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ABSTRACT: Fluorescence spectra of poly{[2-(w-carbazylbutyl)-2-methylpropane-1,3-diyljoxy-terephthaloyloxy}
(1) in THF and dioxane solution were studied. The relative intensity of the exciplex formed between the singlet ex-
cited state of the carbazyl group and the terephthalate group was taken as an index for inter- or intramolecular in-
teraction. The inter- and intramolecular processes were separated from the concentration dependence of exciplex
emission at around 490 nm. The results were compared with exciplex formation between dimethyl terephthalate
and poly{[2-(w-carbazylbutyl)-2-methylpropane-1,3-diyl]oxy-malonyloxy} (II) or 6-carbazyl-2,2-di(acetoxymeth-
yl)hexane (III) as the monomer model compound. Intermolecular exciplex formation by I was shown to be more
than a thousandfold more efficient that the combination of dimethyl terephthalate with II and III, indicating poly-
mer association by I occurred at concentrations lower than 103 mol/dm3. The lifetime of fluorescence and various

solvent effects were also investigated.

Fluorescence spectroscopy of polymers has been a poten-
tial approach to the investigation of inter- and intramolec-
ular interactions and molecular motions. Apart from bio-
polymers, such studies of excimer formation have been lim-
ited almost entirely to olefinic polymers with aromatic or
heterocyclic pendant groups such as polymers of styrene,
vinylnaphthalene, acenaphthylene, vinylanthracene, N-
vinylcarbazole, vinylpyrene, and their copolymers.l-13 All
of these studies were concerned with excimer formation in
polymeric systems. But restrictions in the choice of struc-
ture in olefinic polymers prevented us from understanding
molecular interactions as functions of environmental con-
ditions surrounding the fluorophore. Flexibility of the skel-
etal structure of the polymer, the distance between fluoro-
phores, the length and distribution of side chain, and many
other factors could not be freely chosen by means of vinyl
polymerization.

Polycondensation-type polymers are better than olefinic
polymers for interpreting polymer effects on molecular in-
teractions in relation to polymer structure since one can ex-
pect more latitude and less ambiguity on the design of
polymer structure. The authors have synthesized polyam-
ides!* and polyesters!® containing carbazole units and have
studied charge transfer complex formation of the carbazole
units with acceptors. Differences in the stability constants
between monomeric model compounds and the polyesters
are discussed for systems with more than one carbazole
unit participating in formation of each complex.??

In the present study, exciplex formation between the
carbazyl group and the terephthalate group was chosen as a
measure of molecular interactions. Since exciplex forma-
tion is more specific and more sensitive to solvents than ex-
cimer formation, it is a better index for measuring molecu-
lar interactions.

Results and Discussion

General Features of Fluorescence Spectra. Struc-
tures of samples (I, II, and III) and their fluorescence spec-
tra are shown in Figure 1. It is clear that the fluorescence
spectra of IT and III are nearly identical whereas that of I
displays a structureless broad emission around 490 nm
characteristic of the exciplex formed between terephthalate
and the singlet excited state of the carbazyl group.!® Since
the intensity of exciplex emission relative to monomer
emission at 368 nm decreases with dilution, there is appar-

ently participation of intermolecular exciplex formation
even at a concentration as low as 1074 mol/dm3. The quan-
tum yields of total fluorescence are about 0.3 for II and III,
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and much less than 0.1 for I as determined for a dilute solu-
tion (<1075 mol/dm?3) in THF, indicating that the fluores-
cing state of the carbazyl group in I interacts with the ter-
ephthalate group to form an exciplex having a lower fluo-
rescing probability or is deactivated without the formation
of exciplex. In accordance with the difference in quantum
yields, the fluorescence lifetime decreases from about 14
nsec for II and III to 8.1 nsec for the monomer emission
(368 nm) of I,'7 indicating that the lowered intensity of flu-
orescence of the carbazyl group in I is a result of dynamic
quenching by the terephthalate group.

