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extending the experiment to ©-solvent conditions, where
it should give information on the relative importance of
intrachain and interchain entanglements on chain motions.

One of the main limitations of the experiment comes
from the fact that, for chemical reasons, we are not able
to synthesize labeled molecules of very large molecular
weight. We then have to work at rather large polymer
concentrations. This could be questionable for the poly-
styrene-benzene system, as the proximity of the glass
transition temperature could introduce additional con-
tributions not taken into account in the scaling approach.
Additional experiments on polyisobutylene, for which T,
is very low, could allow a test of that point.

Our experiments demonstrate the originality of the
forced Rayleigh scattering technique. In the case of en-
tangled polymer solutions, it gives information on physical
properties completely different from those deduced from
ordinary quasi-elastic Rayleigh light scattering. The latter
technique is sensitive to monomer concentration fluctua-
tions, i.e., to cooperative motions of the chains, while FRS
is sensitive to individual chain motions. It is a quite in-
teresting tool in the study of entangled polymer chains
since it allows one (i) to measure dynamical properties at
mechanical equilibrium and (ii) to specifically follow one
of the components in mixed systems.
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ABSTRACT: Transient absorption spectra of polyurethanes, a polyacrylate, and a polymethacrylate having
1,2-trans-dicarbazolylcyclobutane groups were measured by a microcomputer-controlled N, gas laser photolysis
system. The triplet-triplet absorption intensity of these polymers is weak compared to that of the monomer
reference compound. Examining various possibilities, it is concluded that the intrapolymer S,—S, annihilation
is a main factor leading to this polymer effect. The excited polymers quenched by dimethyl terephthalate
dissociate into ion radicals whose yields are related to the polymer structure. This ionic photodissociation
of the polyurethane results in formation of a transient polyelectrolyte in organic solvents,

Introduction

Recently, primary photoprocesses of molecularly asso-
ciated systems in solution have been studied in detail,
revealing that their behavior is sometimes different from
that of dilute homogeneous solutions. These results are
worth studying since most practical systems with technical
and biological importance involve the photoprocesses of
molecular aggregate, membrane, microemulsion, micelle,
and polymer systems. It is well-known that the photo-
processes in photosynthesis, vision, and biological clocks
are coupled to their protein structural change. The pho-
toinduced charge separation in solar cells, photoconductors,

and photoimaging materials is the essential primary pro-
cess for their operation.

In relation to the mechanisms of the above phenomena,
we have investigated by laser photolysis the primary
photoprocesses of polymers with pendant aromatic groups
in solution.!® Interesting dynamic behavior characteristic
of the polymers has been observed, summarized as fol-
lows:>*% (1) Intense laser excitation produces several
fluorescent chromophores in one polymer chain and their
mutual interaction leads to efficient intrapolymer S,-S,
annihilation. (2) The addition of an electron acceptor
converts more than one fluorescent chromophore into an
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Figure 1. Molecular structures and abbreviations of the polymers.
The notation n represents the mean degree of polymerization.

ion radical, resulting in the formation of a transient po-
lyelectrolyte. (3) The yield of ionic photodissociation of
polymers quenched by an electron donor or acceptor de-
creases as the mean degree of polymerization increases. (4)
The absorption spectra of a polymer cation and their decay
dynamics are different from those of its monomeric model
compound.

The above results have been obtained in the case of
poly(N-vinylcarbazole) (abbreviated hereafter as PVCz)!-35
and polyesters having 1-pyrenyl groups.* Since these
polymers show intrapolymer excimer emission, the dy-
namics obtained may be caused by the specificity of the
polymer structure or by excimer formation. In order to
exclude the latter factor, we have studied in the present
work polyurethanes, a polyacrylate, and a polymeth-
acrylate having 1,2-trans-dicarbazolylcyclobutane (DCzB)
groups. These polymers have the same carbazole chro-
mophore, but no excimer emission is observed.

Experimental Section

Molecular structures and abbreviations for the compounds used
here are given in Figure 1. The preparation and purification
methods are reported elsewhere.®® The molecular weights of the
polyurethanes and other polymers were determined by VPO and
GPC methods, respectively. Dimethyl terephthalate (DMTP)
was the same as used previously.® N,N-Dimethylformamide
(Dotaito, spectrograde) was purified by fractional distillation. All
of the solutions were degassed by flushing with N, gas and were
measured at room temperature.

