoroethanol (Scheme 1), as potential calcium channel modulators. We chose 2,2,2-trifluoroethanol 

because the solvent appears to have low nucleophilicity, strong hydrogen bond donating ability and 

high polarity [12]. It is also cheap and relatively nontoxic.  

Scheme 1. Synthesis of fluorinated hexahydroquinoline from 5-trifluoromethyi-1,3-

cyclohehexanedione, aldehydes, β- ketoesters and ammonium acetate. 
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2. General 

Apart from 5-trifluoromethyl-1,3-cyclohexanedione that was discovered by our group [13], the 

reagents and solvents in the appropriate grades were purchased and used without further purification. 

Melting points were done on Mel-temp LL and were uncorrected. IR spectra were recorded on a Perkin 

Elmer Spectrum One FT spectrometer. 1H and 13C were recorded in CDCl3 on Oxford NMR 

(300 MHz) instrument using TMS as internal standard. The elemental analysis was carried out on 

Perkin Elmer 2400 Elemental Analysis (C-H-N). The single crystal X-ray diffraction of 4d was 

performed on the Rigaku XtaLAB Mini. 

General Procedure for synthesis of compounds 4a–u: 5-(trifluoromethyl)-1,3-cyclohexanedione 

(1 mmol), acetoacetate ester (1 mmol) aldehyde (1 mmol), ammonium acetate (1 mmol) were 

dissolved in 2 mL of TFE and stirred at 50 °C. The reaction progress was monitored by TLC and TFE 

was removed at the end of the reaction by distillation. The crude product was purified by recrystallization 

from ethanol with a few drops of water to afford pure fluorinated hexahydroquinoline derivatives.  

General Procedure for synthesis of compounds 5a–b: A mixture of 5-(trifluoromethyl)-1,3-

cyclohexanedione (2 mmol), aldehyde (1 mmol), ammonium acetate (1 mmol), were dissolved in 2 mL 

of TFE and stirred at 50 °C for 50 min. The progress of the reaction was monitored by TLC. The crude 

product was purified by recrystallization from ethanol to afford pure fluorinated acridinedione 5a-b. 

The spectroscopic data of selected compounds are shown below. 

4-(4-chlorophenyl)-2-methyl-5-oxo-7-trifluoromethyl-1,4,5,6,7,8-hexahydroquinoline-3-carboxylic 

acid ethyl ester (4d): mp = 258–259 °C, 1H NMR 300 MHz, CDCl3 : δ = 1.28 (t, J = 7.2 Hz, 3H), 1.65 

(s, 3H), 2.55–2.80 (m, 1H), 4.05 (q, J = 7.2, 2H), 5.01 (s, 1H), 6.60 (s, 1H, NH), 6.77 (d, J = 8.4 Hz, 

2H), 7.28 (d, J = 8.4 Hz, 2H), 13C NMR (300 MHz CDCl3): δ = 14.2, 19.1, 19.6, 25.9, 32.8, 41.4, 61.7, 

102.3, 112.0, 128.7, 130.5, 131.2, 137.5, 142.2, 150.7, 167.7, 198.8; IR (KBr, cm−1) 3287, 3209, 3088, 

2950, 1708, 1610; MS m/z: 75 (5%), 303 (100%), 413 (M+, 55%); Anal. Calc for C20H19ClF3NO3: C, 

58.05; H, 4.63; N, 3.38%. Found: C, 57.02; H, 4.60; N, 3.40%. 

9-(4-fluorophenyl)-3,6-bis(trifluoromethyl)-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione (5a): 

mp > 300 (decomposes), 1H NMR 300 MHz, CDCl3): δ = 1.36–2.81 (m, 8H, cyclohexyl-Hs), 2.81 (m, 

4H), 2.99 (m, 2H, CH next to CF3), 4.82 (s, 1H, CH), 7.10–7.21 (m, J = 8.0, 4H, Ar-H), 8.53 (s, 1H, 

NH); 13C NMR (300 MHz CDCl3): δ = 19.8, 25.8, 33.0, 111.9, 115.2, 130.7, 137.5, 140.0, 149.3, 160, 

198.9; IR(Nujol, cm−1): 3436 (NH), 1653 (O=C–C=C–NH). MS m/z: 75(5%), 353 (100%), 447(M+, 

50%). Calc for C21H16F7NO2: C, 56.38; H, 3.61; N, 3.13%. Found: C, 56.35; H, 3.66; N, 3.15%. 

3. Results and Discussion 

In an initial endeavor, we carried out the asymmetric Hantzsch reaction by condensing equimolar 

amount of 5-trifluoromethyl-1,3-cyclohexanedione, methylacetoacetate, unsubstituted benzaldehyde 

and ammonium acetate at 50 °C in trifluoroethanol. The reaction reached completion in 25 min 

(monitored by tlc) with 98% yield. Next, we extended the reactions using substituted aromatic 

aldehyde. The reactions were complete in 25 min as before with excellent yield regardless of the nature 

of the substituents on the aromatic ring. However when the reaction was carried out using 

butyraldehyde, the reaction was over in 50 min albeit in lower yields (entries 15, 16, Table 1) 
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Table 1. List of Compounds Synthesized and their percent yields. 

Entry a R R1 Product Yield (%) b 

1 Me 4a 98 

2 Et 4b 92 

3 Me 4c 91 

4 Et 4d 90 

5 Me 4e 90 

6 Et 4f 89 

7 Me 4g 95 

8 Et 4h 96 

9 Me 4i 97 

10 Et 4j 93 

11 Me 4k 99 

12 Et 4l 91 

13 Me 4m 97 

14 Et 4n 84 

15 
 

Me 4o 79 

16 Et 4p 72 

17 Me 4q 90 

18 Me 4r 90 

19 

 

Et 4s 97 

20 Et 4t 98 

21 

 

Et 4u 97 

a All reactions proceeded to completion 
b Yield after recrystallization 
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Upon completion of the synthesis of fluorinated hexahydroquinoline derivatives, we explored the 

synthesis of hexahydroacridinedione under similar conditions (Scheme 2 below). The reaction of two 

equivalents of 5-trifluoromethyl-1,3-cyclohexanedione with one equivalent each of aromatic aldehyde 

and ammonium acetate proceeded with good yield to give 5a and 5b, as shown in Scheme 2. 

Scheme 2. Synthesis of fluorinated hexahydroacridinedione from 5-trifluoromethyi-1,3-

cyclohehexanedione, aldehydes, and ammonium acetate. 

 

The Infra-red spectra of all the products showed intense signals for carbonyl (1740–1690 cm−1) and 

NH (3500–3300 cm−1) functional groups. The detailed results are given in Table 1. The structure of 4d 

was established by single crystal X-ray analysis (Figure 1) [12] and IR, NMR, and elemental analysis. 

The crystal data has been deposited in the Cambridge Crystallographic Data Center as supplementary 

publication number, CCDC 843861. This is the first report of such synthesis using 5-trifluoromethyl-

1,3-cyclohexanedione, rather than dimedone. 

Figure 1. ORTEP diagram of the single-crystal X-ray structure of 4d [14]. 

 

4. Conclusions 

In summary, we have described the synthesis of some new trifluoromethylated hexahydroquinoline 

and acridinedione derivatives via Hantzsch route using 5-trifluoromethyl-1,3-cyclohexanedione as a 

CF3-building block. The reaction conditions are mild, yields are high; reaction time is short;  

product isolation and purification are easy; and the overall process is cost effective and easy to handle. 

All the products are new and represent synthetically useful compounds for further elaboration. The 
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biological evaluation of these compounds will be investigated in the future and will be published in 

specialized journals. 
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Abstract: Our simple Meisenheimer model for predicting the principal site for 

nucleophilic substitution in aromatic perfluorocarbons is further tested on a series of 

recently published reactions in liquid ammonia primarily from Malykhin and coworkers. 

The model accurately predicts the experimental results for all of the reactions reported 

further confirming its general applicability. 

Keywords: nucleophilic substitution; fluorine-containing hetero-aromatics; Meisenheimer 

model 
 

1. Introduction 

In earlier work we introduced a simple calculational model for predicting the primary substitution 

site for nucleophilic substitution involving the replacement of fluorine, initially in aromatic 

perfluorocarbons [1] and subsequently in fluorinated aromatic systems containing both ring 

heteroatoms (principally nitrogen, but also oxygen, phosphorus and sulphur) and non-fluorine 

substituents [2]. The model assumes the standard two-stage description of nucleophilic aromatic 

substitution involving the formation of a negatively charged intermediate, known as a Meisenheimer 

complex [3], which is the anionic equivalent of the Wheland intermediate in electrophilic 

substitution [4]. 
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The negative charge in the Meisenheimer complex is delocalized into the aromatic π-system, which 

like the Wheland intermediate, can be considered as a resonance hybrid of multiple canonical forms. 

 

Specifically, the model involves calculating the energy of all possible Meisenheimer complexes  

at a standard level of ab initio theory (basic Hartree-Fock theory with the 6-31G* basis set [5]:  

HF/6-31G*), using the fluoride ion as a “typical” nucleophile, with the preferred site for nucleophilic 

substitution corresponding to the most stable (lowest energy) complex. 

This simple model has been remarkably successful in predicting not only the primary site in 

aromatic nucleophilic substitution reactions, but also secondary sites. In our two previous papers on 

this topic [1,2] we have presented correct predictions for primary and secondary substitution sites for 

over 70 different nucleophilic substitution reactions. Currently we are aware of only one system 

(perfluorophthalazine) where our model fails to predict the correct primary substitution site (although 

there are certainly likely to be more). Although the model is only meant to be qualitative we note a 

recent attempt to use a very similar model quantitatively [6]. 

Our Meisenheimer model nominally involves a purely thermodynamic rationale, i.e., the 

thermodynamically most stable Meisenheimer complex is the one most likely to form, and the 

substitution pattern follows directly from that. The underlying assumptions are, first, that the 

substitution reaction is indeed two-step, involving an at least meta-stable Meisenheimer complex as 

intermediate; second, that barrier heights—both from reactant to intermediate and intermediate to 

product—are either more or less identical in all cases, and can therefore be ignored, or reflect the 

thermodynamic stability in the Meisenheimer complex so that considering only the latter gives the 

correct substitution pattern; and third, that varying the reaction conditions, principally the solvent and 

the actual nucleophile itself, makes no difference to the preferred substitution site, i.e., the mechanism 

is essentially the same for all nucleophiles in all solvents. Even for nucleophilic substitution reactions 

that are one-step, i.e., do not involve a Meisenheimer intermediate, the model can still be successfully 

applied provided the Meisenheimer complex can reliably predict the relative energies in the respective 

transition states. 

In the last few years liquid ammonia has become a very useful reagent for aminating aromatic 

fluorocarbons. It has proven to be a useful synthetic method as it is capable of substituting the amino 

group (-NH2) for fluorine site-specifically in high yield. This use of liquid ammonia has been 

pioneered primarily by the Malykhin group at Novosibirsk State University in Russia. They have 

published a number of papers from 2007 onwards involving amination of polyfluorinated benzenes 

and pyridines [7,8], perfluorobiphenyl [7], perfluoronaphthalene [9] and tetrafluorophthalic acid [10]. 

Additionally, Page and coworkers have found that liquid ammonia aminates 1-nitro-2,4-difluorobenzene 

dominantly in the 2-position [11]. Collectively these papers present around 20 different nucleophilic 

substitution reactions (all aminations), the vast majority of which we have not looked at in our 

previous work. They represent a further series of reactions to test the Meisenheimer model. 
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2. Results and Discussion 

For all of the calculations presented in this work we used the PQS program package from Parallel 

Quantum Solutions together with the associated graphical user interface, PQSMol [12,13]. 

Figure 1 depicts schematically the various amination reactions examined (as previously noted, the 

majority from the Malykhin group [7–10]). Since all of the reactions are aminations, we have made an 

important modification to our standard calculational approach: instead of using the fluoride ion as a 

generic attacking nucleophile we specifically use NH2
−. The use of the actual nucleophile instead of 

the fluoride ion as a possible extension to the basic model was mentioned in our last paper [2], and it just 

seemed dogmatic to us to use fluorine when the substituting group was known to be NH2 in every case. 

Figure 1. Amination reactions in liquid ammonia. 
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Figure 1. Cont. 

