chemosensors ﬁw\p\py

Article

Oxygen Sensing by the Hybrid Langmuir-Blodgett
Films of Iridium(III) Complexes and Synthetic
Saponite on the Basis of Energy Transfer

Hisako Sato 1'*, Kenji Tamura ? and Akihiko Yamagishi 3

1 Department of Chemistry, Graduate School of Science and Engineering, Ehime University,

Matsuyama 790-8577, Japan

2 National Institute of Materials Science, Tsukuba 305-0044, Japan; TAMURA .kenji@nims.go.jp

3 Department of Medicine, Toho University, Tokyo 143-8540, Japan; yamagishi@med.toho-u.ac.jp

*  Correspondence: sato.hisako.my@ehime-u.ac.jp; Tel.: +81-89-927-9599
Received: 12 August 2017; Accepted: 28 September 2017; Published: 30 September 2017

Abstract: An ultra-thin hybrid film of amphiphilic iridium(Ill) complexes and synthetic saponite
was manipulated by means of the modified Langmuir-Blodgett method. In the film deposited onto
a quartz substrate, the external mixed molecular layer of amphiphilic iridium(IIl) complexes was
reinforced by the inner layer of exfoliated synthetic saponite. As components of the molecular layer,
two iridium(III) complexes were used: [Ir(dfppy)z(dc9bpy)]* (dfppyH = 2-(4',6'-difluorophenyl)
pyridine; de9bpy = 4,4’-dinonyl-2,2’-bipyridine) (denoted as DFPPY) and [Ir(piq)2(dc9bpy)]* (piqH =
1-phenyisoquinoline)) denoted as PIQ). The emission spectra from the films changed from blue to red
maxima with the decrease of a ratio of DFPPY/PIQ due to the energy transfer from excited DFPPY to
PIQ. The intensity of red decreased with the increase of oxygen pressure through the quenching of
excited iridium(IIl) complexes, promising a possibility as an oxygen-sensing film.

Keywords: iridium complexes; synthetic saponite; Langmuir-Blodgett method; phosphorescence;
energy transfer

1. Introduction

Emission from an electronically-excited molecule is often used as a sensor output. It conveys
various information, such as intensity, color, two-dimensional imaging, and so on. From a practical
view-point, photo-sensing makes possible the detection from a remote position, requiring neither
transparency nor homogeneity of samples. There have been a very large number of works accumulated
to develop the molecules whose emission properties vary in response to the presence of other molecules
or the variation of external circumstances. These are mostly concerned with molecules in a solution.
Sensing is, however, of higher practical value when it takes the form of a thin film [1-4]. Sensing
luminescent films are advantageous from the viewpoint of portability, tunable size, and recycling.

Among various techniques for preparing films, the Langmuir-Blodgett (LB) method provides
an ultra-thin film with the high ratio of surface area to the total amount of a material [1,2,4].
A monomolecular layer of amphiphilic molecules is transferred from a water surface onto a solid
substrate by a vertical or horizontal dipping method. When an appropriate luminescent molecule
is used as an amphiphile, the deposited film is emissive enough to be detected with a conventional
fluorometer. One problem of the method is, however, that an LB film is lacking in mechanical
robustness, since molecules are arranged merely through the van der Waals interaction.

Recently, the hybridization of amphiphilic cations with clay minerals were attempted to prepare an
LB film in order to overcome the disadvantage of fragileness [5-18]. Clay minerals are layered inorganic
compounds. In case of smectite-type clays, they are readily exfoliated to sheets a few nanometer in

Chemosensors 2017, 5, 27; d0i:10.3390/chemosensors5040027 www.mdpi.com/journal/chemosensors


http://www.mdpi.com/journal/chemosensors
http://www.mdpi.com
http://dx.doi.org/10.3390/chemosensors5040027
http://www.mdpi.com/journal/chemosensors

Chemosensors 2017, 5, 27 20of 11

thickness (a so-called inorganic nanosheet). One layer consisted of two-dimensional networks of
silica, alumina, or magnesia, or their fused multilayer sheets. A layer possesses a cation-exchange
capacity on the order of 100 milliequivalents per g. A cationic species is adsorbed on the surface
of the layer through the cation-exchange mechanism. In some cases, molecules on the surface are
arranged regularly under the same orientation. Such regularity in adsorption might lead to unique
photochemical or stereochemical aspects [19].

