
Nanomaterials Based on 2,7,12,17-Tetra-tert-butyl-
5,10,15,20-tetraaza-21H,23H-porphine Exhibiting 
Bifunctional Sensitivity for Monitoring 
Chloramphenicol and Co2+ 
Ionela Fringu 1, Diana Anghel 1, Ion Fratilescu 1, Camelia Epuran 1, Mihaela Birdeanu 2  
and Eugenia Fagadar-Cosma 1,* 

1 Institute of Chemistry “Coriolan Dragulescu”, Mihai Viteazu Avenue 24, 300223 Timisoara, 
Romania; mcreanga@acad-icht.tm.edu.ro (I.F.); danghel@acad-icht.tm.edu.ro (D.A.);  
ionfratilescu@acad-icht.tm.edu.ro (I.F.); ecamelia@acad-icht.tm.edu.ro (C.E.) 

2 National Institute for Research and Development in Electrochemistry and Condensed 
Matter,  
P. Andronescu Street, No. 1, 300224 Timisoara, Romania; mihaelabirdeanu@gmail.com 

* Correspondence: efagadar@yahoo.com 
 
 

Table S1 presents a situation regarding the most efficient and recently used methods for 
chloramphenicol detection, based on porphyrins or other materials. 

Table S1. The most efficient and recently used methods for Chloramphenicol detection. 

Sensitive compound Detection 
method 

Detection 
domain 

Values from 
cited articles/ 

Values 
calculated in 

µM 

Detection 
limit 

 

Ref. Values from 
cited articles/ 

Values 
calculated in 

µM 

Containing 
porphyrins 
as sensitive 
compounds 

Composite 
zirconium-porphyrin 

(tetrakis(4-
carboxyphenyl)porph

yrin - MOF-based 

Fluorescent 
sensing  

0.1 pg mL−1 − 10 
ng mL−1 /  

0.15 – 13.6 µM 

0.08 pg mL−1 / 
1.11 × 10−8 µM 

 
[90] 

Composite  
zirconium octahedral 

clusters 
and TCPP (tetrakis 
(4-carboxyphenyl) 
porphyrin) ligand 

Electrochemical 
detection  

by 
cyclic 

voltammetry 
and differential 

pulse 
voltammetry  

0.01 – 0.80 µM 
0.0018 µM  

 
[17] 

Composite 
AuNPs - (Meso-

tetra(carboxyphenyl) 

Electrochemical 
aptasensor 

 
- 

0.0138 ng mL−1 

/ 
0.022 µM 

[91] 



porphyrin, 
Zirconium 

tetrachloride  
Zirconium-porphyrin 

MOF  in-situ 
synthesized with GO 
functionalized with –

COOH group 

Ultra-sensitive 
electrochemical  

0.01 ng/mL to 50 
ng/mL / 

3 × 10−5 – 0.16 
µM 

7.04 pg/mL /   
0.05 µM 

 
[18] 

Based on 
other 

sensitive 
compounds 

Chlorine-
functionalized 

graphene oxide (Cl-
RGO) 

Electrochemical 
 

sensor 
2 – 35 µM 

1 µM 
 

[92] 

Palladium 
nanoparticles 

decorated graphene 
oxide nanocomposite 

Electrochemical 
sensor 

50 – 1000 nM / 
0.05 – 1 µM 

50 nM / 
0.05 µM 

[58] 

Eu2O3 
nanoparticles 

decorated reduced 
graphene oxide  

Amperometric 
sensor  

 
0.02 – 800 µM 

1.32 nM / 
0.0013 µM 

[93] 

Bimetallic core–shell 
nanoparticles 

consisting of a gold 
core, silver shell, and 
a mesoporous silica 

coating 

Surface-
enhanced 

Raman 
spectroscopy 

(SERS) 

- 
6.68 × 10−8 M / 

0.0668 µM 
[94] 

 

Aptasensor 
based on 
modified 
glassy-
carbon 

electrode 
rGO/AgNPs 

 
Electrochemical 

detection 
0.01 – 35 µM     

 
       2 nM / 
0.002 µM 

[95] 

Acidified 
TBAP-
AuNPs 

complex 

CHL Optical sensor 
3.58 × 10−6 M –  

3.37 × 10−5 

              0.98 × 
10−6 
 

This 
work 

      
 

Table S2 presents some recent performances in Co2+ detection. 

