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Figure 7. Effect of methanol on excimer emission of PIA-6 (@)

and DIA (9). Ig = 500 nm, Iy ~ 417 nm, EPIA-G] =29 x 10"
mol/dm?, and [DIA] = 1.4 X 10™* mol/dm?.

pend on the size and conformation of polymer chain.

From the study on the environmental effects on the
excimer emission, we have found that the excimer intensity
reflects sharply the aggregation nature of the pendant
groups. The overall features of PIA-6 molecules in solution
can be visualized as shown in Table IV by combining the
results of the spectroscopy, photodimerizability, and vis-
cosity studies. In a conclusion, the PIA-6 conformation
is very much affected by environment, which is quite
different from the case for polyesters bearing anthryl
groups in organic solvents in which the chemical structure
of the polymer is the dominant factor determining excimer
formation and photodimerizability.
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ABSTRACT: In order to gain insight into polymer effects on spectroscopic properties of polymers containing
polar pendant chromophores, the absorption and emission spectra of viny! and methacrylate polymers containing
pendant 1,3,5-triphenyl-2-pyrazoline (TPP) chromophores were studied in various solvents and compared
with those of low-molecular-weight model compounds. The polymers were found to exhibit no excimer
fluorescence, emitting only normal fluorescence. The polymer effects on the spectroscopic properties relative
to those of low-molecular-weight model compounds were characterized by the following three features: larger
Stokes shifts for the fluorescence, decreased quantum yields of the fluorescence, and less sensitivity of the
fluorescence band position to the solvent polarity. These characteristic effects of the polymers result from
perturbation by neighboring groups and are understood in terms of nearby pendant TPP chromophores in
the ground state solvating TPP chromophores in the electronically excited singlet state.

Studies of the absorption and emission spectra of
polymers are expected to provide information on the
conformation and microenvironment of polymers as well
as interactions between chromophores bound to polymers;
these will be observed as polymer effects on spectroscopic
properties. In addition, an understanding of spectroscopic
and photophysical properties of polymers will be of im-
portance for the understanding of the function and in the
design of photosensitive functional polymers such as
photoconducting polymers.

There have been a few studies comparing the absorption
spectra of vinyl aromatic polymers with those of low-mo-
lecular-weight analogues, indicating hypochromism in
polymers,!~ and extensive studies of the emission spectra

of vinyl aromatic polymers from the viewpoint of excimer
formation*'® have been made. Ground-state dimer for-
mation between the pendant chromophores has also been
indicated from the absorption and emission spectra of
certain vinyl polymers.1618 However, there are still some
basic questions remaining to be studied concerning poly-
mer effects on spectroscopic properties. For example,
except for reports concerning the phosphorescence spectra
of a few polymers,'%% the question of how the normal
emission is affected by the polymeric framework has not
been fully studied. Little attention has been paid to the
problem of how solvent effects on the absorption and
emission spectra of polymers differ from those of low-
molecular-weight analogues. Spectroscopic studies on vinyl
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aromatic and heterocyclic polymers with no excimer for-
mation have been rare.

In view of this, the present investigation was undertaken
to gain some insight into polymer effects on spectroscopic
properties of polymers. The great majority of previous
studies of spectroscopic properties of synthetic polymers
which deal mainly with excimer formation have concen-
trated on vinyl aromatic polymers, e.g., polystyrene,*?
poly(vinylnaphthalene),>8 polyacenaphthalene,®? poly-
(vinylpyrene),'®!! poly(vinylphenanthrene),!? poly(N-
vinylcarbazole),!®* and their related polymers,t1% the
pendant chromophores of which show very little solvato-
chromism in their absorption and emission spectra. The
present study has been directed to polymers containing
solvatochromic pendant chromophores, particularly in
their emission spectra. The 1,3,5-triphenyl-2-pyrazoline
(TPP) chromophore has been selected for the present
study since TPP is known to have a relatively large dipole
moment in the ground state (u, = 2.58)2%%2 and a much
greater one in its electronically excited singlet state (u, =
8.16, 7.7;2 u, — ug = 5.53%) by virtue of the intramolecular
charge-transfer structure, and spectroscopic and photo-
physical properties of TPP and its derivatives have re-
cently been studied extensively.?*?" In this paper we
describe spectroscopic properties of poly[1,3-diphenyl-
5-(p-vinylphenyl)-2-pyrazoline] (PVTPP), poly[1,3-di-
phenyl-5-[p-(methacryloyloxy)phenyl]-2-pyrazoline]
(PMTPP), and their copolymers with styrene, copoly-
(VTPP-St) and copoly(MTPP-St), and compare them
with those of their low-molecular-weight model com-
pounds, TPP and 1,3-diphenyl-5-[p-(isobutyryloxy)-
phenyl]-2-pyrazoline (i-BTPP), focusing attention on
polymer effects on spectroscopic properties. The synthesis
of these homo- and copolymers, which are new photocon-
ducting polymers, has been described in previous papers.?
A part of the present work has been reported as a short
communication.”? Migration of the singlet excitation en-
ergy in these polymers has also been reported.3°
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Experimental Section