The clay LB method was first reported as the modification of the conventional LB method by two
pioneering groups [6,7]. The basic principle is that a floating film of amphiphilic cationic molecules at
an air-water interface is hybridized with clay particles (denoted as a clay nanosheet) exfoliated in an
aqueous dispersion. The optimum conditions for preparing a clay hybrid film of high quality were
studied extensively [8,9]. The surface morphology and layered structures of a deposited film were
investigated by means of various spectroscopic methods [10]. The nanometer-thick films thus prepared
were mechanically rigid in comparison to the LB films consisting of amphiphilic molecules alone.

Recently an emitting film was prepared by hybridizing a luminescent metal complex with
synthetic saponite [16-18]. As an emitting element, cyclometalated iridium(III) complexes (denoted
as Ir(IlI) complexes) were used due to their highly emitting properties in the visible region. A wide
range of Ir(Ill) complexes have been explored in order to tune the emission wavelength [20,21].
The hybridization of an amphiphilic Ir(III) complex with various kinds of clay minerals was
investigated [16,22-24]. In the case of synthetic saponite, for example, the emission was enhanced
through the hybridization [25-29]. Similar enhancement was also realized by adsorbing Ir(III)
complexes on a colloidal particle of synthetic saponite [30,31].

As a sensing device, the tuning of emitting light is an important factor to widen the wavelength
range of monitoring light. One way to change the wavelength of the emitting light is to utilize the
transfer of photon energy within a film. A red-shifted light is emitted as a result of energy transfer
from an excited donor to an acceptor. For the purpose, two kinds of amphiphilic Ir(III) complexes
with different emission maxima were employed. By changing the ratio of the donor to the acceptor
in a film, the efficiency of the energy transfer was determined. Generally, red-emitting molecules are
low in quantum yield in comparison to blue-emitting ones. The observed energy transfer would be
utilized to enhance the emission intensity in the longer wavelength range. The sensing of oxygen was
attempted by monitoring the red light from a hybrid film deposited onto a quartz substrate.

2. Materials and Methods

2.1. Materials

Cationic iridium(III) complexes, [Ir(dfppy)2(dc9bpy)IClO,4 (dfppyH = 2-(2,4-difluorophenyl)
pyridine, dc9bpy = 4,4'-dinonyl-2,2"-bipyridine) (denoted by DFPPY) and [Ir(piq)»(dc9bpy)] ClO4
(pigH = 1-phenyisoquinoline) (denoted by PIQ), were synthesized according to the reported
method [16]. The compounds were identified by mass spectra, 'H-NMR, and UV spectra, as reported
previously [23]. Their molecular structures are shown in Chart 1.
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Chart 1.  The structures of cations of the iridium(Ill) complexes used in this study:
(a) [Ir(dfppy)2(dc9bpy)]* (DEPPY) and (b) [Ir(piq)>(dcIbpy)]* (PIQ).
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Synthetic sodium saponite (Kunimine Ind. Co. Tokyo, Japan) with the elemental composition of
[(Nag25Mgp.07) (Mgo.98Alp 1) (SizeAlp4) O10 (OH);)] (denoted by SAP) was used as a clay material.
The cation-exchange capacity (CEC) of SAP, or the maximum amount of ion-exchangeable cations, is
stated to be 0.80 meq-g~'.

2.2. Film Preparation and Characterization

A hybrid LB film of an Ir(IIl) complex and SAP was prepared as described below [23,24]. A trough
with a surface area of 10.0 cm x 12.0 cm (USI System, Fukuoka, Japan) was maintained at 20 °C
by circulating water. For preparing a film of an Ir(Ill) complex hybridized with SAP (denoted
as {Ir(IlI)/SAP}, 0.2 mL of chloroform solution containing a perchlorate salt of Ir(Ill) complex
(ca. 5 x 107> M) was spread over an aqueous dispersion of SAP (10 mg-L~1!). The ratio of DFPPY/PIQ
in the spread solution was changed from 1 to 39. After 30 min, the surface of the trough was compressed
at a rate of 10 cm?-min~! until the surface pressure reached 10 mNm~!. Keeping the surface pressure
at 10 mNm ! for 30 min, the film was transferred onto a hydrophilic quartz plate (1 cm x 2 cm) by the
vertical deposition method at a dipping rate of 10 mm-min~!. The surface morphologies of hybrid
films were investigated with an atomic force microscope (SPM-9600, Shimadzu Co. Ltd., Kyoto, Japan).