 

 

 

 



Table S2. Various methods for Co2+ detection from different samples. Detection domains, detection limits 
and areas of applications. 

Sensitive compound 
Detection 
method 

Detection  
Domain 

Values from 
cited 
articles/ 

Values 
calculated in 

µM 

Detection 
limit  

 
Application Ref. 

Values from cited articles/ 
Values calculated in µM 

A quinoline-based 
hydrazone, 

namely, 
bis((quinolin-8-

yl)methylene)carb
onohydrazide 

Co2+  
Colorimetric 

sensor 
- 0.21 µM - 

[96] 
Zn2+ Fluorescent 

sensor 
- 0.66 µM 

 
Biological 

applications 

Green-fluorescent 
N-doped carbon 
dots -fabricated 

using 
hydrothermal 
treatment of 

tyrosine and urea 

Co2+ - 

0.1 µM –10 
µM; 

25 µM – 
275µM; 300 

µM – 400µM 

0.15 µM 

Biomedical 
field -

temperature 
sensor with a 

linear range of 
 25 – 80 °C  

[97] 

Thiosemicarbazon
e-linked 

acetylpyrazine  
 

Co2+ 
Colorimetric 

detection 
- 1.637 µM 

Environmental 
water samples [98] 

Ultrasonic assisted 
cloud point 

extraction method  
Co2+ 

UV–Vis 
spectrophoto

meter 

0.0169 – 0.169 
µM 

 
0.1695 – 

3.5593 µM 

0.76 µg 
L−1/ 0.012 

µM 

Determination 
of Cobalt (II) 

(Co(II)) in 
spices. 

[99] 

Dithizone  used in 
chromogenic 

sensing of CN- as 
an anionic species 
and for Co2+ as a 

cationic species in 
DMSO/H2O 

media. 

Co2+ Colorimetric 0.3 – 4.4 µM 0.04 µM 

Application in 
a variety of 

cases requiring 
rapid and 
accurate 

analysis of 
Co2+ and CN- 
from human 
serum and 

water samples 

[100] 

CN-   3.3 – 58.6 µM 
0.43 µM 

 
  

     Carboxyl-
functionalized 

CdS QDs  
Co2+ 

Colorimetric 
detection 

8.47– 
237.3µM 

0.23 µg 
mL−1/ 3.89 

µM 

Environmental 
analysis [101] 



 
2,6,7-trihydroxy-9-

(4A-
chlorophenyl)-3-
fluorone oxidized 

with hydrogen 
peroxide in 

alkaline solution 

Co2+ 
Chemilumines

cence 
- 

0.07 ng 
mL–1/  

0.175 µM 
 

Water sample [102] 

Retention of cobalt 
ions with 

polyvinyl chloride 
modified by 3-(2-
thiazolylazo)-2,6-
diaminopyridine 
in a mini-column 

system. 

Co2+ 
Atomic 

absorption 
spectrometry 

- 
1.3 µgL −1/ 
0.027 µM 

Sample 
waters, waste 

water, 
vegetable, fruit 
and drug with 
complicated 

matrices 

[103] 

A 
polyaniline/platin

um (PANI/Pt) 
bilayer fiber optic 
sensor based on 

surface 
plasmon 

resonance 
phenomenon  

Co2+ 

Surface 
plasmon 

resonance 
(SPR) 

- 0.14 µM 

Environmental 
water quality 

control 
detection  of 

cobalt ions (Co 
2+) in an 
aqueous 
solution 

[104] 