Materials. PVTPP and PMTPP were prepared by radical
polymerization of the corresponding monomers, 1,3-diphenyl-
5-(p-vinylphenyl)-2-pyrazoline (VTPP) and 1,3-diphenyl-5-[p-
(methacryloyloxy)phenyl]-2-pyrazoline (MTPP), as described in
the previous paper,?® purified by repeated reprecipitation from
THF-methanol, and dried in vacuo. The number-average mo-
lecular weights (M) of the polymers employed in this study were
17800 for PVTPP and 25000 for PMTPP. The copolymers,

Macromolecules

=
Z
S
s
€ =
5 s
O~ o
=~ >
B¢ =
02 =
Q= c
= o
folan}
'QTE €
Bt =
(%]
£’ g
< c
K e
Wwe s
 E o
S e
5]
Fw 8
[y

300 350 260 0 500
wavelength(nm)

Figure 1. Absorption and fluorescence spectra (corrected) of

PVTPP (—) and TPP (---) in benzene at room temperature.

[PVTPP = 2 X 10° M (in monomer unit); [TPP] = 2 X 10° M.

Excitation wavelength: 360 nm.

copoly(VTPP-St) and copoly(MTPP-St), were prepared by
radical copolymerization of VTPP and MTPP with styrene,26P
reprecipitated from THF-methanol, and dried in vacuo. Co-
poly(VTPP-St) with VTPP:St ratios of ca. 0.8:0.2 and 0.25:0.75
and copoly(MTPP-St) with MTPP:St ratios of ca. 0.65:0.35 and
0.3:0.7 were used for the spectral measurement. TPP (mp
140.5-141.5 °C) was prepared according to a known procedure,*
purified by repeated recrystallization from ethanol, and dried in
vacuo. i-BTPP was prepared by reaction of 1,3-diphenyl-5-(p-
hydroxyphenyl)-2-pyrazoline whch had been prepared by a known
method®! with commerically available isobutyryl chloride in the
presence of triethylamine in THF, purified by silica gel column
chromatography, followed by repeated recrystallization from
cyclohexane, and dried; mp 124.5-125.5 °C. All solvents were
purified and dried by ordinary methods.

Spectral Measurements. The electronic absorption spectra
were recorded with a Hitachi 124 spectrometer. The fluorescence
and excitation spectra were recorded with a Hitachi MPF-3
spectrofluorometer fitted with an HTVR-446F photomultiplier.
The spectral measurement at room temperature was made with
the use of a fused-quartz cell of 1-cm path length. For mea-
surement of the fluorescence spectra in 2-methyltetrahydrofuran
(MTHEF) at 77 K, the solution was sealed in a 3-mm-diameter
Pyrex glass capillary tube after being degassed by freeze—
pump-thaw cycles. The spectra were measured in dilute solutions,
the concentration of the solution for both the polymers and the
model compounds being from 2 X 1075 to 4 X 1075 M to give an
absorbance of ca. 0.4-0.8 at A 360 nm unless otherwise indicated.
The fluorescence quantum yield was measured in THF at 20 °C
relative to quinine sulfate in 1.0 N sulfuric acid (¢ = 0.548, excited
at 366 nm at 25 °C.