2.3. Electronic Absorption and Stationary Emission Measurements

UV-VIS electronic spectra were recorded with a U-2810 spectrophotometer (Hitachi, Hitachi,
Japan). Emission spectra were measured with a fluorometer FP-6500 (JASCO, Tokyo, Japan) equipped
with a Unispeks (UNISOKU, Oosaka, Japan) temperature-controlling cell holder. For the measurements
of the emission spectra from a deposited film, the quartz substrate was placed at 45 degrees with
respect to the incident light. The emitted light was detected at 90 degrees with respect to the incident
light. The emission was measured in vacuum at room temperature.

2.4. Measurements of Emission Lifetime

The lifetime of emission was measured with a TSP-1000M-PL-ES (UNISOKU, Oosaka, Japan) at
room temperature on a quartz plate modified with a hybrid film. The cell was evacuated to less than
0.1 kPa. The instrument was equipped with a pulse YAG laser at 355 nm. The emission decay curves
were averaged for 130 transient signals. The width of a laser pulse was stated to be ca. 5 ns. The curves
were simulated in terms of multi-exponential decays.

2.5. Sensing of Oxygen

The sensing of oxygen was performed by introducing oxygen gas into a cell containing a quartz
plate modified with a hybrid film. The emission was measured at the maximum wavelength of
the red-light emitter. For the measurements of the emission spectra, the quartz plate was placed at
45 degrees with respect to the incident light in the quartz cell. The emitted light was detected at
90 degrees with respect to the incident light. The emission was measured either in vacuum (<0.1 kPa)
or under oxygen atmosphere at room temperature.

3. Results and Discussion

3.1. Characterization of Deposited Hybrid Films

A deposited hybrid film containing a mixture of DFPPY and PIQ was prepared as described in
the experimental section and is denoted as {DFPPY-PIQ/SAP}. Figure 1 shows the AFM image of
{DFPPY-PIQ/SAP} at DFPPY/PIQ = 19. According to the image, the film consists of a flat ring-like
domain with 400 nm in diameter and 5 nm in height. The domains would be formed by aggregation of
SAP particles due to the adsorption of amphiphilic Ir(III) complexes. One particle of SAP was reported
to be ca. 20 nm in diameter [32]. The external surface of each domain would be covered with the



Chemosensors 2017, 5, 27 40f 11

layer of Ir(IIT) complexes and the inner part with the aggregated SAP particles. The same images were
observed for DFPPY /PIQ = 1-39.

15.00
[nm]

0.00

2.00 pm 5.00 X 5.00 pm

Figure 1. The AFM image of the hybrid film of {DFPPY-PIQ/SAP} deposited onto a quartz plate
(DFPPY/PIQ = 19).

3.2. Stationary Measurements on Energy Transfer Processes

The deposited hybrid film of DFPPY or PIQ alone is denoted as {DFPPY /SAP} or {PIQ/SAP},
respectively. The emission spectra from these films under the excitation at 430 nm were reported in
previous work [23,24]. The peak wavelength (Amax) of the emission spectrum was Amax = 490 nm for
{DFPPY/SAP} and 590 nm for {PIQ/SAP}, respectively, reflecting the emission character of each Ir(IIl)
complex incorporated in the film.

Figure 2 shows the emission spectra from {DFPPY-PIQ/SAP} at various DFPPY /PIQ ratios, when
the films were irradiated at 430 nm in vacuum. Let the ratio of the emission intensity at Amax = 490 nm
(mainly due to excited DFPPY) to that at Amax = 590 nm (mainly due to excited PIQ) be expressed by
Lo /Is99. Apparently lygo/I5990 depended remarkably on DFPPY/PIQ. In the following, the excited
DFPPY and PIQ are denoted as DFPPY* and PIQ*, respectively. In case of DFPPY/PIQ = 1; for
example, the spectra showed the low value of I499/I590 (<< 1). The results implied that the photon
energy adsorbed by DFPPY was efficiently transferred to PIQ to produce PIQ*. The transfer of energy
occurred through the Forster-type resonance mechanism. The occurrence of such energy transfer
was guaranteed, since that the emission spectrum of DFPPY* overlapped appreciably the absorption
spectrum of PIQ.