 

 

 

 

 

 

 

 

The use of NH2
− as the attacking nucleophile brings both advantages and disadvantages compared 

to F−. One advantage of using the single-atom fluoride ion as a generic attacking nucleophile is that 

there are no additional conformational issues in the resulting Meisenheimer complex, greatly 

simplifying the calculations. On the other hand it is known that most substituents to an aromatic ring 
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direct para as far as replacement of fluorine is concerned, with any preferable ortho substitution nearly 

always resulting from direct interaction between the attacking nucleophile and the substituent, an 

interaction that cannot be modeled using fluorine. If we want to properly take into account interactions 

between an existing (already substituted) amino group and an attacking nucleophile, especially ortho to 

the existing amino substituent, then it seems pretty clear that the attacking nucleophile has to be 

represented more realistically, and so for these amination reactions we used NH2
−. 

The conformational issue is more problematic than might at first be thought. For example, consider 

toluene (Scheme 1a and b). This is known to have Cs symmetry and its vibrational spectrum can be 

fully analyzed under this point group [14]. Given Cs symmetry, there are two possible configurations 

of the methyl group—as shown in (a) and (b) —in which the symmetry plane is either perpendicular 

to, or in the plane of, the aromatic ring, respectively, bisecting a methyl HCH angle. The ground state 

geometry actually conforms to (a) with (b) being the transition state for methyl rotation. At room 

temperature the methyl group is essentially a free rotor with a 3-fold torsional potential. 

The amino group is conformationally similar to the methyl group with one of the C-H bonds 

replaced by a lone pair, although the two N-H bonds in aniline are nowhere near as “bent” out of the 

plane of the aromatic ring as are the methyl C-H bonds in toluene. Aniline also has Cs symmetry in its 

ground state, with the lone pair occupying the position of the symmetry-unique C-H bond of the 

methyl group in toluene, i.e., perpendicular to the benzene ring (Scheme 1c). 

Scheme 1. Conformational preferences in toluene and aniline. 

  
(a) (b) (c) 

Now as soon as you add, e.g., a second methyl group to toluene, the conformational issues increase 

significantly. Not only do you have the conformation of the new methyl group to consider, but the 

local three-fold symmetry of the original methyl group no longer holds globally and the three methyl 

hydrogen atoms are no longer equivalent. More to the point for this work, the same thing applies of 

course to the amino group. 

We have no desire to carry out an exhaustive conformational analysis each time we calculate the 

energy of a given Meisenheimer complex. We have found that the following tactics when constructing 

the initial starting geometry of a Meisenheimer complex increases the likelihood of optimizing to the 

global or a near-global minimum: 

(1) Methyl or similar (e.g., perfluoromethyl) substituents are added to the aromatic ring such that 

one of the C-H bonds is perpendicular to the ring (as shown in Scheme 1a). Any directly 

adjacent methyl groups are added similarly, but rotated by 180°, i.e., the perpendicular C-H 

bonds point above and below the plane of the ring, respectively. 
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(2) Amino (NH2) groups are added in an equivalent way with the formal lone pair occupying the 

position of the perpendicular methyl C-H bond (Scheme 1c). 

(3) When adding an attacking amino group to form the sp3-hybridized carbon center in the 

Meisenheimer complex a local plane of symmetry is assumed which bisects the HNH angle and 

includes the C-F bond. The formal nitrogen lone pair points towards the center of the aromatic 

ring. (It is assumed that it is energetically unfavorable for the lone pair to eclipse the C-F bond). 

One of the reactions studied by Malykhin and coworkers was included in our previous work [2], 

namely the amination of perfluoronaphthalene in liquid ammonia [9]. This was done with the standard 

Meisenheimer model in which the attacking nucleophile was the fluoride ion. Malykhin and coworkers 

found that single amination of perfluoronapthalene gave dominantly (~95%) the 2-substituted isomer; 

further amination of this (or direct diamination of perfluoronaphthalene) gave a mixture of the 2,7-, 

2,6-, 1,7- (2,8-) and 1,6- (2,5-) isomers with the former dominating (~70%). Virtually all known 

nucleophilic di-substitution reactions involving perfluoronaphthalene result primarily (>75%) in  

the 2,6-isomer and the amination in liquid ammonia was claimed to be “the first example of the 

predominant substitution at position 7 in 2-substituted polyfluoronaphthalenes” [9]. 

These results were nicely reproduced with our standard Meisenheimer model and the first thing we 

are going to do here is to check that when the fluoride ion is replaced in our calculations by NH2
− we 

still reproduce the principal experimental results. Table 1 gives the relative energies (in kcal/mol) of 

each possible Meisenheimer complex, with the lowest energy complex–and hence the predicted most 

favorable site for nucleophilic substitution–taken as the energy zero. Results are shown both for NH2
− 

(this work) and F- (taken from reference [2]) as nucleophile. 

Table 1. Relative Energies (kcal/mol) of the various Meisenheimer complexes for  

2-amino-heptafluoronaphthalene. 

Site Fluoride 1 Amino 2 

2,1- 4.0 4.8 

2,3- 2.2 2.9 

2,4- 1.5 3.6 

2,5- 0.6 2.4 

2,6- 1.3 0.9 

2,7- 0.0 0.0 

2,8- 1.9 3.7 
1 taken from [2]; 2 this work. 

As can be seen, the results are similar, but not identical. Both sets of calculations correctly predict 

that 7-substitution is the most favorable with 5- and 6-substitution as the most likely secondary sites; 

however the energy ordering of the secondary sites is reversed. Neither set suggests that formation of 

the 1,7-isomer (the 2,8-) is particularly likely; however we have found that the most favorable 

substitution sites in 1-amino-heptafluoronapthalene (a by-product in the single amination reaction; see 

Figure 1) are positions 6 and 7, so this may well be a major source of the 1,6- and 1,7-isomers, 

especially for the direct di-amination reaction. Either way, the results shown in Table 1 certainly give 

us confidence in further predictions using NH2
− as nucleophile. 
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Relative energies (in kcal/mol) of the various Meisenheimer complexes for the amination reactions 

shown in Figure 1 are given in Table 2. Comparison of the experimental results with the relative 

energies from Table 2 show that for every reaction depicted in Figure 1 the Meisenheimer model 

accurately predicts the primary substitution site. Furthermore, the large difference in relative energies 

between the lowest energy complex and the next lowest suggests that there is little secondary 

substitution in the majority of cases; again this is in full agreement with the experimental observations. 

For example, Malykhin and coworkers state that aminodefluorination of tetrafluorophthalic acid in 

anhydrous ammonia gives the 4-amino substituted isomer selectively and in high yield [10], while 

Page and coworkers found that amination of 1-nitro-2,4-difluorobenzene gave 98% of the 2-substituted 

isomer and 2% of the 4-substituted [11]. The relative energy differences between the two different 

Meisenheimer complexes in these two examples are 12.3 and 2.9 kcal/mol, respectively (see Table 2). 

Note that this is a clear case of ortho (not para) substitution to the nitro group which is correctly 

predicted by the Meisenheimer model. 

Table 2. Relative energies (kcal/mol) of the various Meisenheimer complexes for the 

amination reactions shown in Figure 1. 

System E (relative) Subst. site System E (relative) Subst. site 

2-acetylamidoheptafluoronaphthalene perfluorotoluene  

1-NH2 5.7  2-NH2 6.9  

3-NH2 5.2  3-NH2 17.5  

4-NH2 9.7  4-NH2 0.0 p 

5-NH2 7.8     

6-NH2 0.0 p 4-aminoperfluorotoluene 

7-NH2 1.5 s 2-NH2 0.0 p 

8-NH2 3.4  3-NH2 12.5  

      

perfluoropyridine 1-(CF3)-2,3,5,6-tetrafluorobenzene 

2-NH2 9.9  2-NH2 0.0 p 

3-NH2 23.6  3-NH2 9.1  

4-NH2 0.0 p    

   1-(CF3)-2-amino-3,5,6-trifluorobenzene 

4-amino-2,3,5,6-tetrafluoropyridine 3-NH2 10.5  

2-NH2 0.0 p 5-NH2 6.0  

3-NH2 14.5  6-NH2 0.0 p 

      

2,3,5,6-tetrafluoropyridine 1,3-di(CF3)-2,4,5,6-tetrafluorobenzene 

2-NH2 0.0 p 2-NH2 9.1  

3-NH2 0.8  4-NH2 0.0 p 

   5-NH2 26.0  

2-amino-3,5,6-trifluoropyridine    

3-NH2 12.2  1,3-di(CF3)-4-amino-2,5,6-trifluorobenzene 

5-NH2 7.9  2-NH2 8.9  

6-NH2 0.0 p 5-NH2 30.5  

   6-NH2 0.0 p 
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Table 2. Cont. 

System E (relative) Subst. site System E (relative) Subst. site 

3-chloro-2,4,5,6-tetrafluoropyridine    

2-NH2 10.3  tetrafluorophthalic acid 

4-NH2 0.0 p 3-NH2 12.3  

5-NH2 27.7  4-NH2 0.0 p 

6-NH2 6.3     

   1-nitro-2,4-difluorobenzene 

3-chloro-4-amino-2,5,6-trifluoropyridine 2-NH2 0.0 p 

2-NH2 3.1  4-NH2 2.9  

5-NH2 22.4     

6-NH2 0.0 p perfluorobiphenyl 

   2-NH2 8.7  

2,4,6-trifluoropyridine 3-NH2 16.5  

2-NH2 3.2  4-NH2 0.0 p 

4-NH2 0.0 p    

   4-aminoperfluorobiphenyl 

3,5-dichloro-2,4,6-trifluoropyridine 2-NH2 11.4  

2-NH2 6.2  3-NH2 20.8  

4-NH2 0.0 p 2’-NH2 8.8  

   3’-NH2 15.2  

 4’-NH2 0.0 p 

p–experimental primary (or sole) substitution site; s–experimental secondary substitution site. 

One reaction for which we do predict significant secondary substitution (i.e., more than a few 

percent) is for the amination of 2-acetylamidoheptafluoronaphthalene (Table 2). This was one of the 

reactions studied in reference [9] along with 2-aminoheptafluoronaphthalene (see Table 1). 

Experimentally amination of 2-acetylamidoheptafluoronaphthalene gives mainly the 6- and 7-

substituted isomers in a 5:1 ratio (similar to the amination of 2-aminoheptafluoronaphthalene except 

that the ratio is reversed). Our calculations, in which the 6- and 7-substituted Meisenheimer complexes 

have the lowest energy, with the 7-substituted complex 1.5 kcal/mol higher in energy than the 6-

substituted, fully concur with the experimental observations. 

Note that no experimental data was reported for the amination of 1-trifluoromethyl-2-amino-3,5,6-

trifluorobenzene and the depiction in Figure 1—substitution at position 6—is theoretical only, derived 

from the calculational results shown in Table 2. This is thus a prediction based on our model which is 

open to experimental confirmation. 

3. Conclusions 

Our simple Meisenheimer model for predicting which fluorine atom will be replaced by an 

attacking nucleophile in substituted aromatic perfluorocarbons has been further verified on a series of 

animation reactions in liquid ammonia specifically using NH2
− as the attacking nucleophile. For every 

reaction for which experimental data was available the model accurately predicts the primary 

substitution site. Based on our model, we predict that single amination of 1-trifluoromethyl-2-amino-
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3,5,6-trifluorobenzene in liquid ammonia should produce almost exclusively 1-trifluoromethyl-2,6-

diamino-3,5-difluorobenzene. 
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Abstract: Superhydrophobic coatings, inspired by nature, are an emerging technology. 

These water repellent coatings can be used as solutions for corrosion, biofouling and even 

water and air drag reduction applications. In this work, synthesis of monodispersive silica 

nanoparticles of ~120 nm diameter has been realized via Stöber process and further 

functionalized using fluoroalkylsilane (FAS-17) molecules to incorporate the fluorinated 

groups with the silica nanoparticles in an ethanolic solution. The synthesized fluorinated 

silica nanoparticles have been spin coated on flat aluminum alloy, silicon and glass 

substrates. Functionalization of silica nanoparticles with fluorinated groups has been 

confirmed by Fourier Transform Infrared spectroscopy (FTIR) by showing the presence of 

C-F and Si-O-Si bonds. The water contact angles and surface roughness increase with the 

number of spin-coated thin films layers. The critical size of ~119 nm renders aluminum 

surface superhydrophobic with three layers of coating using as-prepared nanoparticle 

suspended solution. On the other hand, seven layers are required for a 50 vol.% diluted 

solution to achieve superhydrophobicity. In both the cases, water contact angles were more 

than 150°, contact angle hysteresis was less than 2° having a critical roughness value of 

~0.700 µm. The fluorinated silica nanoparticle coated surfaces are also transparent and can 

be used as paint additives to obtain transparent coatings. 
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1. Introduction 

Superhydrophobic coatings are increasingly attractive to the industry and academia due to their 

unique self-cleaning properties as a result of their water repelling characteristics [1]. Fabrication of 

superhydrophobic coating is an inspiration from nature as water is seen to repel on many natural 

surfaces such as those of the lotus leaves, butterfly wings, water striders’ legs, and so on [2–5]. This 

behavior of water drops rolling off their surfaces is due mainly to the presence of a combination of 

rough micro-nanostructure and low surface energy waxy materials on their surfaces. This concept has 

been well elaborated by Neinhuis et al. [4] on the surface of the lotus leaves which has been the classic 

example is the field of superhydrophobicity for researchers around the globe emphasizing the 

importance of the geometry and the chemistry of the surface. Inspired by this phenomenon, we have 

recently transformed aluminum surfaces, copper and silicon surfaces superhydrophobic by first 

creating surface roughness using methods such as chemical bath deposition, electrochemical methods 

and chemical etching methods and then modifying those surfaces by either passivating using low 

surface energy molecules such as stearic acid or fluoroalkyl-silane (FAS-17) or by coating with  

rf-sputtered Teflon thin films [6–11]. The multilayer deposition process of organic and inorganic 

materials [12,13] such as nanoparticles as rough hydrophobic material [14,15] are also techniques to 

obtain superhydrophobic surfaces. 