Results and Discussion

Figures 1 and 2 show the electronic absorption and
fluorescence spectra of the homppolymer PVTPP and its
low-molecular-weight model compound TPP measured in
dilute, fluid benzene and rigid MTHF solutions at room
temperature and 77 K, respectively. Table I lists the ab-
sorption and fluorescence band maxima for PVTPP and
its copolymers with styrene, copoly(VTPP-St), in various
solvents together with those for TPP. The trends for the
methacrylate homo— and copolymers are virtually the same
for the vinyl polymers. Figures 3 and 4 show the spectra
of PMTPP and copoly(MTPP-St), and their low-molec-
ular-weight model compound, i-BTPP, measured in dilute
benzene solutions at room temperature and in rigid MTHF
solutions at 77 K, respectively. The values of the
fluorescence quantum yield for both vinyl and meth-
acrylate polymers and for the model compounds are listed
in Table II.
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Table
Absorption and Fluorescence Band Maxima for TPP, PVTPP, and Copoly(VTPP-St) in Various Solvents

absorption band maxima,® nm

fluorescence band maxima, nm

copoly(VTPP-St)¢

copoly(VTPP-8t)¢

solvent TPP PVTPP? 1 2 TPP PVTPP? 1 2
Room Temperature

benzene 362 362 362 362 441 447 444 446

dioxane 360 360 444 448

THF 359 359 359 359 446 450 446 448

CICH,CH,CI 360 360 450 452

acetone 358 358 359 358 453 453 453 453

DMF 361 361 77K d 455 455

MTHF 375 365 371 366 415 425 419 425
392 391 392 391 433 4417 442 447

4 log ¢ in benzene: 4.29 for TPP, 4,27 for PVTPP, ? Mn =1.78 X 104, MW = 3.08 X 10*. ¢ Copolymer composition:
VTPP:St = 0.25:0.75 for 1; VTPP:St = 0.8:0.2 for 2. PVTPP and copoly( VTPP-St) are easily soluble in the solvents
examined except for acetone. ¢ Vibrational structures appear at 77 K.

Table II
Fluorescence Quantum Yields for PVTPP, PMTPP, TPP,
and i-BTPP in Solutions at 20 °C

solvent TPP PVTPP i-BTPP PMTPP
benzene 0.90 0.76 0.90 0.73
THF 0.77 0.73 0.72 0.67

Fluorescence Intensity(arbitrary)

Absorbance {arbitrary)

— I
350 400
Wavelength(nm)

! |
450 500

Figure 2. Absorption and fluorescence spectra (corrected) of
PVTPP (—) and TPP (---) in MTHF at 77 K. [PVTPP] = 2
X 105 M (in monomer unit); [TPP] = 2 X 10° M. Excitation
wavelength: 360 nm.

TPP and its derivatives are known to show an intense
absorption band in the wavelength region from ca. 330 to
420 nm, which is assigned to the intramolecular charge-
transfer absorption band with the electron density shift
in the direction from the 1- to the 3-position of the con-
jugated w system Ar—N—N=C—Ar in the pyrazoline
ring. On excitation of this band, an intense fluorescence
appears in the wavelength region around 400-500 nm with
no phosphorescence emission. As the figures show, the two
polymers under investigation were found to exhibit no
excimer fluorescence, emitting only normal fluorescence
that can be assigned as due to the TPP chromophore in
the polymer environment. The absorption and fluores-
cence spectra of the two polymers were found to be very
similar. It was confirmed that the fluorescence excitation
spectra correspond well to the absorption spectra. No
phosphorescence was observed for the polymers by exci-
tation of the intramolecular charge-transfer absorption
band.

