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The fluorescence thermosensing behavior of poly[1-(trimethylsilyl)phenyl-2-phenylacetylene]
(PTMSDPA) as a thin film was investigated for the purpose of potential application of this polymer as
a thermosensor. The fluorescence significantly decreased as the temperature increased in a wide range
from 25 to 200°C. Conversely, the fluorescence increased as the temperature decreased. This
fluorescencetemperature relationship held for the repeated trials. In the IR spectra, new peaks gradually
appeared in a range from 1300 to 1800 ¢rsurrounding the 1590 cmi peak due to €&C double bond.
This was caused by increasing temperature, indicating an occurrence of a slight molecular perturbation
in the main chain. In the time-resolved fluorescence spectroscopy, the fluorescence decayed as the
temperature increased, indicating significant exciton deconfinement at high temperature. The quenching
rates of PTMSDPA in solution and in film at 9% are approximately 0.80 and 0.45, respectively. The
PTMSDPA quenched the fluorescence more quickly than other fluorescent disubstituted acetylene polymers

tested in this study. The PTMSDPA has a low density (0.91) and a high fractional free volume (FFV,
0.26). Thus, we presumed that PTMSDPA may provide substantial space for molecular perturbation

even in the solid film.

Introduction

A variety of molecular thermosensors based on thermo-

chromic conjugated polymets?® fluorescent dye-labeled
polymers$—8 metallophorphyrin-based supramolecéles

well as conventional coordination dynamics-based metal salts
sensor® have been developed to date and have shown
excellent performance in multicolor appearance, switching,
and logic gate function, as well as high sensitivity an
reproducibility. However, most molecular sensors work only
in solution and hence their applications are limited to we

conditions. Meanwhile, fluorescent dye-dispersed polymers
have been extensively used as temperature-sensitive paints
(TSP) and pressure-sensitive paints (PSP), for aerodynamic
testing, with such benefits as low cost, easy setup, high
sensitivity, and real-time monitoring-’ As a result of the

intrinsic conjugation cooperativity, conjugated polymers can
respond to minor changes in electronic structdri this

d respect, fluorescent conjugated polymers should be optimal

as an optical output material of fine fluorescence (FL)

t imaging because there will be no significant phase separation

and aggregation in the film unlike fluorescent dye-dispersed

* To whom correspondence should be addressed. E-mail addresses: gkwak@Polymers. However, practical application is dependent upon

mail.knu.ac.kr (G.K.); fujikim@ms.naist.jp (M.F.).
T Present address: Kyungpook National University.
*Nara Institute of Science and Technology.
§ Kyoto University.
(1) Yoshino, K.; Nakajima, S.; Gu, H. B.; Sigimoto, 8. J. Appl. Phys.
1987, 26, L1038-L1039.
(2) Yashima, E.; Maeda, K.; Sato, @.Am. Chem. So2001, 123 8159

8160.

(3) Koe, J. R.; Motonaga, M.; Fujiki, M.; West, Rlacromolecule2001,
34, 706-712.

(4) Bukalov, S. S.; Leites, L. A.; West, Rdacromolecules2001, 34,
6003-6004.

(5) Lam, J. W.; Dong, Y.; Cheuk, K. K. L.; Tang, B. EKlacromolecules
2003 36, 79277938.

(6) Uchiyama, S.; Matsumura, Y.; de Silva, A. P.; lwai, Knal. Chem.
2003 75, 5926-5935.

(7) Uchiyama, S.; Matsumura, Y.; de Silva, A. P.; lwai, Knal. Chem.
2004 76, 1793-1798.

(8) Uchiyama, S.; Kawai, N.; de Silva, A. P.; lwai, B&. Am. Chem. Soc.
2004 126, 3032-3033.

(9) Tsuda, A.; Sakamoto, S.; Yamaguchi, K.; AidaJTAm. Chem. Soc.
2003 125, 15722-15723.

(10) Cotton, F. A.; Wilkinson, G.Advanced Inorganic Chemistry, A

Comprehensie Text 4th ed.; John Wiley & Sons: New York, 1972.