In all these cases, the surfaces exhibited water roll-off properties providing water contact angle 

values greater than 150°, which is due to the air entrapment in the gaps of the rough structure produced 

in the first step, resulting in a composite structure of air and solid in combination with the presence of 

low surface energy components on the roughened surface which reduces the affinity of water to the 

surface. The effect of surface roughness on superhydrophobic properties has been elucidated by 

Wenzel and Cassie-Baxter in their mathematical models formulated in 1940s [16,17]. 

Superhydrophobic surfaces find tremendous importance in the technological world where they can 

be applied in domains such as anti-corrosion, anti-biofouling, electrowetting and even in drag 

reductions [7,18–23]. However, the most important challenge faced by industries is the feasibility of 

large-scaling in an effective and economical manner. Therefore, in this study, we present a simple  

sol-gel technique where silica nanoparticles are synthesized via a Stöber process. In order to eliminate 

a second step of passivation or coating to obtain low surface energy, these silica nanoparticles are 

functionalized in the suspension using FAS-17 molecules before coating on aluminum substrates.  

The functionalized fluorinated silica nanoparticles suspended in a solution are then deposited via a 

spin-coating technique on to the aluminum substrates to obtain superhydrophobic coatings 

demonstrating large-scale feasibility. 
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2. Experimental Section 

The solutions containing fluorinated silica nanoparticles are prepared in the laboratory using 

standard Stöber process [24]. Initially, at a hotplate temperature of 50 °C, ethanol and ammonium 

hydroxide (NH4OH) were mixed in a beaker using a magnetic stir bar. While stirring, a solution of 

tetraethoxysilane or TEOS (Si(OC2H5)4) is added drop by drop in the mixed solution. The transparent 

mixed solution turns opaque confirming the formation of silica nanoparticles [25–27]. The synthesized 

silica nanoparticles are further funtionalized in an ethanolic fluoroalkylsilane or FAS17 (C16H19F17O3Si) 

solution. The AA-6061 aluminum alloy, silicon and sodalime glass substrates were coated with the 

fluorinated silica nanoparticles by spin-coating processes. The nanoparticle coated films were dried at 

70 °C on a hotplate to allow the ethanol and excess water to evaporate from the films. Transform 

Infrared spectroscopy (IRRAS) was used to evaluate the atomic bonding in the films. IRRAS (Nicolet 

6700 FT-IR) is equipped with a Mid-IR MCT-A N2-cooled detector and a KBr beam splitter. The thin 

films were also analysed via a high-resolution field emission gun scanning electron microscope 

(FEGSEM: Hitachi SU-70) for morphological analysis. The wetting properties of the functionalized 

particles coated on multiple substrates were performed by measuring both static and dynamic contact 

angles (Krüss contact angle goniometer) at five positions on each substrate using a 5 µL deionized 

water drop. The static contact angle has been abbreviated as CA and dynamic contact angle or contact 

angle hysteresis has been abbreviated as CAH throughout the text. The CAH is the difference between 

the advancing and the receding angle. The CAH measurements were made at room temperature 

following a very standard and commonly used experimental procedure as reported in the literature 

[28–30]. In this method, a water drop of volume ~5 μL was suspended with the needle and brought in 

contact with the superhydrophobic surfaces using a computer controlled device as provided by Krüss 

GmbH. The contact CAH was measured by holding the water drop with a stationary needle in contact 

with the surface and moving the goniometer stage in one direction. The surface roughness of the films 

were measured using an optical profilometer (MicroXAM-100 HR 3D surface profilometer).  

3. Results and Discussion 

The molecular bonding of the fluorinated species as well as the silica bonds on surfaces coated with 

varying numbers of layers of the fluorine-functionalized silica nanoparticles were investigated with 

IRRAS spectral analyses. The Figure 1(A) shows the IRRAS spectra of the fluorinated silica 

nanoparticles spin coated aluminum substrates in one and nine layers. When one and nine layers are 

spin coated on the substrate, several peaks appear. The peak at 1,100 cm−1 is due to the asymmetric 

stretching vibration of Si-O-Si bonds in the silica nanoparticles in the thin films [31–34]. Another 

small peak appearing at around 800 cm−1 is associated with the bending mode of Si-O-Si bonds. Also, 

the peak at 480 cm−1 is associated with Si-O-Si bond for the rocking vibration [35]. This particular 

peak shows clearly an increase in intensity with an increase in the number of layers, proving an 

increase of the concentration of nanoparticles on the Al surface. Infrared analysis of the surface shows 

a peak around 945 cm−1 which is attributed to silicon hydroxide (Si-OH) bonds present on 

unfunctionnalized silica nanoparticles [6]. 
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Other interesting peaks are those present in the FAS17 molecules. At the beginning of the 

molecules, hydro-carbon bonds are present. A reasonably broad peak around 900 cm−1 is assigned to 

the C-H bonds. Continuing on the molecules, fluoro-carbon bonds are present. The existence of C-F 

bonds in the form of CF, CF2 or CF3 are also located at 610, 730, 960 and 1,250 cm−1 [33,34,36,37]. The 

most important peak appears at 1,145 cm−1. This particular peak represents a Si-O-C bond which 

confirms that the FAS17 molecule is clearly attached to silica nanoparticles. The presence of additional 

new peaks arising from the fluorinated functional groups present in the films confirms that the 

nanoparticles of silica are functionalized by fluorine from the FAS17 molecules. Figure 1(B) shows on 

the top a representation of a silica nanoparticle covered with a thin film of FAS17. On the bottom of 

the figure, a molecular representation of the fluorinated nanoparticles is presented with their 

corresponding wavenumbers. 

Figure 1. (A) Transform Infrared spectroscopy (IRRAS) spectra of fluorinated silica 

nanoparticles coated aluminum surfaces as a function of the number of layers.  

(B) Schematic presentation of a silica nanoparticle functionalized with a thin layer of 

FAS17 (top) presented along with the corresponding wavenumbers on the IR spectra 

(bottom). 

 

We have previously reported that that the size of silica nanoparticles can be easily controlled 

through the concentration of catalyst [6,24,38,39]. Figure 2 shows SEM images of spherically shaped 

fluorinated silica nanoparticles of diameter 119 ± 12 nm deposited in three layers on aluminum 

substrates. The inset of Figure 2(A) shows the image of a water drop placed on this aluminum 

substrate surface showing a very high water contact angle of ~152°. It is clear from these images that 

this surface is composed of several micrometer sized clusters of these spherical nanoparticles 

presenting randomly distributed holes and cracks by which the clusters are separated. It can also be 

seen from the higher magnification image in Figure 2(B) that these spherical fluorinated silica 

nanoparticles are also randomly stacked in steps of layers presenting different depths. Such an 

arrangement of randomly stacked spherical nanoparticles in clusters separated by cracks and holes 

provides the surface a rough micro-nanopattern. Nozawa et al. [38] obtained 110 ± 20 nm silica 
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nanoparticles using the Stöber process at a NH4OH/TEOS molar ratio of 10, however, in our case, the 

size of the nanoparticles obtained under the same conditions are ~10 nm larger (119 ± 12 nm). The 

larger size in our case is attributed to the presence of an outer shell of fluorinated silane bonded around 

the silica nanospheres as a result of their functionalization using FAS-17 molecules as presented 

schematically in Figure 1(B). 

Figure 2. (A) SEM images of fluorinated silica nanoparticles of 119 ± 12 nm diameter 

deposited on aluminum substrates in three layers by spin coating; Inset of Figure 2 (A) 

shows the image of a water drop placed on this surface exhibiting a very high water contact 

angle of ~152°, and (B) higher magnification image of (A).  

 

Water contact angle measurements were used to evaluate the wetting properties of the prepared 

surfaces. Increased contact angles are, partially, increased because of roughness, which increased air 

entrapment as stated by Cassie-Baxter equation. Figure 3 (A) shows the contact angles variation on the 

aluminum surfaces coated using the as-prepared fluorinated silica nanoparticles in the solution as well 

as the ones coated by diluting the same. In both cases, the water contact angle values were found to 

increase with the increase in the number of layers of the fluorinated silica nanoparticles deposited on 

the substrates until a critical number of layers was reached after which the water contact angle values 

remained similar on the surfaces coated using as-prepared solution. However, higher water contact 

angle values were obtained on surfaces coated using the as-prepared fluorinated silica nanoparticles 

solution. For example, on the aluminum surfaces coated with one layer of as-prepared solution, an 

increased water contact angle value of 137 ± 1° was obtained, making these surfaces hydrophobic 

since a clean aluminum surface provides a water contact angle of only ~70°. The surface was rendered 

superhydrophobic when the number of layers was increased to three providing a higher water contact 

angle value of 152 ± 1°. This increase in water contact value is attributed to the rough  

micro-nanomorphogical pattern obtained on these surfaces (Figure 2) as well as the presence of low 

surface energy fluorinated species present on these surfaces as confirmed by the IRRAS analyses 

(Figure 1(A)). This emphasizes the importance of the presence of both surface roughness as well as 

low surface energy, a phenomenon reported on lotus effect [4]. Further, the influence of surface 

roughness in leading to a large amount of air entrapment in the gaps of the rough structure to result in a 

composite structure of air and solid has been well elucidated by Cassie and Baxter [16]. With a further 
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increase in the number of layers to five, the water contact angle values slightly increased to ~153° and 

remained similar when coated with seven and nine layers. Therefore, three layers of coating may be 

considered as a critical parameter for obtaining superhydrophobic properties when the coating is made 

with the as-prepared solution. Similarly, an increasing tendency in water contact angle values was 

observed also in cases of coatings prepared with the dilute solution. However, the water contact angle 

reached lower values when the same number of layers was used as with the as-prepared solution. Such 

lower values may be attributed to the lower concentration of the fluorinated silica nanoparticles in the 

diluted solution, possibly resulting in morphologies with less surface roughness (Figure 3(B)). 

However, with the diluted solution, superhydrophobic properties were indeed obtained when the 

numbers of layers deposited on the surface was increased. For example, with only one layer coated 

with the dilute solution, the water contact angle increased to 128 ± 2° (although this is lower than on 

the same coating using as-prepared solution). With three layers, the contact angle reached 135 ± 3° 

which further increased to 144 ± 1° on deposition of five layers. With seven and nine layers of coating, 

the contact angle values reached to a high of 150 ± 1° and 151 ± 1°, respectively. These values show 

that a critical number of seven layers was required to attain superhydrophobicity when using dilute 

solution as compared to only three layers that was sufficient to obtain this property with the  

as-prepared solution of the fluorinated silica nanoparticles.  