Comparison between the spectra of the polymers and
their monomeric model compounds shows that the ab-
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Figure 3. Absorption and fluorescence spectra (corrected) of
PMTPP (—), i-BTPP (---), and copoly(MTPP-St) with co-
polymer compositions of ca. 0.65:0.35 (~--) and 0.3:0.7 (---) in
benzene at room temperature. [PMTPP] = 3 x 10 M (in mo-
nomer unit); [i-BTPP] = 3 X 10 M; [copoly(MTPP-St)] = 3
X 10 M (in MTPP monomer unit). Excitation wavelength: 360
nm.
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Figure 4. Absorption and fluorescence spectra (corrected) of
PMTPP (—), i-BTPP (---), and copoly(MTPP-St) with co-
polymer compositions of ca. 0.65:0.85 (---) and 0.3:0.7 (---) in
MTHF at 77 K. [PMTPP] = 3 X 10® M (in monomer unit);
[i-BTPP] = 8 X 107 M; [copoly(MTPP-St)] = 3 X 10® M (in
MTPP monomer unit). Excitation wavelength: 360 nm.

sorption spectra in fluid solutions are almost the same for
the polymers and their model compounds, although both
polymers show a slight hypochromism (Table I) and the
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PMTPP polymer shows a slight blue shift relative to i-
BTPP (Figure 3), but that the fluorescence bands of the
polymers are distinctly red shifted, 305 cm™ for PVTPP
and 253 cm™! for PMTPP, relative to those of the model
compounds in benzene solutions (Figures 1 and 3). The
extent of the red shift of the fluorescence band of the
polymers relative to that of the model compounds was
found to be more significant in a rigid solution at 77 K than
in a fluid solution as shown in Figures 2 and 4: the spectra
taken at 77 K show a vibrational structure, and the 0-0
and 0-1 bands of the fluorescence spectra of the polymers
are red shifted by 567 and 774 ¢cm™ for PVTPP and by
567 and 724 ecm™ for PMTPP, respectively, relative to
those of the model compounds. At the same time, the
absorption band maxima of both polymers in a rigid so-
lution at 77 K are blue shifted 730 cm™ relative to those
of the model compounds. Inspection of Table I indicates
that the fluorescence band position for the polymer
PVTPP as well as the model compound TPP undergoes
a red shift on going from nonpolar to polar solvents but
that the polymer is less sensitive to changes in solvent
polarity than the model compound. The polymer PMTPP
gives exactly the same solvent dependence as PVTPP.
The extent of the red shift on going from benzene to DMF
is 698 and 646 cm™ for TPP and i-BTPP, respectively, but
393 cm! for the polymers. This stems from the fact that
the fluorescence band position of the polymers is signifi-
cantly red shifted in nonpolar solvents, whereas in polar
solvents it does not differ between the polymers and the
model compounds. On the other hand, the absorption
bands of both the polymers and their model compounds
in fluid solutions, which are almost the same, tend to shift
slightly to higher energies in solvents of increasing polarity
but do not greatly differ in various solvents. The quantum
yields for the flourescence of TPP and its derivatives drop
with an increase in solvent polarity. The data listed in
Table II show that the fluorescence quantum yields for the
polymers in benzene are reduced compared to those of the
model compounds in the same solvent but that the extent
of the drop with an increase in solvent polarity is smaller
for the polymers than for the model compounds.

As described above, the present study has revealed that
the PVTPP and PMTPP polymers show no excimer
fluorescence and that the polymer effects on the spectro-
scopic properties of these polymers relative to those of the
monomeric compounds are characterized by the following
three features: (1) larger Stokes shifts for the fluorescence
band, (2) less sensitivity of the fluorescence band position
to changes in solvent polarity, and (3) decreased fluores-
cence quantum yields. The absence of the intramolecular
excimer formation in the present polymers may be due to
negligible binding energy between excited- and ground-
state chromophores. The molecular structure of the pen-
dant TPP chromophore may also be responsible for the
absence of excimer formation, since the structure is
thought to be unfavorable for the formation of the gen-
erally accepted specific conformation of excimers, i.e., a
sandwitch-type fact-to-face arrangement of excited- and
ground-state chromophores. The results of an X-ray
structural analysis of 1,3-diphenyl-5-(p-chlorophenyl)-2-
pyrazoline show that the plane of the phenyl ring at the
5-position is almost perpendicular to the plane of the py-
razoline ring.3? It should also be noted that TPP and its
derivatives do not form an intermolecular excimer in their
concentrated solutions.