10.1021/cm052663r CCC: $33.50

the polymer’s stability. Thus, if such conjugated polymers
prove thermally, chemically, and mechanically stable in a
wide temperature range, the sensory materials would be more
appealing for practical applications.

(11) Hubner, J. P.; Carroll, B. F.; Schanse, K. S.; Ji, H. F.; Holden, M. S.
AlAA J.2001, 39, 654-659.

(12) Mitsuishi, M.; Kikuchi, S.; Miyashita, T.; Amao, Yd. Mater. Chem.
2003 13, 2875-2879.

(13) Kose, M. E.; Carroll, B. F.; Schanze, K. ISangmuir2005 21, 9121
9129.

(14) Kbése, M. E.; Omar, A.; Virgin, C. A.; Carroll, B. F.; Schanze, K. S.
Langmuir2005 21, 9110-9120.

(15) Khalil, G. E.; Costin, C.; Crafton, J.; Jones, G.; Grenoble, S.;
Gouterman, M.; Callis, J. B.; Dalton, L. [Sens. Actuators, BO04
97, 13-21.

(16) Zelelow, B.; Khalil, G. E.; Phelan, G.; Carlson, B.; Gouterman, M.;
Callis, J. B.; Dalton, L. RSens. Actuators, B003 96, 304-314.

(17) Nash, D. H.; Dempster, |. EEng. Failure Anal.2005 12, 699-710.

(18) McQuade, D. T.; Pullen, A. E.; Swager, T. @hem. Re. 200Q 100,
2537-2574.

© 2006 American Chemical Society

Published on Web 03/25/2006



2082 Chem. Mater., Vol. 18, No. 8, 2006

Chart 1. Chemical Structures of FL DAPs tested in This

Study
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film) device materialg/?® highly gas permeable mem-
branes? and optical sensoi8,and it was recently developed
as a photopolymét for fluorescent image patterning by us.

In addition, the same polymer with a high molecular weight
up to 1.0x 10° can be easily obtained by using Tg€h-
BusSn catalyst? This polymer is quite soluble in organic
solvents, such as chloroform and toluene, and then provides
a mechanically very strong membraiieMoreover, this
polymer is thermally stable, even though it is a purely organic
material, presumably because the main chain consisting of
C=C double bonds is protected by the two bulky phenyl
rings of the side chain. In fact, no weight loss of the polymer
occurs below approximately 400 in thermogravimetric

Substituted acetylene polymers have attracted much at-analysis (TGA). This satisfies the basic requirement for
tention as a result of their unusual functional properties thermosensors: heat resistant in practical use. Therefore, if

derived from various substituentsin particular, disubsti-

the photophysics of the PTMSDPA is sensitive to heat, the

tuted acetylene polymers (DAPs) are intensively fluorescent polymer and its derivatives may be applicable to such ad-
in the blue and green regions, whereas the correspondingvanced materials as sensing paint for luminescence imaging.
monosubstituted acetylene polymers and unsubstituted poly- On the basis of this idea, we investigated the thermooptical
acetylene do not exhibit FL, or at most exhibit very weak property and potential application of the PTMSDPA thin film
FL, without the aid of an appropriate chromophoric as an optical thermosensor. This polymer was found to be
pendant® 24 The exciton dynamics and electronic structures suitable for FL thermosensing in a wide temperature range.
of DAPs have been explored theoretically and also docu- The FL was directly related to temperature in the range from
mented by means of time-resolved FL spectroscopy and25 to 200 °C. Temperature-variable, time-resolved FL
polarized Raman scattering studié4>25The major reason  spectroscopy and temperature-variable IR spectroscopy stud-
for DAP high emission quantum efficiencies is now ex- ies revealed that the thermally induced FL quenching is
plained in terms of effective exciton confinement on the main ascribed to exciton deconfinement related to molecular
chain due to the steric hindrance and/or intramolecular  perturbation of the conjugating main chain.

electron interaction of such bulky aromatic substituents as
the phenyl ring. This means that their FL efficiency can be
controlled either by modification of the chemical/electronic
structures of the side groups or by electronic perturbation
and disorder induced by external stimuli within the conjugat-
ing main chain. Indeed, the effects that chemical structure
of the side group have on their photophysical properties was

Experimental Section

Synthesis.PTMSDPA, poly[1-(triphenylsilyl)phenyl-2-phenyl-
acetylene] (PTPSDPA), and poly(1-phenyl-1-heptyne) (PPH) were
synthesized according to the method used by Masudasé#al.