Although superhydrophobic properties could be obtained using both as-prepared and diluted 

solutions, the difference in the critical number of layers required in obtain these properties is attributed 

to the difference in the surface roughness obtained on the corresponding surfaces. Figure 3(B) shows 

the variation in the root mean square (rms) roughness measured on the surfaces prepared with varying 

numbers of layers coated using the two different solutions deposited on aluminum substrates. As an 

example, a three dimensional surface profile obtained during the rms measurements of aluminum 

surface prepared by coating three layers using as prepared solution has been presented in the inset of 

Figure 3(B). These graphs show that the contact angle and the roughness vary proportionally as it is 

clear that the water contact angle increases with increase in surface roughness until a critical roughness 

value is reached. Figure 3(C) shows a plot of water contact angle as a function of rms roughness on the 

coatings prepared using as prepared solution. We have previously reported a detailed mathematical 

model to show the relationship between the roughness and water contact angle in reference to Cassie 

model [6]. Huang et al. [40] have also shown similar behavior on their electrochemically deposited 

copper state surface. On the coatings prepared using the as-prepared solution, an rms value of 

0.60 ± 0.10 µm on a one layer coating increased to 0.69 ± 0.01 µm when coated with three layers 

where superhydrophobic properties were obtained with a contact angle above 150°. With further 

increase in the number of layers to five, seven and nine, the rms roughness remained unchanged 

(~0.71 µm). The similar rms values on the coatings prepared with more than three layers shows that 

increasing the number of layers further does not cause any change in the surface roughness and 

therefore provides the same contact angle values on these surfaces. Therefore, an rms roughness of 

0.69 ± 0.01 µm obtained with three layer coating is found to be a critical value in obtaining 

superhydrophobic properties. Similarly, in case of the coatings prepared using diluted solution, the rms 

values show that superhydrophobic properties were only reached when the rms values reached  

0.70 ± 0.02 µm when coated with seven layers on the substrate providing a water contact angle value 

of 150 ± 1°. These values were lower on the surfaces coated using less layers, that is, 0.57 ± 0.10 µm, 
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0.61 ± 0.03 µm and 0.67 ± 0.03 µm, respectively on the surfaces coated with one, three and five layers, 

which provided water contact angles lower than 150°. With nine layers of coating, the rms value 

slightly increased to 0.72 ± 0.05 µm, maintaining superhydrophobic properties. Therefore, a critical 

rms roughness value of 0.69 ± 0.01 µm in case of as-prepared solution which is not very different from 

the rms values of 0.70 ± 0.02 µm in case of diluted solution is required for obtaining superhydrophobic 

properties, however, the presence of low surface energy fluorinated components is another key factor 

in obtaining these properties. In our case, the presence of a low surface energy fluorinated component 

is inherent as the silica nanoparticles are funtionalized with FAS-17 molecules prior to deposition on 

the substrate surfaces. The combination of the critical surface roughness of ~0.70 µm and presence of 

fluorinated species as confirmed by IRRAS analyses leads to the superhydrophobic properties with 

water roll-off properties. 

Figure 3. (A) Water contact angle variation, and (B) rms roughness as a function of 

number of layers coated using as-prepared (black) and dilute solution (red);  

(C) relationship between water contact angle and rms roughness as obtained on the 

coatings prepared using as-prepared solution on aluminum substrates; and (D) water 

contact angle variation with number of layers coated using dilute solution on different 

substrates, namely, aluminum (black), silicon (100) (red) and sodalime glass (blue). Inset 

shows transparency of our superhydrophobic coatings on glass substrates.  
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The uniformity of the coating has been verified on various substrates as shown in Figure 3(D).  

In addition to aluminum substrates, the feasibility of the coatings were also tested on silicon (100) and 

sodalime glass substrates. Figure 3 (D) shows the water contact angle behavior for all the three 

substrates coated with diluted solution of fluorinated silica nanoparticles. The water contact values 

obtained on as-received flat substrates of Si(100) and glass are ~60° and ~30°, respectively.  

In both cases, the water contact angle value increases with an increase in number of deposited layers. 

With just one layer of coating, the surface reaches the hydrophobic zone by providing water contact 

values greater than 90° in case of all the three substrates. Superhydrophobic properties are reached by 

increasing the number of deposited layers. The feasibility of obtaining superhydrophobicity on 

different substrate surfaces can have great potential in industrial use. As a potential for applications on 

glass windows or car wind-shields, we have provided images of glass substrates coated with one layer 

and nine layers of diluted solution in the inset of Figure 3(B). It is clear from these images that one 

layer or nine layers does not dramatically alter the transparency of the glass following coating visually, 

the only difference being that the one layer coating is hydrophobic while the nine layer coating is 

superhydrophobic. Such coatings also present promise for applications for aesthetic purposes when 

coated on opaque substrates. 

Figure 4. Contact angle hysteresis (CAH) as a function of number of layers coated using 

as-prepared (black) and diluted solution (red). Inset image at the left shows high CAH of 

~15° for one layer coating and right shows low CAH of 2° for nine layers coating. 

 

The combined effect of CA and CAH determine the self-cleaning properties [29]. A surface having 

CA more than 150° and CAH less than 5 degree shows self-cleaning properties. On the other hand,  

a surface showing CA more than 150° and CAH more than 10° does not show the self-cleaning 

properties [41]. In the view of claiming the self-cleaning properties of our superhydrophobic surfaces, 

we have performed both CA and CAH experiments. The CA results have been discussed in the 

previous section. In this section we describe the results of dynamic contact or CAH. Figure 4 shows 

the CAH data of the coatings prepared with fluorinated silica nanoparticles on flat aluminum 

substrates. One layer coating using both as-prepared as well as diluted solution provides CAH of 
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14 ± 3° and 15 ± 3°, respectively. The CAH reduced to 3 ± 1° with three layers coatings of as-prepared 

solution. However, in the three layer coatings using diluted solution, the CAH was 11 ± 4°. The CAH 

reduced to 2 ± 1° for the coatings obtained by seven layers using as-prepared solution. On the other 

hand, the seven layer coatings with the diluted solution provided a CAH of 4 ± 1°. Finally, for both the 

solutions with nine layers of coatings, the CAH reduced to 2 ± 1°. Therefore, the self-cleaning 

properties (coating having CA more than 150° and CAH less than 5°) can be obtained with three layer 

coatings using as-prepared solution. However, for diluted solution a coating with seven layers is 

required. 

The mechanical properties of the superhydrophobic coatings are very important for their uses 

against surface erosion, friction as well as corrosion protection [42–44]. Keeping these important 

applications in mind, we will be investigating the mechanical properties of our superhydrophobic 

coatings in future. 

4. Conclusions 

Solutions of monodispersive spherical fluorinated silica nanoparticles of ~120 nm have been 

prepared by sol-gel processes and have been used to prepare thin films on flat aluminum, silicon and 

glass substrates by spin-coating processes. FAS-17 molecules are used for the fluorination of the silica 

nanoparticles. IRRAS spectra show the presence of C-F and Si-O bonds resulting from the 

functionalization of silica nanoparticles by FAS-17 molecules. An increase in the surface area of the 

C-F and Si-O peaks has been encountered in the spectra with an increase in the number of layers used 

for coating. The water contact angle values were found to increase with increasing numbers of layers 

until a critical number of layers: three in the case of as-prepared solution used for coating and seven in 

case of the diluted solution used for coating. As we have achieved the contact angle of more than 150° 

and CAH less than 2°, we consider our coatings possess self-cleaning properties. Water contact angle 

in relation to surface roughness measurements show both parameters are proportional as water contact 

angle increases with an increase in surface roughness. The roughness measurements also show that the 

rms values increase with the increase in the number of layers coated. When applied on other substrates, 

like silicon or glass, superhydrophobicity is obtained by tuning the number of layers of deposition. The 

transparency of the coating has been demonstrated on glass substrates, which shows the great potential 

of such coatings in industrial use on large scale, such as on windows and car windshields as well as for 

aesthetic purposes on opaque substrates. With its good optical properties, these fluorinated silica 

nanoparticles can be used as paint additives to obtain large-scale superhydrophobic coatings.  
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Abstract: The present review briefly describes the development of the fluoropolymer 

industry in the past 70 years. Discussed are industrial fluoropolymers including 

polytetrafluoroethylene, polychlorotrifluoroethylene, polyvinylidenefluoride, 

polyvinylfluoride, ETFE, ECTFE, FEP, PFA, THV, Teflon AF and Cytop. Nafion is 

included as a special functional fluoropolymer material. These industrial fluoropolymers 

are introduced in the order of their discovery or time of first production, included are their 

chemical structures, thermal properties, mechanical properties, electrical and electronic 

properties, optical properties, chemical resistance, oxidative stabilities, weather stabilities, 

processabilities and their general applications. The main manufacturing companies for the 

different types of fluoropolymer products are also mentioned. 
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ECTFE copolymer of ethylene and CTFE 
ETFE copolymer of ethylene and TFE 
FEP copolymer of fluorinated ethylene and propylene 
HFP hexafluoropropylene 
Nafion TFE and perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic acid copolymer 
PBVE perfluoro-3-butenyl-vinyl ether 
PCTFE polychlorotrifluoroethylene 
PDD perfluoro-2,2-dimethyl-1,3-dioxole 
PE polyethylene 
PFA copolymer of TFE and PPVE 
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PPVE perfluoropropylvinylether 
PTFE polytetrafluoroethylene 
PVDF polyvinylidenefluoride 
PVF polyvinylfluoride 
Teflon AF copolymer of TFE and PDD 
TFE tetrafluoroethylene 
THV poly(TFE-co-HFP-co-VDF) 
VDF vinylidene fluoride 

1. Introduction 

Fluoropolymers are the polymer materials containing fluorine atoms in their chemical structures. 

From general organic polymer concepts, there are two types of fluoropolymer materials, i.e. 

perfluoropolymers and partially fluorinated polymers. In the former case, all the hydrogen atoms in the 

analogous hydrocarbon polymer structures were replaced by fluorine atoms. In the latter case, there are 

both hydrogen and fluorine atoms in the polymer structures. The fluoropolymer industry discussed 

here is mainly concerned with the perfluoropolymers, although in some cases the partially fluorinated 

polymers are included. In the latter case, there are both hydrogen and fluorine atoms in the polymer 

structures, along with additional elements in selected cases, such as polyvinylidenefluoride (PVDF) 

and polychlorotrifluoroethylene (PCTFE).  

Fluoropolymers possess excellent properties such as outstanding chemical resistance, weather 

stability, low surface energy, low coefficient of friction, and low dielectric constant. These properties 

come from the special electronic structure of the fluorine atom, the stable carbon-fluorine covalent 

bonding, and the unique intramolecular and intermolecular interactions between the fluorinated 

polymer segments and the main chains.  

Due to their special chemical and physical properties, the fluoropolymers are widely applied in the 

chemical, electrical/electronic, construction, architectural, and automotive industries. The world 

consumption of fluoropolymers is growing tremendously. Worldwide sales of fluoropolymers in 2000 

exceeded $2.0 billion compared with $1.5 billion in 1994. Even though the fluoropolymer industry 

was affected in the same way as other industries because of the economic downturn after 2008, there 

will be a turnaround along with the recovery of the world economy for fluoropolymer markets, 

especially in the motor vehicles, wire and cable, advanced batteries, fuel cells and 

photovoltaic modules.  

This review discusses the development of the most popular industrial fluoropolymers along with 

their chemical structures, basic properties, and general applications. For additional details, previously 

published books and journals would be helpful for monomer activities, polymerization methods, 

processing methods, polymer properties, and the applications [1–8]. 

2. The Development of the Fluoropolymer Industry from 1930s ~ 1990s 

1930s 

The development of the fluoropolymer industry began with the discovery of the 

polytetrafluoroethylene (PTFE) by Dr. Plunkett at DuPont in 1938 [9]. The white powder found by 
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accident opened the magic door to one of the most important applied chemistry areas—the 

fluoropolymer industry—which greatly influenced the whole world in the following 70 years.  

PTFE is a linear polymer of tetrafluoroethylene (TFE) (Figure 1). The preparation of PTFE is 

hazardous because of the chemical properties of TFE. Therefore, special production equipments and 

processing conditions are required [10,11]. 

Figure 1. The polymerization of TFE. 

F2C CF2 * CF2 CF2 *n
 

Initiator

 

The chemical structure of PTFE is similar to that of polyethylene (PE), except that the hydrogen 

atoms are completely replaced by fluorine. Unlike the planer zigzag chain confirmation of PE, PTFE 

has a helical chain confirmation due to the larger fluorine volume. The rigid helical polymer chains 

can crystallize very easily and result in a high crystallinity (up to 98%). Because of the compact 

crystalline structure and the dense fluorine atoms, PTFE is the heaviest polymer material with a 

density of 2.1 g/cm3. The rigid polymer chain structure also caused a high melting temperature 

(~320 °C) and a high melt viscosity for PTFE, which made it difficult to process PTFE with the 

traditional methods for polymer materials. For quite a long time after the discovery of PTFE, scientists 

kept working on the different approaches to process PTFE materials, and it can be processed into all 

kinds of shapes for almost every application area.  