The spectroscopic features characteristic of the polymers
described above result from perturbation by neighboring
pendant chromophores and have led us to consider in-
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Figure 5. Fluorescence spectra (corrected) of TPP in MTHF
at 77 K. [TPP] = 2X 101 M (—); [TPP] = 2 X 105 M (---).
Excitation wavelength: 360 nm.

tramolecular solvation by the pendant chromophores;282
namely, in nonpolar to weakly polar solvents, TPP chro-
mophores in the ground state contribute toward solvation
of the polar chromophores in the electronically excited
state, in addition to solvation by the solvent. This will be
more significant in rigid matrices where solvent reorien-
tation is more restricted in fluid solutions. It is probable
that the singlet excitation energy migrates to the chro-
mophore sites where intramolecular solvation by nearby
pendant TPP chromophores is operative. In polar fluid
solvents such as acetone or DMF, however, solvation by
polar solvents may become predominant over the intra-
molecular solvation by the pendant TPP chromophores;
hence, the fluorescence band position of the polymers in
polar solvents does not differ from that of the model
compounds. The data in Table I suggest that the solvation
of the electronically excited TPP chromophores by nearby
pendant ground-state TPP chromophores nearly equals
the solvation by a solvent of polarity intermediate between
that of THF and 1,2-dichloroethane. The decreased
fluorescence quantum yield for the polymers relative to
the monomeric model compounds (Table II) is consistent
with this concept. It has been shown that the polymer
microenvironment polarity in synthetic vinylic polymers
is lower than the polarity of the bulk solution due to the
shielding effect by a less polar polymer chain.?¥3* In spite
of this fact, the singlet excited fluorescing TPP chromo-
phores in the present polymers exist in more polar mi-
croenvironments than in bulk solutions of nonpolar or
weakly polar solvents because of the solvation by the
pendant TPP chromophores. A blue shift of the absorp-
tion band of polymers in MTHF at 77 K suggests that
interactions between the pendant chromophores in the
ground state may also be operative (Figures 2 and 4).
The concept of solvation by pendant chromophores is
further supported from the spectal properties of the co-
polymer and the monomeric model compound in concen-
trated solutions. The results in Table I and Figures 3 and
4 show that as the copolymer composition becomes rich
in styrene, the spectra resemble those of the low-molecu-
lar-weight model compounds. Figure 5 shows the
fluorescence spectrum of TPP in a concentrated solution
at 77 K. The fluorescence spectra of TPP in concentrated
solutions shift to lower energies with an increase in TPP
concentration compared to the spectra in dilute solutions.
This phenomenon is also explained in terms of solvation
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of the electronically excited TPP molecules by ground-
state TPP molecules. In polymers, solvation by the pen-
dant chromophores can occur in dilute solutions because
of a high local concentration of chromophores along the
polymer chain. A related phenomenon has been observed
which shows that the fluorescence spectrum of 1,3-di-
phenyl-2-pyrazoline undergoes a red shift in the presence
of indole in n-heptane. This has been explained in terms
of a specific solvation by the indole molecules.?® Related
to the present study, a few works which take into account
the solvation of chromophores by ester groups bound to
polymers have recently appeared. To explain the emission
characteristics of the polymer-bound exciplex in polymers
having a polyester main chain, solvation of the exciplex
by the ester groups in the main chain has been suggested.?
Solvation of pendant merocyanine chromophores by pen-
dant ester groups bound to polymes has been suggested
for the phenomenon of the photoinduced viscosity change
in poly(methyl methacrylate) containing spirobenzopyran
pendant groups.37%

The present study has aimed at illuminating basic
questions in polymer spectroscopy such as described in the
introduction by using polymers containing polar pendant
chromophores, particularly in the electronically excited
state. Spectroscopic features characteristic of the polymers
have been made clear and systematically understood in
terms of solvation by the pendant chromophores. The
generality of the present phenomena in spectroscopy for
other polymers containing polar pendant chromophores
is currently under investigation.
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