Spectrofluorimetri
c 

determination due 
to 

complex formed 
with 8-

hydroxyquinolein 
(8-HQ) 

in aqueous 
solution 

Co2+ 
Spectrofluori

metric 
determination 

7.3 × 10 -2 

µg L-1 

4.12 × 10-3 µg 
L-1/  

0.503 – 0.028 
µM 

2.19 × 10−2 
µgL−1/ 

1.51 ×10−4 
µM 

 
4.3µ10−2 
µg L−1/  

2.96 × 10−4 
µM  

 

Detection from 
tap waters and 
foods samples 
(milk powder, 
express coffee, 
cocoa powder) 

[105] 

AgNPs-
glutathione  

Co2+ 

Surface 
plasmon 

resonance 
(SPR) 

 
 

 
- 

 
0.68 µM 

Highly 
sensitive and 
selective in 

aqueous 
systems for 
detection of 
cobalt ions 

(Co(II)) 

[106] 

Polyvinyl chloride 
incorporating 5-[o-
carboxyphenylazo

]2,4-

Co2+ 
Optical sensor 

  
 

0.05 – 45.20 
µM 

0.015 µM 
 

Environmental 
samples [107] 



dihydroxybenzoic 
acid and sodium 

tetraphenylborate, 
plasticized with 
dioctyl adipate  

1,5-bis(di-2-
pyridyl) 

methylene 
thiocarbohy- 

drazide (DPTH) 
was used as a 

chelating agent 

Co2+ 
Flame atomic 

absorption 
spectrometry 

- 
12.4 ng 
mL–1/ 0.21 
µM 

Method for the 
determination 
of cobalt from 

food, 
environmental 

and water 
samples 

[108] 

The procedure is 
based on the 

formation of the 
hydrophobic 

complex between 
Co(II) and 4-

methoxy-2-sulfo- 
benzenediazoamin

oazo-benzene  

Co2+ 

Flame atomic 
absorption 

spectrometry 
(FAAS) 

- 
0.47 ng 
mL−1/ 

0.0079 µM 

Trace amounts 
of 

cobalt from 
water and 

food samples 

[109] 

Choline chloride 
and phenol in a 
1:2 M ratio was 
used as a green 

solvent to extract 
cobalt from the 
aqueous sample 

solution. 

Co2+ 

Flame atomic 
absorption 

spectrometry 
(FAAS) 

5.0 – 50 µg 
L−1/ 0.084 – 

0.84 µM 

2µg L−1/ 
0.033 µM 

Detection from 
linden tea 
samples 

[110] 

 N-(2-(2-butyl-1,3-
dioxo-2,3- 

dihydro-1H-
benzo[de]isoquino
lin-6-yl)hydrazine-

1-
carbonothioyl)ben

zamide  

Co2+ 
Fluorescent 

method 
- 0.26 µM 

Highly 
selective 

fluorescent 
chemosensor 
for biological 
environments 

[111] 

A Chrysoidine G 
(CG) chemosensor 

was exposed to 
cobalt 

Co2+ 
Colorimetric 

in situ method 

0.4 –1 ppm /  
0.14 – 0.35 

µM 

2 ppm/ 
0.07 µM 

Practical 
applications 

such as on-site 
test kits and 

real-time 
monitoring 

[112] 

A biomass-
derived adsorbent  Co2+ 

Dispersive 
solid-phase 
extraction 

- 
1.9 µg L−1/ 
0.032 µM 

 
Food samples [113] 



2-(5-Bromo-2-
pyridylazo)-5-[N-

n-propyl-N-(3-
sulfopropyl) 

amino]  

Co2+ 
Co (II) liquid 
ion-selective 

electrode 

3.4 × 10−8 – 
2.4 × 10−2 M /  
0.034 – 24000 

µM 

2.7 ×10−8 
M 
/ 

0.027µM 

Food products 
and 

pharmaceu- 
tical samples 

[114] 

1-nitroso-2-
naphthol  

Co2+ 

Liquid phase 
microextractio

n), with 
subsequent 
detection by 
digital image 
colorimetry 

- 
0.8 µg L−1/ 
0.013 µM 

Food, dietary 
supplement 
and water 
samples 

 
 
 

[115] 