DFPPY/PIQ

Relavtive Intensity

450 500 550 600 650 700
Wavelength / nm

Figure 2. The change of the emission spectra from the hybrid films of {DFPPY-PIQ/SAP}: DFPPY /PIQ
=1,3,6,9,12,19, and 39 in vacuum. Curve 0 (grey solid line) indicates the emission from {PIQ/SAP}.
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3.3. Analyses of Stationary Emission Spectra on the Basis of the Forster-Type Mechanism

The results of the stationary emission spectra (Figure 2) were analyzed on the basis of the
Forster-type energy transfer mechanism. According to the mechanism, the emission spectrum from
{DFPPY-PIQ/SAP} is expressed by Equation (1) [27]:

1— 10*Adfpny

; 0
WHET — @piq) X F,(v) @

Fer(v) = (1 —mgr — (Pdfppy) X F‘;(l)fppy(y) +(1+
in which Fgr (v) is the emission spectrum at the wavelength (v), Fdfppyo (v) is the emission spectrum
from {DFPPY /SAP} corrected for the concentration difference, Fpiqo (v) is the modified emission
spectrum from {PIQ/SAP} corrected for the concentration difference, gt is the energy transfer
efficiency from the donor (DFPPY) to the acceptor (PIQ), ¢gsppy is the quenching efficiency of the
donor; and Aggppy (01 Apiq) are the absorbance of the donor (or the acceptor) at 430 nm, respectively.
The absorption spectra of the hybrid films were reported previously [23]. In the present cases, Gafppy
was taken to be zero. ¢y;q represents the enhancement effect caused by hybridization with SAP. The
best values of ¢piq are chosen from the range of —1 to —6.5. The observed and calculated curves are
compared as shown in Figure 3. The energy transfer efficiency (ngr) is shown in Figure 4.

{DFPPY/SAP} {DFPPY/SAP}

{DFPPY/SAP}

DFPPY/PIQ=1 T
DFPPY/PIQ=12 |

| .= DFPRY/PIQ=39

{PIQ/SAP} | {PIQ/SAP} {PIQ/SAP}
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Figure 3. Examples comparing the experimental and calculated curves for the emission from the hybrid
films of {DFPPY-PIQ/SAP} at DFPPY/PIQ = (a) 1, (b) 12, and (c) 39. Thin solid and broken lines show
the {DFPPY/SAP} and {PIQ/SAP}, respectively. Solid lines are the experimental spectra and dotted
lines are the calculated curves according to Equation (1), respectively.
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Figure 4. The dependence of the energy transfer efficiency (ngr) within the hybrid film of
{DFPPY-PIQ/SAP} on DFPPY /PIQ.
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According to the analyses, the energy transfer efficiency was obtained to be as high as 60-100%
for the range of DFPPY/PIQ =1 to 39. The results implied that one PIQ molecule collected the photon
energy migrating from several DFPPY * molecules. In other words, the harvesting of light energy took
place in the present type of a hybrid film of a clay and Ir(IlI) complex.

3.4. Transient Measurements of the Energy Transfer Processes

The transient change of emission was monitored at 490 nm or 570 nm on {DFPPY-PIQ/SAP} at
various values of DFPPY/PIQ in a vacuum. The films were irradiated by the light pulse at 355 nm. The
time-course of emission at 490 nm or 570 nm represented, dominantly, the decay of DFPPY * or PIQ *,
respectively. The examples of decay curves are shown in Figure 5. The decay curves were simulated
by assuming the sum of two exponential components as below:

y=Fexp(—t/t)+ Fexp(—t/T2) ()

Log (Counts)

time /us

Figure 5. The time course of emission from the hybrid film of {DFPPY-PIQ/SAP} at DFPPY/PIQ =9,
12,19, and 39 at 490 nm.

According to Equation (2), two lifetimes were obtained for all films. The results are summarized
in Table 1. The table also includes the pre-exponential factors, F; and F;, at 490 nm and 570 nm,
respectively. The results indicated that the lifetime of DFPPY * decreased remarkably when the film
contained both DFPPY and PIQ in comparison to the film containing DFPPY alone. Concomitantly, the
lifetime of PIQ * increased in the presence of DFPPY in the same film. This implied that the energy
transfer from DFPPY * to PIQ occurred efficiently within {DFPPY-PIQ/SAP}.