Preparation of Thin Films. Thin films were prepared by spin-

clearly verified by Yoshino et & They showed that the

coating the toluene solution on a glass slide (Matsunami) using a
Mikasa 1H-D7 spin coater. The thickness of all films was adjusted

exciton dynamics of the DAPs significantly depends on the for the absorbance at thig,x to be approximately 1.
substituents attached to the side chain. On the other hand, \easurementsThe weight-average molecular weigh,g) and
the influence of such external stimuli as heat on the FL number-average molecular weighM{) of the polymer were

efficiency has not been reported yet.

Among the DAPs, the aromatic polyacetylene, poly[1-
(trimethylsilyl)phenyl-2-phenylacetylene] (PTMSDPA in Chart

evaluated using gel permeation chromatography (Shimadzu A10
instruments, Polymer Laboratories, PLgel Mixed-B [300 mm in
length] as the column and HPLC-grade tetrahydrofuran as the eluent

1), has attracted much attention as photoluminescence andt 40°C), based on a calibration with polystyrene standards. IR

electroluminescence (PL/EL) (quantum yiedd,= 0.25 in
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and emission spectra were measured on Horiba FT-730 spectro-
photometer and JASCO FP-6500 spectrofluorometer, respectively.
The time-resolved FL spectrum was measured on a streak camera
using a femtosecond pulse-laser system fas@ipphire mode-lock
laser pumped by a continuous wave diode laser) and a second
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Figure 1. Changes in (a) florescence spectra and (b) appearance of the 25 95 25 95 25 95 25 95 25
1.0um-thick PTMSDPA film upon heating and cooling. Temperature, °C

. . . . Figure 2. Dependence of FL intensity of the 1.0a-thick PTMSDPA film
harmonic generator unit. The pulse width was approximately 100 4¢530 nm on the repeatedly changing temperature between 25 #@i 95
fs, and the repetition rate was 76 MHz. The center wavelength of
400 nm was used as the excitation light source. All measurements

1 1 1 1

were conducted in air. All temperature-variable measurements were 102 ]
carried out on a Mettler Toledo FP82HT hot stage equipped with i
a Mettler Toledo FP90 central processor. The density of each sample

100

was determined using a Mettler Toledo AX205 analytic balance
coupled with a Mettler Toledo density determination kit at room

temperature. The density determinations were performed by X
Archimedes’ principle, and methanol was used as an auxiliary g 98
liquid. The isothermal TGA was performed in air at 200 using 2
a Seiko EXSTR6200 TG-DTA apparatus. g
S 96
Results and Discussion = ]
The PTMSDPA used in this study has a weight-average 94:

T T T 1 T 1 T T 1T T T 17T T T T TT

molecular weight ¥,,) of 5.6 x 1C° with a polydispersity
of 5.3. For the absorbance of a film of PTMSDPA at the
Amax 0 be approximately 1, experimental conditions such as

the concentration of polymer solution and spin-coating 0 ! 2 8 4 5
process were adjusted. Eventually, a thin film with thickness Time, h

of approximately lum was obtained on a slide glass. Figure 3. Isothermal TGA curve of PTMSDPA in air at 20C.