AuNPs-TBAP 
complex  

Co2+ Optical sensor 
5.55 × 10−5 to 
1.28 × 10−4 M 

1.3 × 10−5 
M 

milk and meat 
products: 

coffee instant, 
lamb kidney, 

Brazil nuts 

This 
work 

 

1. Aggregation Tests Monitored in UV-Vis for TBAP in DMSO Solutions at Different Concentrations 
During this study it was important to establish the maximum concentration that provide non-

aggregated species for TBAP in DMSO solutions [119].  
To achieve this, solutions of TBAP of different concentrations were prepared in DMSO as follows: 1.15 

× 10−3 M; 2.3 × 10−4 M; 4.6 × 10−5 M; 9.2 × 10−6 M; 1.84 ×10−8 M. 
The porphyrin solutions with concentrations lower than 1.15 × 10−4 M are preserving their monomeric 

state in DMSO solution (Figure S1). As a result of aggregation process, at higher concentrations than 1.15 × 
10−4 M, the TBAP azaporphyrin displays in UV-Vis the split of the Soret band, confirming the generation of 
J-type aggregates which show a red-shifted Soret branch to 350 nm and of H-type aggregates that exhibit a 
blue-shifted branch to 312 nm. 

 
Figure S1. UV-Vis spectra of TBAP solutions in DMSO having different concentrations. Determining the 

concentration level that is evidencing the formation of aggregates (c  = 1.15 × 10−4 M) 

2. The UV-Vis Optical Behavior of TBAP in DMSO in Acid-Base Tests 



2.1. Behavior of TBAP in Acid Medium Monitored by UV-Vis Spectroscopy 
To 5 mL TBAP solution in DMSO (c = 6.691 × 10−5 M), small portions between 0.01-0.5 mL of HCl (c= 

37%) were added and the UV-Vis spectra were recorded and presented in Figure S2. As resulted from 
Figure S2, the allure of the spectra is maintained fairly unchanged, the position of the bands suffers very-
small shifting to the red, but due to dilution phenomena the intensity of the bands decreased continuously 
by increasing the acid quantity. Therefore, it can be stated that in acid media the TBAP azaporphyrin is 
preserving intact its shape  and only the absorption intensity is depending of acid concentration levels. 

 
Figure S2. Overlapped UV-Vis spectra of TBAP in DMSO upon increasing acidity from pH= 9.5 to pH= 1.77 by addition 
of HCl (c= 37%). 

2.2. The Behavior of TBAP in Base Medium Tested by UV-Vis Spectroscopy 
To a solution consisting of 5 mL TBAP in DMSO (c= 6.691 × 10−5 M), portions of 1M NaOH solution of 

0.01 mL are added continuously. The changing of color from dark blue to turquoise is immediately seen, 
after each base solution is added. This change is reversible after 5-10 minutes, if no more NaOH solution is 
added. 

In Figure S3, the changes regarding the shape of the UV-Vis spectra at different basic pH associated 
with modification of the color are observed. After adding of 0.07 mL of 1M NaOH solution the pH reaches 
the value of 14 and the color is turquoise for a longer time (due to formation of the dianions in the presence 
of strong bases in non-aqueous media [117,118]).  

After the solution is reaching a pH of 8.7, some important changes regarding optical behavior are 
occurring. The first important change is the enlargement of Soret band and its splitting into a blue shifted 
one, associated with H-type aggregation and a significant red shifted one (bathochromic shift of 60 nm), 
assigned to J-type aggregation. The second important change is that the two Qx and Qy bands are unified 
into one Q band (Figure S3) that suffer hyperchromic modification, and becomes the highest intensity band 
of the spectrum. This Q band located in the visible range and possessing a high molar extinction coefficient 
of 4.45, might be exploited for photodynamic therapy (PDT) of different types of cancer offering both 
suitable energy and deep penetration for ill cells without harming the healthy cells [119-121]. 

At higher pH values, between 11.5 to 13.7, as displayed in Figure S3, until reaching the pH = 14, it can 
be seen the continuously increase in intensity of Qx band with significant hipsochromic shift and a major 
decrease of Qy band. At pH 14, the UV-Vis of azaporphyrin displays only one distinctive Q band situated 
around 610 nm. 