PTFE is available in granular, fine powder and water-based dispersion forms. The granular PTFE 

resin is produced by suspension polymerization in an aqueous medium with little or no dispersing 

agent. Granular PTFE resins are mainly used for molding (compression and isostatic) and ram 

extrusion. The fine PTFE powder is prepared by controlled emulsion polymerization, and the products 

are white, small sized particles. Fine PTFE powders can be processed into thin sections by paste 

extrusion or used as additives to increase wear resistance or frictional property of other materials. 

PTFE dispersions are prepared by the aqueous polymerization using more dispersing agent with 

agitation. Dispersions are used for coatings and film casting.  

One of the most distinguishing properties of PTFE is its outstanding chemical resistance, except for 

some extreme conditions such as molten alkali metals or elemental fluorine. Basically, PTFE is not 

soluble in any organic solvents. PTFE exhibits high thermal stability without obvious degradation 

below 440 °C. PTFE materials can be continuously used below 260 °C. The combustion of PTFE can 

only continue in a nearly pure oxygen atmosphere, and it is widely used as an additive in other 

polymer materials as a flame suppressant. PTFE has an extremely low dielectric constant (2.0) due to 

the highly symmetric structure of the macromolecules.  

The conventional PTFE has some limitations in its applications, such as poor weldability, low creep 

resistance, low radiation resistance, and high microvoid content. Therefore, research efforts were 

mainly trying to modify PTFE in different ways to overcome the shortcomings of the conventional 

PTFE. Modified PTFE significantly reduced melt viscosity by lowering the crystallinity through the 

incorporation of bulky comonomers into the polymer main chain. Modified PTFE has the advantages 

such as lower microvoid content and reduced permeation, better weldability and easier bonding 
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treatment, better sealing properties, excellent electrical insulation properties, smoother surface finishes 

and higher gloss. 

Even after modification, PTFE materials still have low tensile strength, wear resistance and creep 

resistance compared to other engineering polymers. The properties of the PTFE products are strongly 

dependent on the processing procedure, such as polymer particle size, sintering temperature and 

processing pressure. Therefore, other fluoropolymers are still needed for some specific applications 

where PTFE is not completely suitable.  

1940s 

In the beginning, PTFE polymers found no use for any application due to its insolubility, high 

melting temperature and extremely high melt viscosity. During World War II people realized the 

importance of this new material. At the time, the Manhattan Project was carrying out the development 

of the atomic bomb. Practically, U-235 needs to be separated from U-238 using differential diffusion 

of UF6. UF6 is highly corrosive to most metals and it was difficult to purify this material. As a result, 

the Manhattan project was looking for new corrosion resistant materials to meet the novel needs of 

purifying UF6. The then strange new material and its resistance to chemicals proved that PTFE could 

survive the extremely corrosive purification conditions. Therefore, PTFE got its first business order 

from the Manhattan project. After the war, PTFE was commercially available in 1947 with the 

trademark Teflon from DuPont to meet the growing market needs of the US and the world. The rate of 

market growth for PTFE has been 3%–5% per year for the past 30 years. In the late 1990s, annual 

consumption worldwide for PTFE was over 55,000 tons, which is almost doubled now. Some typical 

commercially available PTFE products are Teflon (DuPont), Polyflon (Daikin), Dyneon PTFE 

(Dyneon), and Fluon (Ashai Glass).  

Noticeably, even now PTFE still remains the largest type of fluoropolymers with about 70% of the 

total fluoropolymer market worldwide. 

1950s 

In 1953, a new fluoropolymer, polychlorotrifluoroethylene (PCTFE) was commercialized by M. W. 

Kellog Company under the trade mark Kel-F. PCTFE is produced by the free radical polymerization of 

chlorotrifluoroethylene (CTFE) with a linear polymer chain structure (Figure 2). 

Figure 2. The polymerization of CTFE. 
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High molecular weight PCTFE can be prepared by polymerization in bulk, in solution, in 

suspension and in emulsion forms [12]. Compared to PTFE, only one fluorine atom was replaced by 

the chlorine in PCTFE. The introduction of chlorine atom in the polymer structure interrupted the 

crystallization ability of the polymer main chain, and resulted in lower crystallinity, lower melting 

temperature, better intermolecular interaction, and better mechanical properties of PCTFE compared to 
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PTFE. PCTFE showed higher hardness, higher tensile strength, higher resistance to creep, and less 

water vapor and gas permeability. One important advantage of PCTFE is its melt processability.  

PCTFE is easily melt processed and the products are more transparent. PCTFE can be used 

continuously from −100 °C to 200 °C. Especially, its better cold-flow characteristics made it more 

competitive to PTFE materials. It showed similar flame retardancy and better radiation resistance 

compared to PTFE. The chemical resistance and electrical properties of PCTFE are not as good as 

those of PTFE, but still better than most polymer materials.  

The price of PCTFE is higher than that of PTFE due to the expensive monomer as well as the small 

market size. Therefore, its main application is limited to use as a moisture barrier film in packaging 

and special engineering devices, where PTFE cannot meet the high performance requirements. Some 

examples are the aeronautical and space applications for cryogenic seals and gaskets. Low molecular 

weight PCTFE are used as oils, waxes and greases, inert sealants, lubricants for oxygen-handling 

equipment or corrosive media, plasticizers for thermoplastics and gyroscopic floatation fluids.  

PCTFE was originally produced by M. W. Kellog and 3M under the trade name of Kel-F [13]. 

After 3M discontinued the production of PCTFE (1995) [14], Daikin purchased the manufacture rights 

to PCTFE and produced it under the trade name Neoflon. PCTFE resin is also produced by Honeywell 

as Aclar and by Arkema as Voltalef. 

1960s 

Considering the shortcoming of PTFE, researchers looked for new ideas to solve the existing 

problems. The copolymerization of TFE with other monomers offered many opportunities. The first 

TFE copolymer was FEP (fluorinated ethylene propylene), which was prepared by the random 

copolymerization of TFE and hexafluoropropylene (HFP). FEP was commercially introduced to the 

market in 1960 by DuPont.  

The structure of FEP is similar to PTFE except that a trifluoromethyl group was introduced along 

the side of the polymer main chain (Figure 3). FEP is generally prepared by the copolymerization of 

TFE and HFP in an aqueous medium with a free radical initiator and a dispersing agent. The 

comonomer ratio and the polymerization conditions are carefully controlled to achieve the desired 

copolymer composition and molecular weight, which are closely related to the melt viscosity, the 

processability and the mechanical properties of the final products [15,16]. 

Figure 3. The preparation of FEP. 
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Generally, FEP contains about 5 mol% of HFP. The introduction of HFP units in the polymer main 

chain disrupted the crystallization ability of FEP copolymer compared with the homopolymer of TFE. 

The crystallinity of FEP is about 70%, and its melting temperature is in the range of 260–280 °C 

depending on the HFP content. It can be used continuously up to 200 °C. The molecular weight of FEP 

is much lower than that of PTFE and resulted in a much lower melt viscosity and better processability. 
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FEP can be processed by the conventional polymer processing techniques such as injection molding, 

extrusion and film casting. FEP has better impact strength, better wear resistance, and less 

permeability for organic solvents compared with PTFE. The disadvantage of FEP is the poorer 

resistance to thermal stress cracking. FEP exhibits similar chemical resistance, weather resistance, 

flame resistance, radiation resistance, and the electrical properties to PTFE. FEP is easier to surface 

modify to increase wettability and adhesive bonding.  

FEP dispersions are generally used for coatings followed by the fuse treatment above the melting 

temperature of the polymer. The major applications of FEP are wire insulation, thermocouple wire 

insulation, chemical resistance liners for pipes and fittings, lined tanks for chemical storage, anti-stick 

applications, and sheet and film products for solar panels and solar collectors.  

About 65% of overall worldwide consumption for FEP is for plenum cable insulation. The 

increasing use of local area network (LAN) cable led to a huge increase in the market of FEP. Some 

typical commercial FEP products are Teflon FEP from DuPont, Neoflon FEP from Daikin, and 

Dyneon FEP from Dyneon.  

In 1961, DuPont introduced another fluoropolymer, polyvinylfluoride (PVF) (Figure 4) with the 

trademark Tedlar. Although only one hydrogen atom was replaced by a fluorine atom compared to the 

polyethylene, PVF showed more interesting properties than most fluoropolymers.  

Figure 4. The polymerization of VF. 
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PVF is prepared by the polymerization of vinyl fluoride (VF) in an aqueous medium using a free 

radical initiator. A higher pressure is necessary due to the lower polymerization activity of VF 

compared to TFE.  

The presence of the fluorine atom in PVF put it in between PE and PTFE in terms of crystallization. 

With a crystallinity of 40%, PVF has a melting temperature around 200 °C, and can be continuously 

used in the temperature range from –70 °C to 110 °C. The lower crystallinity of PVF compared to 

PTFE resulted in higher impact strength and better tensile strength. The relatively poor thermal 

stability of PVF makes PVF difficult to process traditionally. PVF film is manufactured using a 

plasticized melt extrusion method with plasticizers and stabilizers. 

The main uses of PVF are in films and coatings applications, such as the premier surface finish for 

aluminum and steel home siding. The excellent resistances to weather and radiation have led to the 

wide application of PVF as glazing materials for solar energy collectors.  

The formability of PVF is very important for lamination applications. It is critical that the laminate 

can stand bending during the roll forming process. PVF laminated steel finds application in industrial 

plants, warehouses, highway sound barriers and parking garages and provides long lasting aesthetics. 

Currently, DuPont is still the main company for PVF production. With a recent expansion it plans 

to achieve $1 billion in sales by 2012.  

Compared to VF, vinylidene fluoride (VDF) has one more fluorine atom on the same carbon in its 

chemical structure. The free radical polymerization of VDF resulted in a partially fluorinated,  
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semi-crystalline polymer PVDF (polyvinylidenefluoride) (Figure 5), which was introduced by Pennsalt 

(now Arkema) with the tradename Kynar in 1961.  

Figure 5. The polymerization of VDF. 
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PVDF is generally prepared by two kinds of polymerization methods, the suspension method 

and the emulsion method. Suspension polymerization produces PVDF with high head-to-tail structure 

in the polymer chains, which results in higher crystallinity, higher melting temperature, and better 

mechanical properties at elevated temperatures [17,18]. 

PVDF is a polymer with several crystalline forms depending on the processing conditions. It has a 

melting temperature (~170 oC) significantly lower than that of the other fluoropolymers. The normal 

processing temperatures for PVDF are in the range 200–260 °C, and the continuous service 

temperature for PVDF is up to 150 °C. The crystallinity of PVDF increases significantly in the first 

week after processing and stabilizes after 4 weeks. This phenomenon increases crystallinity up to 65% 

and results in the intrinsic stress and the potential stress cracking.  

PVDF has very good chemical resistance to a wide range of chemicals, but it is not as good as that 

of other fluoropolymers. For example, PVDF can be swollen by polar solvents such as ethyl acetate 

and acetone. It shows medium flame resistance properties. PVDF also shares many of the 

characteristics of other fluoropolymers, such as thermal and oxidative stability, as well as outstanding 

weatherability. PVDF has substantially greater strength, wear resistance, and creep resistance than 

PTFE and FEP. PVDF undergoes cross-linking when exposed to ionizing radiation, which leads to a 

modification of its mechanical properties.  

PVDF has been used in the architectural coating industry, the wire and cable industry and the 

chemical industry for valves, pumps and bearings. Heat-shrinkable tubing made from PVDF is used in 

the electronics, aerospace, and aircraft industries. The alternative arrangement of fluorine and 

hydrogen atoms on the polymer main chain leads to an unusual polarity with a dramatic effect on 

dielectric properties. PVDF has a high dielectric constant (8 ~ 9) relative to the other fluoropolymers, 

and it also shows strong piezoelectricity. The promising developments include actuator materials, 

piezoelectric ceramics, piezoelectric composites and piezomicrosensors. 

The commercial PVDF products include Kynar from Arkema, Solef from Solvay, and Neoflon 

PVDF from Daikin. Solvay increased PVDF production capacity by 50% in 2011 to serve the strong 

growing demand. 

In the late 1960s, Nafion was discovered by Walther Grot of DuPont. Nafion is a fluoropolymer 

containing sulfonate groups onto a tetrafluoroethylene backbone (Figure 6) [19–27]. It is the first of a 

class of synthetic polymers with ionic properties which are called ionomers.  
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Figure 6. The preparation of Nafion. 
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Nafion  

Nafion is synthesized firstly by the copolymerization of TFE and a perfluoro(alkyl vinyl ether) with 

sulfonyl acid fluoride. The resulting polymer is extruded into films and treated with hot aqueous 

NaOH converting the sulfonyl fluoride groups (-SO2F) into sulfonate groups (-SO3Na). This form of 

Nafion, referred to as the neutral or salt form, is finally converted to the acid form containing the 

sulfonic acid (-SO3H) groups. Nafion can be cast into thin films by heating in aqueous alcohol at 

250 °C in an autoclave. By this process, Nafion can be used to generate composite films, coat 

electrodes, or repair damaged membranes. 