Figure la shows the changes in FL spectra of the ature, which indicates occurrence of other stretching vibra-
PTMSDPA film upon heating from 25 to 95C. The FL  tjons with various energies within the main chain, whereas
gradually decreased with increasing temperature and returnedhere were few changes around the 2960 250 cn?,
to the initial intensity after cooling. The change was also 855 cni?, and 812 cmt peaks due to the€H and C-Si
recognized by the naked eye in a wider range from 25 to ponds within the side chain. Conjugated polymers usually
200 °C, as shown in Figure 1b. This FL-temperature exhibit collective properties that are sensitive to such a minor
relationship was consistent for repeated trials, as shown inelectronic disordet Thus, we concluded that the thermally
Figure 2. This indicates neither degradation nor thermal induced change in the photophysical properties of PTMSDPA
oxidation in the film in the course of heating. Figure 3 shows s due to a slight molecular perturbation in the main chain.

the isothermal TGA curves at 20C. No weight loss occurs To understand the appreciable FL thermosensitivity of
even after several hours of h|gh heat, Confirming the excellent PTMSDPA in detail, we further investigated the exciton
heat resistance of PTMSDPA. dynamics using temperature-variable, time-resolved FL

Figure 4 shows the temperature-variable IR spectra of the spectroscopy. Figure 5 shows the change in FL decay curves
PTMSDPA film on a KBr pellet. The polymer exhibited as the temperature increases from 25 to 200 The FL
several characteristic peaks at 296Q 1), 1590 @sc decays non-single exponentially at all emission wave-
C double bondy 1250 Qs sic—+), 1119, 855 ¥as si-cHy), and 812 lengths tested. As expected, the FL decays fast as the
(vssi-chy) cm 1 at all temperatures tested in the range 0f25  temperature increases, indicating significant exciton decon-
95°C. Noticeably, new peaks gradually appeared in the rangefinement at high temperature. Figure 6 shows the FL decays
from 1300 to 1800 cmt on either side of the 1590 crh of PTMSDPA observed at different emission wavelengths.
peak due to the €C double bond with increasing temper- The FL decay is significantly dependent on the emission
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Figure 6. FL decays of the 1.@am-thick PTMSDPA film at three different
Time, ns emission wavelengths at (a) 26 and (b) 200C. The FL decay dynamics

Figure 5. FL decay of the 1.Qem-thick PTMSDPA film at different are described by a two-term exponential function.
monitoring temperatures at 530 nm. The wavelength corresponds to the

wavelength of the FL spectral peak. The FL decay dynamics are described : : : : ~
by a two-term exponential function. queqchlng rates in solution and fllm at 9& are ap
proximately 0.80 and 0.45, respectively. This suggests that
. FL quenching does not result only from intramolecular
\(,avri\i/:slieonngt\r/]v:\t jgg‘tggatth';tg? IlzoLndeg?éSs fassl'jer Ztst?r?or;nelectronic disorder but also from intermolecular electron
efficient ener m'grat'on or transfe?from h hegrgto o ger coupling which accompanies self-absorption. Thus, such
Icl level g){l Igt : ture. 1 '9 hd \3’ intermolecular factors as local molecular mobilftyand
ePT:rE{i evels at low tempera urel. omever, suct bepen gnctymolecular packing would be very important for the solid-
0 o ecay on emission wavelength was not observed al oi,.q thermo-sensitivity as related to molecular perturbation.
200°C. This strongly suggests that certain charge separation
begins to occur as the temperature increases and then the
; _ ot (34) The fractional free volume is defined as follows: FEMusp — vo)/
charge transfer character with a non radl_atlve process vsp~ (vsy— 1.3ow)lvspwherevepis the specific volume of the polymer
overcomes an energy transfer character with a radiative anduy is the occupied volume (or zero-point volume at 0 K) of the
process. In other words, the FL quenching is ascribed to a polymer. Typically, the occupied volume is estimated to be 1.3 times

. | ited hich Its f . the van der Waals volumeny), which is calculated from group
certain polar excited state, which results from an exciton contribution methods (van Krevelen, D. \Wroperties of Polymers:

deconfinement in the main chain. Accordingly, the thermally Their Correlation with Chemical Structure; Their Numerical Estima-
; ; ; : tion and Prediction from Additie Group Contributions3rd ed.;
!nduced FL quenCh'ng of PTMSI_DPA IS not eXpllcable, Only Elsevier Science: Amsterdam, 1990; pp-7AD7). The factor of 1.3
in terms of molecular perturbation but also according to is a universal packing parameter introduced by Bondi (Bondi, A.
xciton di jation in the main chain. Physical Properties of Molecular Crystals, Liquids, and Glasseln
€ C'tO dissociatio the ma C a . Wiley and Sons: New York, 1968; pp 252, 53-97).
Figure 7 shows the FL quenching rates of PTMSDPA in (35) vamposkii, Y. P.; Korikov, A. P.; Shantarovich, V. P.; Nagai, K.;
a dilute solution and in a solid. The PTMSDPA exhibited a Freeman, B. D.; Masuda, T.; Teraguchi, M.; Kwak Mecromolecules

o R . 2001, 34, 1788-1796.
significant FL quenching in the solution. The degree of (36) Kanaya, T.; Tsukushi, I.; Kaji, K.; Sakaguchi, T.; Kwak, G.; Masuda,

quenching in solution is greater than that in film. The T. Macromolecule002 35, 5559-5564.
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Table 1. Molecular Weights and Physical Properties of DAPs

molecular weight  vem max density

polymer (Mw, Myw/Mp) (nm) (g/cn®) FFva
PTMSDPA 5.6x 105, 5.3 530 0.9% 0.2
PTPSDPA 1.3 10¢, 5.8 540 1.16 0.13
PPH 2.8x 105, 4.5 445 1.03 0.15

aCalculated using the equation shown in ref BReference 29.
¢ Reference 35.
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Figure 8. Plots of FL quenching of thin films from polymers listed in
Table 1 as a function of temperature. Theand | are the intensities of
FL at 25 andX °C, respectively.

To clarify this idea, we investigated FL quenching

Chem. Mater., Vol. 18, No. 8, 2Q085

PTMSDPA. Both of them quench the FL more slowly as
compared to PTMSDPA, although their chemical and
electronic structures differ quite a bit from each other. The
PTMSDPA has two very bulky phenyl rings and a tri-
methylsilyl group in the side chain. The steric bulkiness of
these large substituents inhibits efficient, dense chain pack-
ing, leading to unusually high fractional free volume (FFV)
in the polymer. In fact, the PTMSDPA has a low density
(0.91) and a large FFV value of 0.26, as summarized in Table
1, while the other polymers have relatively small values of
FFV, below 0.15. The free volume is closely correlated to
microvoids, which are molecular-scale gaps, in the polymer.
Thus, such a highly porous polymer as PTMSDPA may
afford sufficiently large spaces for molecular perturbation
in a solid film leading to quick response to temperature.

Such an idea on the porosity effect has been widely
accepted in the field of chemosensory materials for the
detection of nitroaromatic explosive TNT (2,4,6-trinitro-
toluene)?’ 4% Swager et al. have induced high porosity in
solid films of fluorescent conjugated polymers based on
poly(p-phenyleneethynyleneys*®-4°and polyp-phenylene-
vinylene)$° by introducing an extremely bulky, rigid three-
dimensional pentiptycene scaffold to the films. As a result,
this facilitated rapid analyte diffusion into the polymer film
to achieve quicker and larger amplitude responses to TNT.
This tells us that the molecular design of a highly thermo-
sensitive fluorescent polymer film would be basically the
same as that of such TNT sensory polymers.

Conclusion

The fluorescent, porous, disubstituted aromatic acetylene
polymer, PTMSDPA, exhibited great potential as a thermally
stable, highly sensitive optical thermosensor. The FL intensity
significantly changed in a wide range from 25 to 2U0.

The change was reversible, which was true for the repeated
trials. Temperature-variable IR and time-resolved FL spec-
troscopy studies revealed that both molecular perturbation
and exciton deconfinement within the main chain caused the
thermally induced FL quenching of PTMSDPA. The faster
FL quenching of PTMSDPA, compared to other acetylene
polymers, was found to be ascribed to the high FFV. In
addition, PTMSDPA is already known to have extremely
high oxygen permeability, more than 1000 baffeiVe
expect that this unusual property will make PTMSDPA as
applicable as the PSP in aerodynamic testing of aircraft as
well as TSP in thermal fatigue testing of the aircraft
turboprop enginé!-17
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