This behavior is a consequence of the fact that the porphyrazine ring can lead to ring contraction [122] 
because nitrogen atoms can participate both in the redistribution of electron density over σ-bonds and in 
the π-π conjugation of the entire macrocycle. The tert-butyl substituents together with the eight nitrogen 



atoms present in the macrocycle might determine a decrease in the strength of the NH-bond and thus 
influence the formation and stability of the anion species [123]. The distortion of molecular conformation 
leads also to aggregation-induced enhanced emission [77] as illustrated in Figure S4 for fuchsia colored 
sample.  

Regarding dianionic species, significant saddle-type distortion was observed accompanied by an 
increase with 0.11 Å of the diameter of the N4 internal core, so that the interactions with metals and 
molecules are easier [118]. The same report also revealed that in the case of β-alkyl substitution of 
azaporphyrins, it might appear a small decrease regarding the capacity for performing the first 
deprotonation, but the stability of the dianions is greater. 

 

 
Figure S3. UV-vis spectra of TBAP at basic pH in DMSO/water. The blue-shifted and splitted Soret band and 

generation of only one Q band. 

 
Figure S4. The color of a solution of TBAP in DMSO (c= 4.6 × 10−5 M) under illuminating at UV-Vis lamp at different 

selected wavelengths. 

Optical detection of Co2+ using acidified TBAP azaporphyrin alone 



Our first approach was to realize the Co2+ detection by using acidified TBAP azaporphyrin alone. 
The UV-vis spectra of acidified TBAP solution in DMSO after stepwise addition of Co2+ are presented in 
Figure S5.  

Method for detection Co2+ ions 
To a quantity of 5 mL TBAP solution in DMSO (c = 5.124 × 10−5 M) acidified with 0.1 mL HCl (37 %), 

to reach pH=1.77, portions of 0.05 mL or 0.1 mL of cobalt acetate, Co(OAc)2, in water  (c= 1 × 10−3 M) were 
added. The mixture was stirred for 90 sec and UV-Vis spectra were recorded. The isosbestic point that 
appears at 634 nm, associated with small red shifted Qx band indicates the interactions between Co and 
azaporphyrin (Figure S5). 

 
Figure S5. Overlapped spectra of acidified TBAP solution in DMSO after stepwise addition of Co2+ in a large range of 

concentrations 9.70 × 10−6 M − 1.77 × 10−4 M. 
The dependence between the intensity of absorption of acidified TBAP read at 335.5 nm and Co2+ 

concentration, is presented in Figure S6 and is linear in the concentration interval 8.92 × 10−5 M – 1.77 × 10−4 

M which is relevant for the recognition of Co2+ ions from different water environment and foods, such as: 
millet samples and water, tap water, mineral water, orange juice and beer [23,24]. 

 
Figure S6. Linear dependence between intensity of absorption of acidified TBAP read at 335.5 nm and Co2+ 

concentration, validated in the range of Co2+ concentrations 8.92 × 10−5 M – 1.77 × 10−4 M. 



Method for obtaining the complex between TBAP and AuNPs in water/DMSO solution 
In this study the ability of AuNPs to be used for the detection of azaporphyrin was demonstrated. 

This is a new tool for monitoring porphyrin retention after cancer imaging procedures or for porphyria 
disease diagnosis [25]. The synergistic optical behaviour of the hybrid plasmonic materials formed between 
porphyrins and AuNPs have been previously analyzed and reported [26-28].  

Azaporphyrin can be accurately monitored (Figure S7) in the concentration range from 2.66 × 10−5 
M to 3.29 × 10−4 M) by reading the intensity values on the wide plasmon at 623 nm, formed during the 
addition of azaporphyrin to the sensitive AuNPs, according to Figure 18 from the main text. 

. 

 
Figure S7. Linear dependence between intensity of absorption of AuNPs read at 623 nm and TBAP concentration. 
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