The combination of the stable Teflon backbone with the acidic sulfonic groups gives Nafion many 

special characteristics. It is highly conductive to cations, making it suitable for many membrane 

applications. The Teflon backbone interlaced with the ionic sulfonate groups gives Nafion a high 

operating temperature, e.g. up to 190 °C. The combination of fluorinated backbone, sulfonic acid 

groups, and the stabilizing effect of the polymer matrix make Nafion a very strong acid, with pKa of 

−6. Nafion’s superior properties allowed for broad application. Nafion has found use in fuel cells, 

electrochemical devices, chlor-alkali production, metal-ion recovery, water electrolysis, plating, 

surface treatment of metals, batteries, sensors, Donnan dialysis cells, drug release, gas drying or 

humidifaction, and superacid catalysis for the production of fine chemicals (Gelbard, 2005). Nafion is 

also often cited for theoretical potential (i.e., thus far untested) in a number of fields.  

Although fuel cells have been used since the 1960s as power supplies for satellites, recently they 

have received renewed attention for their potential to efficiently produce clean energy from hydrogen. 

Nafion was found effective as a membrane for proton exchange membrane (PEM) fuel cells by 

permitting hydrogen ion transport while preventing electron conduction. Solid Polymer Electrolytes, 

which are made by connecting or depositing electrodes (usually noble metal) to both sides of the 

membrane, conduct the electrons through an energy requiring process and rejoin the hydrogen ions to 

react with oxygen and produce water. Fuel cells are expected to find strong use in the 

transportation industry. 

Nafion is the first and still one of the most important functional fluoropolymer materials. The 

further development in the fuel cell industry and the automotive industry offered the prominent future 

for the interesting polymer systems.  
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1970s 

After discovering that ethylene has good copolymerization properties with fluorinated monomers, 

many new fluoropolymers were developed to achieve more favorable application properties. The first 

fluoropolymer containing ethylene units was ECTFE, which was introduced to the market by the 

Italian company Ausimont in 1970. ECTFE is an alternating copolymer of ethylene and CTFE 

(Figure 7). 

Figure 7. The preparation of ECTFE. 
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ECTFE is prepared by the copolymerization of ethylene and CTFE at relatively low temperatures 

(<10 °C) in an aqueous medium using a peroxide catalyst and a halogenated solvent chain transfer 

agent to regulate the molecular weight [28]. 

ECTFE polymer chains pack in an extended zigzag confirmation, which results in a crystallinity of 

50%–60%. ECTFE has a melting temperature in the range of 220–245 °C depending on the 

polymerization methods. ECTFE can be used over a broad temperature range from −100 °C to 150°.  

ECTFE can be processed by the standard processing methods for traditional thermoplastics in the 

range of 260–300 °C. It is readily converted into fibers, filaments, films, sheets, and wire and cable 

insulation. Noticeably, the molten ECTFE is corrosive and special corrosion-resistant steels are used 

for screw and barrel components.  

As the copolymer with ethylene, ECTFE has moderate chemical resistance, flame resistance, and 

dielectric constant (2.6). While, it still has excellent radiation resistance, weathering resistance, and 

barrier properties, as well as good tensile, flexural and wear-related properties. The strength, wear 

resistance and creep resistance of ECTFE are significantly greater than that of PTFE and FEP. ECTFE 

film is the most abrasion resistant and highest tensile strength fluoropolymer film available. 

The single largest use of ECTFE is the flame-resistant insulation for wire and cable applications, 

extensively used for aircraft, mass transit and automotive wiring. ECTFE also finds applications in 

chemical process equipments and components. ECTFE is used in aerospace applications, such as 

gaskets for liquid oxygen and other propellants, components for spacecraft and aircraft cabins, 

convoluted tubing, abrasion resistant braid and hose for expandable conduit for space suits. 

At the end of 1999, Ausimont introduced a new family of ECTFE resins under the trademark Vatar, 

specifically designed to meet the requirements for plenum cable applications. ETCFE is currently 

manufactured by Solvay under the trademark Halar after acquiring Ausimont in 2002.  

Figure 8. The preparation of PFA. 
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After the introduction of FEP, further research on TFE copolymers led to the development of PFA 

(Figure 8)—a copolymer of TFE and perfluoropropylvinylether (PPVE), which was introduced in 

1972 by DuPont.  

Generally, PFA is prepared by an aqueous dispersion process. The copolymerization must be 

controlled carefully to produce a uniform copolymer with the required molecular weight and 

polydispersity [29,30]. 

Due to the PPVE units in the polymer main chain, PFA has lower crystallinity compared to PTFE. 

Correspondingly, PFA has a lower melting temperature (305–310 °C), lower melt viscosity and better 

processability. This improvement for PTFE dramatically enlarged its market by lowering the 

processing cost and enriched the available product categories by the flexibility of thermoplastic 

processing.  

PFA shows comparable mechanical properties as FEP below 200 °C, and performs comparable 

mechanical properties as PTFE above 200 °C. The thermal stability of PFA is almost the same as that 

of PTFE and better than that of FEP. PFA has the same chemical resistance, flame resistance and 

radiation resistance as PTFE. The electrical properties of PFA and PTFE are similar. Importantly, PFA 

thin films have better transparency compared to PTFE. 

PFA can be processed by conventional melt techniques such as extrusion, injection molding and 

rotational molding. PFA powder can be used directly for extrusion or injection molding, and a PFA 

dispersion can be prepared for spray or dip-coating applications. Like PTFE, PFA can be filled with 

glass or carbon fibers, graphite or bronze powder to improve wear and creep properties.  

The main applications of PFA are chemical resistance components for valves, pumps and pipes. 

PFA is also widely used in the semiconductor manufacturing industries for high purity and chemical 

resistant moldings.  

The commercial PFA products are Teflon PFA from DuPont, Aflon PFA from Asahi Glass, Dyneon 

PFA from Dyneon, Neoflon PFA from Daikin, and Hyflon PFA from Solvay. 

After ECTFE, the other fluoropolymer containing ethylene units—ETFE was commercialized in 

1973 by DuPont. ETFE is comprised of alternating ethylene and TFE units in the polymer main chain 

(Figure 9). 

Figure 9. The preparation of ETFE. 
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Due to the risk of explosive decomposition reaction, the copolymerization of ethylene and TFE 

must be conducted in special vessels at low pressure. Suspension polymerization is generally carried 

out in an inert chlorofluorocarbon solvent using fluorinated peroxides as initiator and methanol as a 

chain transfer agent [31,32]. 

The polymer chains in ETFE adopt an extended zigzag conformation and a close packing. The 

crystallinity of ETFE ranges from 40% to 60%, and it has a melting temperature of 225–300 °C 

depending on the comonomer ratio and the processing method.  
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ETFE possesses superior processability and improved mechanical properties compared to other 

TFE copolymers. ETFE can be processed by all thermoplastic processing methods such as injection 

molding, compression molding, blow molding, rotational molding, extrusion, and wire coating. ETFE 

has high tensile strength, high flexibility, excellent impact strength, moderate stiffness, good abrasion 

resistance and high cutting resistance. ETFE modified by glass fiber reinforcement is tougher and 

stiffer and has higher tensile strength than PTFE, PFA or FEP. ETFE has a broad operating 

temperature range from as low as –100 °C to 150 °C. 

As a copolymer of ethylene and TFE, ETFE has medium chemical resistance and flame resistance. 

Its radiation resistance is high with the advantage of being cross-linked by high-energy radiation. The 

radiation cross-linked ETFE wire insulation can be continuously used at 200 °C.  

The main application for ETFE is wire and cable insulation, accounting for 60% of its market. 

ETFE has good resistance to petroleum and fuel permeation, which resulted in a significant growth of 

ETFE as fuel tubing.  

The commercial ETFE products include Tefzel from DuPont, Fluon from Asahi Glass, Halon ETFE 

from Solvay, Neoflon ETFE from Daikin, and Dyneon ETFE from Dyneon. 

1980s 

Before 1980s, all the industrial fluoropolymers were semicrystalline materials. Crystalline 

fluoropolymers have certain shortcomings such as low optical clarity, high creep and poor solubility, 

which limited their processability and the type of applications. In 1985, DuPont developed an 

amorphous perfluoropolymer—Teflon AF. Teflon AF is a copolymer of TFE and perfluoro-2,2-

dimethyl-1,3-dioxole (PDD) (Figure 10). The copolymerization of PDD and TFE is carried out in 

aqueous media with a fluorinated surfactant and ammonium persulfate as an initiator [33,34]. The 

composition of the copolymers could be adjusted by the comonomer feeding ratios. Different grades of 

Teflon AF products were prepared for different applications. At the same time, Asahi Glass also 

introduced a new amorphous perfluoropolymer—Cytop. Cytop is a homopolymer obtained via the 

cyclo-polymerization of perfluoro-3-butenyl-vinyl ether (PBVE) (Figure 10) [35,36]. 

Figure 10. The preparation of Teflon AF and Cytop. 
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As amorphous perfluoropolymers, Teflon AF and Cytop share certain advantageous properties 

compared to the crystalline perfluoropolymers. Amorphous perfluoropolymers inherited the excellent 

chemical, thermal and electrical properties from the crystalline perfluoropolymers. At the same time, 

they also have high transparency, good solubility and better mechanical properties. The thin films 

formed from Teflon-AF and Cytop have excellent optical clarity and the lowest refractive index of all 

known organic materials, which makes them suitable for some special optical applications. They 

showed extremely high transparency over the UV, visible and near IR wavelengths. These amorphous 

perfluoropolymers also have the lowest dielectric constant (1.9) of all known polymers.  

Amorphous perfluoropolymers can be melt-processed by all conventional processing techniques. At 

the same time, the good solubility in certain solvents offered them the versatile abilities in some 

special applications such as the ultrathin films or use with integrated circuits. For example, the spin 

coating of an amorphous perfluoropolymer solution is a useful processing technique for thin uniform 

coatings on flat substrates, and non-planar surfaces are usually coated using spraying or dip-coating 

methods. Amorphous fluoropolymers are used to make deep UV pellicles for electronic chip 

manufacturing processes. The low dielectric constant and low water absorption are great attributes for 

inter-layer dielectrics. The high optical transparency and very low refractive index of amorphous 

perfluoropolymers make them suitable for optical lenses and protective coatings. A new application for 

amorphous fluoropolymers is as core and cladding in optical fibers, for example the Lucina from Asahi 

Glass. Other interesting applications include photolithography uses for electronics, high-speed 

computer circuits and low dielectric constant insulators for high-performance electronic interconnects. 

While, the extremely high prices of amorphous perfluoropolymers restricted their use only to some 

special applications.  

Recently, Solvay also introduced an amorphous perfluoropolymer Hyflon–AD, which is a family of 

copolymers from TFE and 2,2,4-trifluoro-5-trifluoromethoxy-1,3-dioxole (TTD) (Figure 11) [37]. 

Figure 11. The preparation of Hyflon AD. 
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1990s 

After the 1970s, little work was done on the traditional semicrystalline fluoropolymer materials, 

then in 1993 Hoechst invented THV by the copolymerization of TFE, HFP and VDF (Figure 12). Later, 

Hoechst granted 3M the rights for the production of THV by forming a joint venture—Dyneon in 1996. 

The new fluoropolymer is now known as Dyneon THV.  
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Figure 12. The preparation of THV. 
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The preparation of THV is quite similar to the traditional procedures for PTFE, FEP and PVDF [38]. 

THV polymer is soluble in polar organic solvents and can easily form thin films by solution casting. 

The film obtained is transparent through UV, visible and near IR wavelengths. THV film also 

exhibited excellent adhesive ability to other polymers, making them easy to utilize in a very wide 

range of applications.  

THV fluoropolymers are processed in the range of 230–250 °C by general polymer processing 

equipments. THV can be processed by extrusion, blow-molding and injection.  

Most applications of THV are the multilayer constructions, where a thin layer of THV provides 

enhanced barrier properties to other layers. THV has excellent permeation resistance and chemical 

resistance to be used as fuel tubings due to its flexibility and the ease of processing. Similarly, THV is 

used for wire and cable insulation because of its flexibility and the flame resistance. THV can also 

serve as a flexible liner for chemical holding tanks.  