Since the details of the absorption and emission spectra of the
present new polymers will be published elsewhere,% we summarize
their characteristics which are indispensable for understanding
the present laser photolysis results. The absorption band shape
of the carbazole chromophore is almost the same as that of N-
ethylcarbazole (ECz) and is independent of the polymer structure.
The extinction coefficient of the DCzB unit is 7000 £ 700 at the
longest wavelength band (344 = 2 nm). The fluorescence spectra
show vibrational structure which satisfies the mirror-symmetry
relation, and the sandwich-type excimer and the so-called second
excimer, which are observed for PVCz,” are not detected. These
results indicate that there is no appreciable interaction between
carbazole chromophores in both ground and fluorescent states.

The transient absorption spectra were measured by using a
microcomputer-controlled N, gas laser photolysis system.® The
excitation power focused on the sample cuvette is 0.7 mJ and the
pulse width is 8 ns. The optical arrangement of the system was
carefully set up so that a linear relation between transient ab-
sorbance and excitation intensity held. This was confirmed by
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Figure 2. Transient absorption spectra of DCzB (a) and PU-I-44
(b) in N,N-dimethylformamide. The delay time is 500 ns.
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Figure 3. Transient absorption spectra of the DCzB-DMTP
system in N,N-dimethylformamide. The delay time is 400 ns.

examining an excitation intensity dependence of the triplet—triplet
(T-T) absorption band of phenanthrene in methylcyclohexane.

Results

Transient Absorption Spectra of Quencher-Free
Systems. Laser photolysis was performed by adjusting
the absorbance of the carbazole chromophore at 337 nm
to about 1.0 at a 1-cm path length. The mean concen-
tration of the carbazole unit was 3.4 X 10™* M, indicating
that there is no interaction between the polymers. As
shown in Figure 2, the absorption spectra of DCzB in
N,N-dimethylformamide, obtained at 500 ns after excita-
tion, show a peak at 420 nm and a tailing to 500 nm. Since
this band shape, its solvent dependence, and O, effect are
quite similar to those of the T-T absorption band of ECz,?
the present spectra are assigned to the triplet state of the
carbazole chromophore. In the case of PU-I-44, the ab-
sorption intensity decreased to less than 20% of the level
of the DCzB system, which was the same for all the
polymers used here.

Transient Absorption Spectra of Systems Con-
taining Quenchers. The absorbance of the carbazole
chromophore at 337 nm was adjusted to 1.7 at a 1-cm path
length, which corresponds to a mean chromophore con-
centration of 5.7 X 10™* M. The concentration of DMTP
was 0.26 M, which is just below saturation at room tem-
perature. The transient absorption spectra of the DCzB-
DMTP system in N,N-dimethylformamide are given in
Figure 3. The band in the short-wavelength region is due
to the DMTP anion,® while the weak broad band is as-
cribed to the DCzB cation.? This result indicates that ionic
dissociation to the donor cation and the acceptor anion is
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Figure 4. Second-order decay plot of DMTP anion: (a) the
PU-I-44-DMTP system; (b) the PMA-65-DMTP system.
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Figure 5. Excitation intensity effect upon absorbance of the
dissociated DMTP anion. The systems are DCzB-DMTP (0),
PU-I-44-DMTP (4), PU-II-25-DMTP (a), PA-33-DMTP (D),
and PMA-65~-DMTP (m). The excitation intensity 100 corre-
sponds to ~2 X 10 photons cm™2,

induced by interaction between the excited carbazole
chromophore and DMTP. The same absorption spectra
were observed for all the polymers quenched by DMTP;
however, their intensity was weak compared to that of the
DCzB-DMTP system.

Decay Dynamics of Ions Produced. Dissociated ion
radicals of the relevant N-ethylcarbazole-DMTP system
recombined with each other, showing second-order decay
kinetics, while the decay of the cation was faster than that
of the anion in the DCzB-DMTP system. This difference
is considered to be due to the decomposition of the DCzB
cation by a mechanism similar to the radiation-induced
cycloconversion of tetraphenylcyclobutane.!® The sec-
ond-order decay process of DMTP anion is common to all
the present systems except one. The PMA-65 system gives
a fast component in addition to normal homogeneous re-
combination, which is shown in Figure 4.