The origin for the presence of two relaxation paths for energy transfer might be sought in the
heterogeneity of adsorption states. Both DFPPY and PIQ were adsorbed on the exfoliated layers of
SAP due to electrostatic interaction. A part of the adsorbed molecules were located at the middle of
a clay layer, while another part was located at the edge region. The former PIQ molecules would be
more favorable for accepting photon energy from DFPPY molecules than the latter PIQ molecules.
The situation was previously analysed by simulating the possible energy migration routes [23,24].

The rate of energy transfer is calculated according to Equation (3):

kgr=1/t—1/1p 3)

where T and tp denote the lifetimes of DFPPY in the presence and absence of PIQ, respectively.
They were obtained from the decay curves of emission at 490 nm. The energy transfer efficiency, ngr,
is obtained according to Equation (4):

Ner = ker/ (knt + ker) 4)
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where knt is equal to 1/1p. Since the decay curve consisted of two components as stated above
(Equation (2)), the analyses were performed independently for the fast and slow decay components.
Figure 6 shows the dependence of gt on DFPPY/PIQ. The results indicated that ngt took values as
high as 50%-100% under the condition of DFPPY/PIQ = 1-9. This implied that the photon energy
absorbed by several DFPPY molecules were captured efficiently to one PIQ molecule. In other words,
the harvesting of light energy was also confirmed by the transient measurements. Although both static
and transient measurements showed a similar trend, their results were not in complete agreement
(e.g., compare the results between Figures 4 and 6). The observed discrepancy might be caused by the
ambiguity in choosing parameters in estimating ngt for both analyses.

Table 1. The lifetime of the emission from the hybrid films of {DFPPY-PIQ/SAP}.

DFPPY/PIQ 490 nm T4/us 490 nm T,/us | Fp #
1 0.046 0.470 0.57 0.43
3 0.094 0.512 0.54 0.46
6 0.088 0.452 0.59 0.41
9 0.068 0.359 0.70 0.30
12 0.118 0.538 0.45 0.55
19 0.143 0.612 0.48 0.52
39 0.165 0.722 0.38 0.62
DFPPY/PIQ 570 nm Tt71/us 570 nm /s F # F, #
1 0.263 1.33 0.46 0.54
3 0.209 1.41 0.41 0.59
6 0.203 1.17 0.49 0.51
9 0.167 1.41 0.48 0.52
12 0.178 0.77 0.43 0.57
19 0.194 0.813 0.43 0.57
39 0.199 0.89 0.37 0.63

(*) The relative amplitudes of the fast (F;) and slow (F;) components in the decay signals. c.f. The relaxation times
were 0.176 us (fast) and 0.945 us (slow) at 490 nm and 0.177 ps (fast) and 0.826 ps (slow) at 570 nm for the hybrid
film of {DFPPY /SAP}, respectively.

0‘8 1 T T T T 1 T

07} . |
06} m N 4

_ 05} \ -

e
s
|

0.3} N -
0.2 ®

0.1} .

DFPPY/PIQ

Figure 6. Dependence of energy transfer efficiency (ngr) on DFPPY/PIQ for the hybrid film of
{DFPPY-PIQ/SAP}. The solid circles and squares denote the fast and slow processes, respectively.
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3.5. Oxygen Sensing by Hybrid Films Deposited onto a Quartz Plate

The effect of oxygen was studied on the emission from a clay-metal complex hybrid film
deposited on a quartz substrate. Figure 7 show the emission spectra, when a quartz substrate
modified with {DFPPY-PIQ/SAP} at the ratio of DFPPY/PIQ = 1, 12, and 39, was irradiated at
430 nm, respectively. Measurements were performed under vacuum or oxygen atmosphere at room
temperature. The emission profile of each film reflected the character of the composition of molecules.
When an oxygen gas was introduced into the cell, the intensity of the emission decreased instantly
(<10 s) due to the quenching of excited Ir(IIl) complexes by oxygen molecules. The intensity of the
emission at the peak wavelength Apax) due to excited PIQ was plotted as a function of partial pressure
of an oxygen gas (Pop). The ratio of Iy /I was plotted against Py, (Stern-Volmer plots), in which Ij or I
was the emission intensity in vacuum or under oxygen atmosphere, respectively. As shown in Figure 8,
the plots were nonlinear in the range of P,, = 0-101.3 kPa for DFPPY /PIQ = 1-39 so that the curves
were fitted on the basis of the following two-site model:

-1

I
# = Ireke + Tt
fitfa=1 ©)

Kspar = fl x Ksp1 +f2 )

In Equation (5), Ksy1 and Kgy, are two quenching parameters, and f1 and f, their fractions,
respectively. Ksy;o denotes the average value of the quenching constants, representing physically the
initial slope of the plot near P, = 0.

Table 2 shows the quenching parameters of Ksy1, Ksy» and Kgy,, at various values of DFPPY /PIQ.
The results demonstrated that the emission from the present hybrid films responded to the partial
pressure of oxygen, indicating the possibility of oxygen sensing. When they were regarded as an
oxygen sensor, an attention was paid to the lower pressure region of oxygen (<10 kPa). In this region,
the plots were approximated by a straight line. The slope of the region was obtained as Kgy;;, in
Table 2. According to the table, it was noted that the largest value of Ksy,, was attained for the film at
DFPPY/PIQ = 1. In this film, the quenching by oxygen took place mainly at DFPPY and the emission
came from PIQ. In other words, DFPPY acted as an antenna for a target molecule and PIQ delivered
sensed information. The highest sensitivity of sensing was accomplished through the concerting action
of these two molecules. As an additional aspect, the emission from the hybrid films for DFPPY /PIQ
= 1-9 was red since the energy transfer took place completely, while the emission from the films for
DFPPY /PIQ = 12-39 was a mixture of red and blue rights due to the simultaneous emission both from
DFPPY * and PIQ *. In this sense, the mixing of two kinds of Ir(Ill) complexes with different emitting
characters might open a way of promoting the sensing ability and also tuning the monitoring light
from the present type of molecular films.

Relative Intensity
Relative Intensity

Relative Intensity

L L L L L L L 1 s L L L
450 500 550 600 650 700 450 500 550 600 650 700 450 500 550 600 650 700

Wavelength /nm Wavelength /nm Wavelength /nm

(@) (b) ()

Figure 7. Oxygen sensing at DFPPY /PIQ = (a) 1, (b) 12, and (c) 39. The oxygen pressure is 0, 3, 6, 12,
25, 50, and 101.3 kPa.
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Figure 8. Stern-volmer plot of [DFPPY-PIQ]/SAP LB films: grey circle, grey square, grey triangle, filled
black circle, filled black square, filled black triangle, and reverse filled triangle are DFPPY/PIQ =1, 3, 6,
9,12, 19, and 39, respectively. DFPPY /PIQ grey circle (1), grey square (3), grey triangle (6), filled black
circle (9), filled black square (12), filled black triangle (19), and reverse filled black triangle (39).

Table 2. The Stern-Volmer parameters for quenching by oxygen (*).

DFPPY/ PIQ stl stz f 1 f 2 stuv
1 0.0041 0.165 0.58 0.42 0.069

3 0.0042 0.095 0.60 0.40 0.038

6 0.0039 0.155 0.61 0.39 0.060

9 0.0030 0.077 0.62 0.38 0.029

12 0.0 0.018 0.48 0.51 0.009

19 0.0007 0.023 0.56 0.44 0.010

39 0.0049 0.115 0.70 0.30 0.034

(*) The parameters for DFPPY /PIQ = 1-9 or 12-39 were obtained by fitting the peak values or the peak areas of the
emission spectra, respectively.

4. Conclusions

With the purpose of developing an emitting film for oxygen-sensing, the process of energy transfer
was investigated by use of the mixed LB films containing two-types of iridium complexes as a donor
and an acceptor. The films were reinforced by being hybridized with synthetic saponite. The efficiency
of energy transfer was obtained as a function of the donor-to-acceptor ratio. The influence of oxygen
gas on the emission at the longer wavelength (590 nm) led to the conclusion that the film increased its
sensitivity toward oxygen by use of the energy transfer from the donor (blue-emitter) to the acceptor
(red-emitter).
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