The low processing temperatures, high clarity, high flexibility and excellent adhesive properties 

made THV very competitive compared to other fluoropolymers. 

3. The Present and the Future of the Fluoropolymer Industry 

The fluoropolymer industry has not come up with any really new product since the turn of the 21st 

century. The existing products can satisfy most of the requirements from their industrial applications. 

The current efforts are focusing on reducing production costs and expanding the application markets 

with continued globalization development (as with most other industries).  

North America is still the most dominant market for fluoropolymers especially due to the 

significant demand in the U.S. by the wire and cable markets. The Asia-Pacific region is expected to 

be the fastest growing markets for fluoropolymers, with tremendous growth driven by Japan, China 

and India. 

Typical applications of fluoropolymers are summarized in Table 1 for different industrial segments. 

FEP and PVDF are the fastest growing fluoropolymer products, especially in solar cell and fiber optic 

applications. PVDF is expected to grow enormously due to its increasing applications in lithium-ion 

batteries and architectural coatings. The growths in the chemical processing, cookware, bakeware, and 

medical markets are also important driving forces for the fluoropolymer industry. 

The general properties were summarized in Table 2 for most fluoropolymers. Additional details 

about each fluoropolymer can be found in the references. In order to choose a suitable material for a 

specific application, it is necessary to thoroughly compare all the relevant properties and the total cost 

of the fluoropolymer candidate [39]. There could be several choices since the application properties of 

the fluoropolymers overlap in most cases. Therefore, any decision should consider the requirements, 

the cost, the benefit, and the competitive advantage of the final product. 
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Table 1. Typical applications of fluoropolymers for different industry segments. 

Industries Functions Forms 

Automotive Mechanical property, thermal property, chemical 

property, and friction property. 

O-rings, gaskets, valve stem seals, shaft seals, linings for fuel 

hoses, power steering, and transmission. 

Chemical industry Chemical resistance, mechanical property, 

thermal property, and weather stability.  

Coatings for heat exchangers, pumps, diaphragms, impellers, 

tanks, reaction vessels, autoclaves, containers, flue duct 

expansion joints, heavy-wall solid pipe and fittings. 

Electrical/electronic Dielectric constant, flame resistance, and 

thermal stability. 

Electrical insulation, flexible printed circuits, ultra-pure 

components for semiconductor manufacture. 

Architectural and 

domestic 

Weatherability, flame retardancy, friction 

property, thermal stability.  

Water-repellent fabric, architectural fabric, non-stick coatings 

for cookware, and fiberglass composite for constructions. 

Engineering  Mechanical property, thermal stability, chemical 

stability, weatherability, and surface energy.  

Seats and plugs, bearings, non-stick surfaces, coatings for 

pipes, fittings, valve and pump parts, and gears. 

Medical Surface energy, biological stability, mechanical 

property, chemical resistance.  

Cardiovascular grafts, ligament replacement, and heart 

patches. 

Table 2. The summary of fluoropolymers with their general properties. 

Fluoropolymer Starting 

Year 

Melting 

temperature 

(°C) 

Tensile 

Modulus 

(MPa) 

Break 

Elongation 

(%) 

Dielectric 

Strength 

(kV/mm) 

Appl. 

Temp 

(°C) 

Main Applications 

PTFE 1947 317–337 550 300-550 19.7 260 Chemical processing, wire and cable 

PCTFE 1953 210-215 60-100 100-250 19.7 200 Barrier film, packaging and sealing 

FEP 1960 260-282 345 ~300 19.7 200 Cable insulation 

PVF 1961 190-200 2000 90-250 12–14 110 Lamination, film and coating 

PVDF 1961 155–192 1,040-2,070 50-250 63–67 150 Coating, wire, cable, electronic 

ECTFE 1970 235–245 240 250-300 80 150 Flame resistant insulation 

PFA 1972 302–310 276 ~300 19.7 260 Chemical resistant components 

ETFE 1973 254–279 827 150-300 14.6 150 Wire and cable insulation 

THV 1996 145–155 82–207 500-600 48–62 93 Barrier film and insulation 

Along with the development of the fluoropolymer industry, there are more concerns about the 

safety and environment effects of these materials. For example, people doubt that fluoropolymers may 

be contributing to the buildup of the fluorinated pollutants in the environment that could threaten the 

whole biological system on the earth. The pollutants of most concern include trifluoroacetic acid (TFA) 

and perfluorooctanoic acid (PFOA). Researchers stressed that there is no evidence that the amount of 

TFA from fluoropolymers is dangerous to people. However, because TFA lasts so long, it could build 

up to levels in the environment that may pose a problem for plants [40]. Several government agencies 

have reviewed the safety of fluoropolymer products, including the U.S. Consumer Product Safety 

Commission (CPSC), the U.S. Food and Drug Administration (FDA) and the U.S. Environmental 

Protection Agency (EPA). As a result, U.S. and international regulatory agencies—including the U.S. 

Food and Drug Administration and European Food Safety Authority—affirm the safety and reliability 

of fluoropolymers in their various uses, as long as the materials are used according to the industry 

guidance [41,42]. 
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In summary, fluoropolymers have come a long way in the past 70 years. No doubt many new 

fluoropolymer materials will be developed and new applications will be found for old fluoropolymers. 

The importance of the fluoropolymer industry will not be destabilized before the emergence of new 

substitute materials.  
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1. Inventing the Fluorine Future 

Fluorine is the 13th most abundant element and, with other fluorine containing functional groups, is 

a most effective element in biological substances, pharmaceuticals, agrochemicals, liquid crystals, 

dyes, polymers and a wide range of consumer products. This reflects its resistance to metabolic change 

due to the strength of the C-F bond providing biological stability and the application of its  

nonstick-interfacial physical characteristics. Its introduction often remains a synthetic challenge. The 

widespread use of organofluorines has increased the demand for the development of practical and 

simple reagents and experimental strategies for the incorporation of fluorine into all types of molecular 

structures and this was the reasoning behind this special feature on Organo-Fluorine Chemical Science. 

The contributed articles belong to two broad groups: (i) preparation of fluorine materials, polymers; 

(ii) the synthesis/applications of organo-fluorine molecules. 

2. Fluorine-Fatness—Due to Lack of Fitness 

Theoretical [1] and experimental observations to explain the molecular origins of fluorocarbon 

hydrophobicity suggest that the hydrophobicity of a fluorocarbon, whether the interaction with water is 

as solute or as surface, is due to its “fatness”. In solution, the extra work of cavity formation to 

accommodate a fluorocarbon, compared to a hydrocarbon, is not offset by enhanced energetic 

interactions with water. The enhanced hydrophobicity of fluorinated surfaces arises because 

fluorocarbons pack less densely on surfaces leading to poorer van der Waals interactions with water. 

The interaction of water with a hydrophobic solute/surface is primarily a function of van der Waals 

interactions and is substantially independent of electrostatic interactions. This independence is 

primarily due to the strong tendency of water at room temperature to maintain its hydrogen bonding 

network structure at an interface lacking hydrophilic sites.  
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3. Fluorine Materials and Polymers 

For over a decade, a major synthetic target in fluorine material science has been the preparation of 

hydrophobic and superhydrophobic surfaces that are suitable for non-stick self-cleaning and 

anticorrosion applications. There is great interest in developing practical methods to generate 

such surfaces.  

Jean-Denis Brassard and coworkers [2] in their paper on Fluorine Based Superhydrophobic 

Coatings, synthesized monodispersive silica nanoparticles of ~120 nm diameter via the Stöber process 

that were further functionalized using fluoroalkylsilane (FAS-17) molecules to incorporate the 

fluorinated groups with the silica nanoparticles in an ethanolic solution. The synthesized fluorinated 

silica nanoparticles were spin coated on flat aluminum alloy, silicon and glass substrates. The water 

contact angles and surface roughness increased with the number of spin-coated thin films layers. The 

critical size of ~119 nm rendered the aluminum surface superhydrophobic with three layers of coating 

using as-prepared nanoparticles suspended solution. On the other hand seven layers are required for a 

50 vol.% diluted solution to achieve superhydrophobicity. In both the cases, water contact angles were 

more than 150°, and contact angle hysteresis was less than 2°. The authors considered that their 

coatings possessed self-cleaning properties. When applied on other substrates, like silicon or glass, 

superhydrophobicity is obtained by tuning the number of layers of deposition. 

The α,ω-dialkoxyfluoropolyethers (DA-FPEs) prepared and characterized by Menghua Wu and 

coworkers [3] in their contribution: An Environmentally Friendly Class of Fluoropolyether:  

α,ω-Dialkoxyfluoropolyethers have been developed as a new class of environmentally friendly 

hydrofluoroethers (HFEs) with multiple uses; suitable as solvents, long-term refrigerants, cleaning 

fluids, and heat transfer fluids. Synthetic methodologies for DA-FPEs described here consist of 

radical-initiated oxypolymerization of olefin, peroxy-elimination reaction in peroxidic 

perfluoropolyethers (PFPE) and further chemical modification of α,ω-diacylfluoride PFPE. Physical 

properties of selected α,ω-dimethoxyfluoropolyethers have been evaluated and compared with 

analogous hydrofluoropolyethers having -OCF2H as end-groups. The rationalization of the physical 

properties of these hybrid polymers is quite challenging. The highest boiling points are those of DM-

FPEs, the intermediates are HFEs and the lowest ones are PFPEs. The above-mentioned result reflects 

the typical low intermolecular interactions of perfluorinated compounds. Partially fluorinated ethers, 

such as HFEs and DM-FPEs (α,ω-dimethoxyfluoropolyethers), display higher boiling temperatures 

and this is indicative of greater intermolecular polar interactions. Comparison of three similar 

fluoromethylethers, CF3OCF3 (b.p. 214 K; μ = 0.49 D), CF2HOCF3 (b.p. 238 K, μ = 1.18 D) and 

CH3OCF3 (b.p. 250 K, μ = 2.56 D) when contrasted to dimethyl ether, CH3OCH3 (b.p. 249K, μ = 1.30 

D) the dipole moments really tell the story of the degree of polar interactions due to the presence of 

fluorine atoms. Interestingly, it is known that the presence of oxygen in PFPE impacts on chain 

flexibility but not on molecular polarity when compared with perfluoroalkyl analogues. Therefore, the 

glass transition temperature was found to decrease as the oxygen to carbon ratio was increased, 

maintaining a low cohesive energy density comparable with that of perfluoroalkanes. The progressive 

substitution of fluorine atoms with hydrogen in the methoxy end caps was found to lead to a stronger 

dipole and, consequently, to an increase of the boiling point. The boiling point differences between 

PFPEs and HFEs and between PFPEs and DM-FPEs are not constant but decrease continuously with 
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the chain length. Since the attractive forces are due to polar terminal groups, their relative intensity 

decreases as N increases and, as a result, the boiling points of HFEs, DM-FPEs and PFPE tend to an 

asymptote at higher N values. Atmospheric implications and global warming potentials of selected 

dialkoxyfluoropolyethers were also considered. 

Srinivas Hanumansetty and coworkers [4] describe in their article: Stain Resistance of Cotton 

Fabrics before and after Finishing with Admicellar Polymerization that admicellar polymerization 

permitted the formation of durable finishes that exhibited high performance in stain resistance and 

stain repellency. The mild method of fabric modification by admicellar polymerization is its greatest 

advantage. However innovative protocols to implement admicellar polymerization are needed for its 

application on a commercial scale.  

Takashi Okazoe and collaborators [5] in their contribution: Application of Liquid-Phase Direct 

Fluorination: Novel Synthetic Methods for a Polyfluorinated Coating Material and a Monomer of a 

Perfluorinated Polymer Electrolyte Membrane showcase the utilization of their PERFECT chemical 

fluorine synthesis procedure for the preparation of novel multifunctional polyfluorinated anti-staining 

material. Perfluorination with fluorine gas is hazardous, is it possible to engineer the PERFECT 

process into a flow system to make it greener chemistry?  