Excitation Intensity Dependence of Formation of
Ions. This was examined by plotting the DMTP anion
absorbance at 530 nm, obtained by extrapolating the decay
curve to zero, against the excitation intensity. The DCzB
system gave an almost linear relationship, while the sat-
uration tendency increased in the following order: PU-I-44
~ PU-II-25 < PA-33 < PMA-65, as shown in Figure 5.

Macromolecules

Table I
Excitation Intensity Effect upon Fluorescence Quenching
Efficiency in N,N-Dimethylformamide

sample Q%% QL% %
DCzB 98 96
PU-I-44 98 92
PU-1I-25 98 87
PA-33 97 88
PMA-65 98 86

% Qg is the value obtained by the Aminco-Bowman spec-
trophotofluorometer The excitation wavelength is 340
nm. Ql is the value obtained by exciting with the 337-
nm pulse of the N, gaslaser (2 X 10'¢ photons em™?).
Concentration of DMTP quencher is 0.26 M.,

Table 11
Ionic Photodissociation of DCzB and Related Polymer
Systems in N,N-Dimethylformamide

sample ®jon” Nionb
DCzB 0.71 0.2
PU-I-44 0.46 ~6
PU-1I-25 0.44 ~3
PA-33 0.37 ~2
PM-65 0.26 ~3

¢ Quantum yield of ionic photodissociation obtained
under a relative excitation intensity of 31. See text and
Figure 5. ° The number of ionized chromophores per
polymer chain, obtained as [DMTP"]/[polymer]. Since
the absorption intensity of the DCzB cation is weak, the
DMTP counteranion band was used. The relative excita-
tion intensity is 100. See Figure 5,

Effect of Excitation Intensity on Fluorescence
Quenching Efficiency. We examined the relationship
between excitation intensity and fluorescence quenching
efficiency, @, defined as (F, - F)/F,, where F and F rep-
resent fluorescence intensity with and without DMTP,
respectively. The efficiencies €, and @, corresponding to
the values obtained by exciting with steady light and laser
pulse, respectively, are listed in Table I. It is worth noting
that @, is equal to or larger than Q.

Quantum Yields of Ionic Photodissociation. Ionic
photodissociation yields of the present systems were ob-
tained by comparing the absorption intensity of the DMTP
anion and the T-T transition of phenanthrene in me-
thylcyclohexane. The equation is as follows:

Bion = (e7-1/ €ion) (ODjgn / ODr 1) i,

Here ¢;,, and ¢;,, are the quantum yields of ionic disso-
ciation and intersystem crossing of the reference phenan-
threne, respectively. Molecular extinction coefficients ey
and ¢, are 24000 £ 2000 M! cm™ at 480 nm!! and 17000
M1 cm™ at 530 nm.!2 OD is the absorbance at the cor-
responding wavelength, and ¢;, is 0.7 £ 0.12.!! In this
equation it is assumed that the distribution of the excited
singlet state is common to all systems. The results are
listed in Table II, where excitation intensity is adjusted
to 31% of that of the normal photolysis condition (see
Figure 5). The yield decreases in the following order:
DCzB > PU-1-44 ~ PU-I1-25 > PA-33 > PMA-65. The
number of ionized chromophores per polymer chain is
calculated and given in this table. It is worth noting that
6 DCzB units of PU-I-44 are converted into cation radicals
by the N, laser excitation. This indicates that a kind of
transient polyelectrolyte with a lifetime of tens of micro-
seconds is formed in neutral organic solvents.

Discussion

Polymer Effect on the T-T Absorption Intensity.
The absorption spectrum and the intensity of the triplet
state of the DCzB system is almost the same as that of
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N-ethylcarbazole. Therefore the decrease of intensity in
polymer systems is considered as inherent to the polymer.
In the following discussion we examine some possible
mechanisms.

1. Chemical impurities bound to the polymer chain may
quench the excited state of the carbazole chromophore.
Inspection of the preparative methods of these polymers
convinces us that the possibility of such contamination is
marginal.® This is also supported by the fact that different
types of polymers give the same effect.

2. A change in the T-T absorption band shape may lead
to an apparent decrease in the triplet yield. Broadening
and shifting of the T-T band is expected when chromo-
phores attached to a polymer associate with each other.
1t is concluded from an examination of various aromatic
liquids and crystals that the spectral change from dilute
solutions to aggregates is small and does not explain the
distinct polymer effect observed in this study.

3. An efficient S,—S, annihilation leads to a decrease
in the excited singlet state was observed in the case of the
PVCz system excited with the second harmonic of a Q-
switched ruby laser.® The present polymer systems may
involve a similar process which results in the reduced
formation of the triplet state.

4. The T-T annihilation process may also lower the
concentration of the triplet state. However, it is difficult
to assume that this deactivation process operates without
S,-8; annihilation, since the latter is considered to be due
to Forster’s long-range dipole—dipole coupling interaction.
Furthermore, we cannot observe any rapid decay of the
T-T absorption band within our time resolution.

We consider that the present polymer effect upon the
T-T absorption intensity is due to the third mechanism.
The concentration of the excited singlet carbazole can be
estimated by using the T-T absorbance, the extinction
coefficient of this transition, and the intersystem crossing
yield. It was assumed that the latter two values of DCzB
are the same as those of carbazole.!* The calculated con-
centration indicates that about half of the DCzB units are
effectively excited during a pulse irradiation, which means
that several excited chromophores are produced in one
polymer molecule. The resulting excited state is expected
to migrate along the chain due to the Forster-type long-
range energy transfer. The critical transfer distance of this
process is calculated to be 21.34 A for N-methylcarbazole,!®
which is larger than the mean distance between the car-
bazole chromophores of the present polymers. Owing to
efficient energy migration, the fluorescent states interact
with each other, leading to the S,-S; annihilation.

This S-S, process may compete with electron transfer
quenching if one adds DMTP to the polymer solutions.
The quenching efficiency should depend upon excitation
intensity, of which the S,~S; process is a function. As
shown in Table I, the @, and @, values are identical within
experimental error in the case of the DCzB-DMTP system,
while @, > @, is observed in the polymer system. It was
confirmed that this inequality is consistent with the S;-S;
annihilation process.® Therefore we have come to the
conclusion that the polymer effect on the T-T absorption
intensity is caused by intrapolymer S;-S; annihilation.

Polymer Effect on Ionic Photodissociation. We have
been studying ionic photodissociation of typical electron
donor-electron acceptor systems in solution and have
proposed a simple but general mechanism.'® The electron
transfer quenching leads to formation of a transient ionic
complex whose electronic structure is extremely polar, and
solvent reorientation around it is not complete. In this
complex, the dissociation to the solvent-shared ion pair and
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radiationless transition to the neutral ground state compete
with each other. The ionic photodissociation yield is given
by

Bion = ka/ (Rq + Ry)

where k4 and &, are the rate constants of the dissociation
and deactivation processes, respectively. It was considered
that k,, is related to the electronic structure of the transient
ionic complex and k4 depends on solvent properties.

This concept of ionic photodissociation is applied to the
present results on polymer-DMTP systems. Whereas k&,
is considered to be insensitive to these polymer structures,
the k4 value may be reduced by the low micropolarity and
high microviscosity around the transient ionic complex
compared to the monomer reference system.!” In the case
of the PU-I-44 and PU-II-25 systems, the mean distance
of the DCzB unit is rather large and the reorientational
motion of the solvent molecules may occur easily. How-
ever, since the DCzB units of the PA-33 and PMA-65
systems are rather crowded, solvent reorientation may be
hindered. Therefore k4 will decrease in the following order:
DCzB > PU-1-44 ~ PU-II-25 > PA-33 > PMA-65, which
is in accordance with the results listed in Table II.

In addition to the above competing processes of disso-
ciation and deactivation in the transient ionic complex, we
must consider the fate of the solvent-shared ion pair.
Under the conditions of high microviscosity and low mi-
cropolarity, the contribution of geminate recombination
should be considered along with the rapid solvation to free
ions. This recombination is another main factor decreasing
the dissociation yield. Actually, we have observed a rapid
decay of DMTP anion in the PMA-65-DMTP system.