In the manuscript: Overview of the Development of the Fluoropolymer Industry, Hongxiang Teng [6] 

presents his views on the subject that fluoropolymers are important specialty polymers for their high 

performance properties and also for the combination of these properties as described in the review. The 

introduction attributes the reasons to the chemistry of fluorine and replacement of typically all 

hydrogens by fluorine in these polymers. The author continues to relate properties to structure (the 

larger size of fluorine relative to hydrogen) and chemistry of fluorine (such as the strong bonds to 

carbon). These aspects of the chemistry of fluoropolymers create a unique range of “on cursory 

inspection” unrelated properties. Preparation of FEP (copolymer of fluorinated ethylene and 

propylene), is said to contain 5% hexafluoropropylene. However the critical aspect of the chemistry of 

this copolymerization is the reactivity ratios of the two monomers. A difficulty in preparing many of 

the tetrafluoroethylene copolymers is widely separated reactivity ratios, or in the case of ECTFE 

(copolymer of ethylene and CTFE), the cross-reaction rates must be large to form an alternating 

copolymer. The included tables are useful and provide an effective summary to position individual 

discussions. This review provides a brief summary of fluoropolymers in order of development or 

manufacturing time. The fluoropolymers provide an example of how the high performance PTFE has 

been modified using polymer chemistry to decrease absolute properties and increase diversity of 

properties by substitution of fluorines or copolymerization.  

The paper on Nanoimprint Resist Material Containing Ultraviolet Reactive Fluorine Surfactant for 

Defect Reduction in Lithographic Fabrication by Satoshi Takei and Atsushi Sekiguchi [7] describe 

their development and optimization of using 4.5 wt% of the fluorine surfactant 

4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,1-heptadecafluoro-2-hydroxyundecyl acrylate as a template release 

component in their formulation of nanoimprint resist materials. The fluorine surfactant effectively 

contributed to providing a clean separation technology for mass-production using UV curing 

nanoimprint lithography. 

The focus of Yen-Ting Chen and coworkers [8] in Optimization of Fluorine Plasma Treatment for 

Interface Improvement on HfO2/In0.53Ga0.47As MOSFETs was to optimize the effects of CF4/O2 
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plasma power wattage and treatment time on HfO2/In0.53Ga0.47As gate stack. This resulted in 

significant improvement of the effective channel mobility (μeff), transconductance (Gm), drive current 

(Id), and sub-threshold swing (SS). With F incorporation, they have successfully developed excellent 

interface quality of HfO2 directly on In0.53Ga0.47As without using interface passivation layer. 

Fluorinated samples exhibit low interface trap density (Dit) of 4.9 × 1011 cm−2eV−1, which is the lowest 

value compared to prior reported HfO2/In0.53Ga0.47As gate stacks. Incidentally, Hou and coworkers [9] 

have reported a simple technique to synthesize highly crystalline InGaAs NWs by a novel two-step 

chemical vapor deposition (CVD) method with a high growth yield. The NWs exhibit impressive 

electrical performance with a ION/IOFF ratio of ∼105 and field-effect mobility of ∼2,700 cm2/(V·s) 

when configured in the back-gate NW field-effect transistors (FETs). 

Yosuke Mizuno and Kentaro Nakamura [10] in their article Enhancement of Brillouin Scattering 

Signal in Perfluorinated Graded-Index Polymer Optical Fibers studied two methods to enhance the 

Brillouin Stokes signal in perfluorinated graded-index polymer optical fibers [PFGI-POFs]. The 

backscattered Brillouin light spectrum properties of [PFGI-POFs] with 62.5-μm core diameter were 

investigated. The Stokes power was extremely high compared to that of a PFGI-POF with 120-μm core, 

and the Brillouin threshold power for 5-m PFGI-POF was estimated to be 53.3 W. It was also shown 

that employing a PFGI-POF longer than ~50 m is not an effective way to enhance the Stokes signal.  

In addition, it was theoretically found that it is difficult to reduce the Brillouin threshold power of 

PFGI-POFs at 1.55-μm wavelength below that of long silica single-mode fibers even if their core 

diameter is sufficiently decreased to satisfy the single-mode condition. Finally, the Brillouin linewidth 

narrowing effect was confirmed. The authors conclude that these results will be a good guideline for 

developing practical Brillouin systems using PFGI-POFs, as well as for designing new PFGI-POF 

structures for Brillouin applications in future. 

As urea and amide derivatives are ideal functional groups for the design of low molecular weight 

gelators, attributed to their rigidity, strength and ability to form highly directional hydrogen bonds, 

Anilkumar Raghavanpillai and Vincent Franco [11] in their article Self-Assembled Fluorinated 

Organogelators for Surface Modification prepared some novel alkyl- and perfluoroalkyl-containing 

urea and amides from amino acid derivatives and investigated their utilization as low molecular weight 

organogelators. Most of these compounds showed excellent gelation behavior in organic solvents at 

low concentrations. A few organogelators selected from the initial screening were used for surface 

modification of fibrous substrates to create hydrophobic and oleophobic composites. The hydrophobic 

and oleophobic behaviors of these composites were ascribed to a combination of increased surface 

roughness and the alkyl/fluorinated functionalities present in the gelator backbone. In general the  

urea-amide derivatives were better gelators than the corresponding bis- or tris-amide derivatives. 

Analogous urea-ester derivatives failed to gel in any organic solvents, indicating a combination of urea 

and amide functionalities, or multiple amide groups, are desirable to induce gelation. The nonwoven 

surfaces impregnated with perfluoroalkyl-containing organogelators showed excellent oleophobic 

behavior. Superior hydrophobic and oleophobic behavior exhibited by these composites were 

attributed to a combination of micro-structured surface morphology created by the xerogel and the 

presence of fluorocarbon/hydrocarbon functionalities in the gelator backbone. 

Yoshihiro Tsujimoto, Kazunari Yamaura and Eiji Takayama-Muromachi [12] in their paper 

Oxyfluoride Chemistry of Layered Perovskite Compounds review recent progress and new challenges 
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in the area of oxyfluoride perovskite, especially layered systems including Ruddlesden-Popper (RP), 

Dion-Jacobson (DJ) and Aurivillius (AV) type perovskite families. Each of the fluorinating agents that 

have been reported so far, including F2 gas, NH4F, XeF2, CuF2 and PVDF and PTFE, exhibits a 

distinct fluorinating power and reaction pathway. Examples are given illustrating that the fluorine 

contents in the resultant material depend on the choice, not only of the fluorinating agent, but also the 

anion lattice of the precursors. Synthetic strategies are proposed to further extend RP type perovskite 

compounds, with particular reference to newly synthesized oxyfluorides, Sr2CoO3F and Sr3Fe2O5+xF2−x 
(x ~ 0.44). In future it will be interesting to explore the applications of these extended fluorinated 

oxyfluoride Perovskite compounds. 

4. Synthesis/Applications of Organo-Fluorine Molecules 

Organofluorine compounds possess desirable physical properties that are utilized widely in 

pharmaceuticals, agrochemicals, polymers and as biomaterials. In the case of medicinal chemistry, 

fluorine functionalities including -RF, -F, -CF3 -OCF3 impart valuable drug like physiological 

properties on molecules that improve receptor binding selectivity, increase lipophilicity and metabolic 

stability. The practical synthesis of organofluorine compounds is an important scientific endeavor. 

Christel Dolain and coworkers contribution [13]: Nucleic Acid Based Fluorinated Derivatives: New 

Tools for Biomedical Applications, reviews recent developments in the preparation of nucleic  

acid-based fluorinated derivatives, e.g., nucleosides or oligonucleotides connected to fabricated by 

coupling highly fluorinated chains or labeled with either a nucleoside or an oligonucleotides-modified 

with one or more fluorine atoms, have been investigated recently due to their high potential for 

biomedical applications. The application of nucleoside-based fluorocarbon derivatives is focused on 

three broad objectives: (i) construction of novel supramolecular materials and/or devices; 

(ii) development of new drug delivery systems; and (iii) discovery of new therapeutic molecules. The 

authors’ review recent research on highly fluorinated nucleic acids derivatives, in particular nucleoside 

and oligonucleotide fluorocarbon amphiphiles as well as those with properties and applications of 

fluorine-labeled fluorinated oligonucleotide analogues. The review succeeds in showcasing the future 

potential role that highly fluorinated amphiphiles could play in chemistry, biology and material science. 

Synthesis of Some New Fluorinated Hexahydroquinoline and Acridinedione Derivatives in 

Trifluoroethanol is the article contribution by Cosmas Okoro, Mumiye Ogunwale and Tasneem 

Siddiquee [14] in which they describe a facile one-pot synthesis of new fluorinated 

hexahydroquinoline derivatives via an unsymmetric Hantzsch reaction utilizing 5-trifluoromethyl-1,3-

cyclohexanedione, aldehydes, acetoacetate ester, and ammonium acetate in trifluoroethanol. The 

reaction is simple and rapid with high yield. The reaction was extended to the synthesis of 

hexahydroacridinedione under similar conditions. The biological activities of the products will 

be investigated. 

Understanding/predicting chemical reactions relies on the ability to calculate (simply) the energy 

and thermodynamics involved in the transformations. Jon Baker and Max Muir’s contributed 

paper [15]: Further Successes of the Meisenheimer Model illustrate that this concept is true. Their 

model involves calculating the energy of all possible Meisenheimer complexes at a standard level of 

ab initio theory using the fluoride ion as a “typical” nucleophile, the preferred site for nucleophilic 
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substitution then corresponds to the most stable (lowest energy) complex. This simple approach that 

predicted the principal site for 15 nucleophilic substitutions in aromatic perfluorocarbons has been 

extended and reliably tested by comparison to the series of recently published NH2 amination reactions 

of perfluoro-arenes in liquid ammonia by Malykhin and coworkers. The model accurately predicted 

the experimental results for all of the SNAr reactions therefore confirming the model’s general utility. 

The authors conclude with the prediction that their model predicts that mono-amination of  

1-trifluoromethyl-2-amino 3,5,6-trifluorobenzene in liquid ammonia should produce almost 

exclusively 1-trifluoromethyl-2,6-diamino-3,5-difluorobenzene. 

Joseph Sloop [16] and coworkers present interesting organofluorine synthesis in their paper: Novel 

Fluorinated Indanone, Tetralone and Naphthone Derivatives: Synthesis and Unique Structural 

Features. They analyzed the uncommon product outcomes from the Claisen condensation coupled 

with the fluorinating reagent Selectfluor® with the above ketones.  

The article entitled: Computational Study on the Acid Catalyzed Reactions of Fluorine-Containing 

2,4-Dialkoxy-3,4-dihydro-2H-pyrans with Aromatic Compounds by Norio Ota [17] and coworkers 

illustrated that the predicted product outcomes from DFT calculations were consistent with the 

experimental data and mechanistic pathways to products when fluorinated dihydropyrans were reacted 

with aromatics.  

Fluorine-18, widely used in clinical positron emission tomography (PET) imaging in biomedical 

science because its optimal physical decay properties (t1/2  = 110 min, Eβ+, max = 0.6 MeV) facilitates 

multistep syntheses and PET images of high quality. Wångler and coworkers [18] in their review 

Silicon-[18F] Fluorine Radiochemistry: Basics, Applications and Challenges describe the 

radiochemical science surrounding Si-18F bond synthesis, the application of Si-18F tracers for PET 

imaging and some of the remaining challenges regarding the optimization/balance of the in vivo 

physic-chemical properties of these radiochemicals in  relation to their stability and biodistribution. 

The increased application of 18F Fluoro-click-bioconjugation to the variety of bio-scaffolds employed, 

promises to be an effective strategy able to counter balance the high lipophilicity-hydrophilicity nature 

of the radiochemical carriers, thereby enhancing target visualization via PET with only minute 

retention of radioactivity in other tissues and organs.  

One of the most significant classes of synthetic antibacterials are fluoro-quinolone antibiotics. The 

article: A Study of Fluorinated β-Nitrostyrenes as Antimicrobial Agents by King Lo et al. [19] 

examined the effect of the presence of fluorine functionalities in β-methyl-β-nitrostyrenes on their 

antimicrobial activity. The MIC values confirmed that fluorinated β-methyl-β-nitrostyrenes had the 

highest antimicrobial activity against Gram negative, Gram positive bacteria and the fungus 

C. albicans. However the correlations between MIC and KD [logP] values were not straightforward. 

Similarly it was also difficult to correlate the position of fluorine substitution on the benzene ring or 

the effect of multiple fluorine substituents with antibacterial activity and logP values. Can aromatic 

ring fluorine/hydrogen exchange influence membrane permeability? Generally, aromatic F/H 

substitution tends to increase compound lipophilicity, in direct contrast to what was observed. 

Alternatively, the reason for the effectiveness of fluorine substitution on the aromatic ring may be 

connected with the high electronegativity of fluorine, although size factors could also be important. 

Perhaps the electronegativity of fluorine could affect binding affinity to the binding site of the bacteria, 

thus causing inhibition of the enzyme. Further investigations with other fluorine-substituted 
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compounds to determine the structural features required for the optimal anti-bacterial activity of  

β-methyl-β-nitrostyrene compounds, and where the activity occurs, are currently being carried out. 
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