Comparisons with Results on PVCz Systems. The
results we obtained from PVCz systems in solution were
similar to the present ones.!®5 However, the contribution
of two kinds of excimer state in the PVCz systems did not
permit the simple and direct explanation given in this
paper. The unknown intersystem crossing yield from both
excimer states indicated the possibility that the reduced
triplet yield of the PVCz systems is due not only to the
intrapolymer S;—S; annihilation but also to the low value
of intersystem crossing from excimer states. It was con-
sidered that the quenching of excimer states leads to the
triple complex formation of D,"A™ and an increase in the
k, value. Therefore both k4 and k&, of the PVCz systems
are affected by polymer structure, and their explanation
was complicated. However, since no excimer emission is
observed in the present polymer systems, it is concluded
unambiguously that the observed polymer effects have
nothing to do with excimer states of polymers but consist
of general effects arising from chromophore aggregation.

Laser-Induced Formation of a Transient Polyelec-
trolyte. In Table II, the number of ionized DCzB units
per polymer chain is given. It is rather large in the case
of PU-I-44, where the conversion efficiency from neutral
to ionized DCzB units of the latter compound is about
13%. This indicates that a polyelectrolyte with a lifetime
of tens of microseconds is produced by intense pulse ex-
citation. This is the second example of this particular
behavior which was first reported for PVCz.25 In a pre-
vious paper,® we showed that the laser-induced formation
of a polyelectrolyte is observed in the case of polymers
satisfying the following conditions: (1) the absorption cross
section of the chromophore attached to the polymer chain
at the excitation wavelength is large; (2) energy migration
between chromophores is low; (3) the solvation to free ions
is very rapid; and (4) any radiationless transitions other
than ionic dissociation occur with a small rate constant.
Conditions 1 and 4 are functions of the chromophores used,
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while conditions 2 and 3 are related to the polymer
structure. The carbazole chromophore satisfies the former
conditions to some extent, and the present polyurethane
has a suitable structure for the latter conditions. There-
fore, the conversion efficiency of PU-I-44 is higher than
that of PVCz-394 under almost the same experimental
conditions.?
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ABSTRACT: Aiming at understanding the correlation between polymer conformation and polymer functionality
in water-soluble polymers, we have measured the absorption and fluorescence spectra of a polyionene bearing
pendant anthryl groups, poly[oxycarbonylmethylene-1,6-hexamethylenebis(dimethyliminio)methylene-
carbonyloxy-2-[(9-anthryl)methyl]propylene dichloride] (PIA-6), and relevant low molecular weight model
compounds, hexamethylenebis[[[(9-anthrylpropoxy)carbonyl]methyl]dimethylammonium chloride] (DIA) and
2-[(9-anthryl)methyl]-1,3-propanediol bis(triethylammonio)acetate dichloride (MIA). The absorption spectrum
of PIA-6 (1L, band of the pendant anthryl groups) in water was broader than that of DIA or MIA while the
absorption spectra in methanol were nearly the same for all samples, suggesting association between anthryl
groups of PIA-6 brought about by hydrophobic interaction. Such ground-state association between pendant
anthryl groups was also found in the fluorescence excitation spectra. Fluorescence emission spectra of PIA-6
and DIA in water showed broad excimer emission around 500 nm while excimer emission from MIA was
negligible. The excimer emission intensity relative to the monomeric emission of PIA-6 and the model compounds
was measured in various media, and these results are discussed from the viewpoint of a polymer conforma-
tion—photodimerizability correlation in the polyelectrolyte system.

Introduction

In previous articles on photodimerization reaction of
polyionenes bearing pendant anthryl groups,? we have
shown that (1) the neutral salt effects on photodimeriza-
bility of the polyionenes are different from those of the
relevant monomeric or oligomeric ionenes, (2) the reactivity
of the polyionenes is sensitive to changes in the environ-
ments rather than to their chemical structure, indicating
that the reactivity is determined by a delicate balance
between Coulombic and hydrophobic interaction, and (3)
the photoreactivity is not decided only by the local con-
centration of anthryl groups. In these studies, a polye-

lectrolyte conformation-functionality correlation for the
polyionenes was discussed on the basis of the photo-
dimerization reaction of pendant anthryl groups and the
viscosity behavior as indices of functionality and polymer
chain conformation, respectively.

In this article, we deal with the correlation between
polymer conformation and interchromophore interaction
as detected by spectroscopic studies of a polyionene and
the relevant low molecular ionenes. In particular, the
excimer emission is informative as to the nature of the
polymer-bound anthryl groups as already shown for po-
lyesters.®* The results on excimer studies of the ionenes
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