Although the fluorescence state of I is greatly different
from either II or III, absorption spectra of these three sam-
ples are identical in the wavelength region longer than 270
nm in which the carbazyl group is an exclusive photoab-
sorbing species as shown in Figure 2. Excitation spectra of
this wavelength region agreed with the relevant absorption
spectra. At the wavelength below 270 nm, the participation
of the terephthalate group in photoabsorption led to a con-
siderable difference in the absorption spectra of I. Since
the absorption of the solvent increases and the output of
the exciting light source decreases below 250 nm, the exci-
tation spectra do not reflect the shape of absorption spec-
tra very well. However, compared with the excitation spec-
tra of I when the monomer emission and the exciplex emis-
sion are independently monitored (Figure 2B, a and b), the
emission intensity of the exciplex is higher relative to that
of monomer emission for irradiation below 250 nm where
the absorption by the terephthalate group participates
strongly. This observation indicates the participation of
the following process. Such a duality of exciplex formation
can be expected since diethylaniline forms exciplexes with
both anthracene and diphenyl. Anthracene in the former
case and N,N-diethylaniline in the latter case are the excit-
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Figure 1. Fluorescence spectra of polyesters with pendant carbaz-
yl groups in THF: (a) [I] = 1 X 102 mol/dm? (---) and 4 X 10~*
mol/dm3 (—); (b) [II] = 1 X 1074 mol/dm? (- - -) and [III] = 1 X
104 mol/dm3 (—).
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Figure 2. Absorption (A) and excitation (B) spectra with solute
concentration 10~* mol/dm? in dioxane: (—) I, in B, monomer
emission (a) and exciplex emission (b) were independently moni-
tored; (---) II; (- - -) I1I.

ed species.'® In the study of exciplex formation between
small molecules, the concentration of ground state compo-
nent is much greater than that of the photoabsorbing
species so that it is generally impossible to maintain a low
absorbance over a wide range of wavelength in determining
excitation spectra.

Concentration Dependence of Exciplex Formation.
The broad emission of the exciplex of I is well separated
from the sharp monomer emission as shown in Figure 1.
The exciplex emission is therefore independent of the mo-
nomer emission whereas the intensity of monomer emission
at 368 nm may be an apparent value due to overlap with
the exciplex emission which extends considerably toward
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Figure 3. Exciplex emission of I as a function of concentration. Fe

maximum at 470-495 nm, F;, maximum at 368 nm solvent (THF
(0) and dioxane (®)): (a) concentrated system, (b) diluted system.
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Figure 4. Exciplex emission of DMT-II and DMT-III systems at
variable DMT concentrations ([II], [III] = 10=4 mol/dm?): (O) II-
DMT in THF, (0) III-DMT in THF, (@) III-DMT in dioxane.

the shorter wavelength region. The ratios of exciplex and
apparent monomer emission intensities are plotted as a
function of the concentration of I in Figure 3. The intercept
of Fo/Fy, at zero concentration and the slope of the plots
represent the probabilities of intra- and intermolecular ex-
ciplex emission relative to the apparent monomer emission,
respectively. As reference systems, the Fo/Fyp, values for the
exciplex formed between II or IIT and DMT are plotted as a
function of [DMT] in Figure 4.

A kinetic expression of exciplex formation between the
singlet excited state of the carbazyl group and the tereph-
thalate unit is given as follows, where Cz, TP, and E denote
carbazyl, terephthalate, and exciplex.

Cz—"  Cz* Los . (3)
Cz*¥'———Cz + hy,, BenlCz*) (4)
Cz*!———Cz Baml Cz*1] (5)
Cz* + TP ——E kJlCz*][TP] (8)
E——>Cz* + TP kol E] ¢d)
E——>Cz + TP + hv,, ke E) (8)
E — Cz + TP byl E] (9)
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Table I
Spectroscopic Data of I, I1, and III in THF
Amaxs, OM
Absorption Fluorescence
Sample Mol wt? spectra spectra o %

I 9600 346, 331 352, 368, 490° 0.1° 8.1¢
I 4800 345, 331 352, 368 0.26 14.0
111 345, 331 351, 368 0.28 14.6

@ Determined by GPC. Reduced value using polystyrene as standard. ® Exciplex emission. ¢ The shape of the spectrum depends on concen-

tration. ¢ Value for monomer emission. [I} = 10-4 mol/dm3.

Laps is the rate of absorbing photon by carbazyl group, k¢,
kam, and &, are rate constants for the fluorescing process,
radiationless deactivation, and exciplex formation relevant
to the singlet excited state of carbazyl group, and ke, kre,
and k4. are rate constants for dissociation, the fluorescing
process, and radiationless deactivation of exciplex, respec-
tively. Applying the usual assumption of stationary concen-
trations for [Cz*!] and [E], F¢/Fy, is expressed by (10).

F/Fy = kyEl/Ren[C2*] =
Preko TP)/ Remlbe + kyy + kay) (10)

Since intramolecular exciplex formation is considered as
concentration independent, the initial slope of the plots,
F/Fy, vs. [TP], provides a measure of the probability of ex-
ciplex emission relative to monomer fluorescence. The ini-
tial slopes of the plots, Fe/Fy, vs. [I] or [DMT], in THF de-
picted in Figures 3b or 4 respectively are 910 for I, 0.55 for
the DMT-II system, and 0.78 for the DMT-III system. The
difference in these initial slopes can be discussed in terms
of six rate constants for elementary processes 4-9.

For both polymer and its monomeric model compound,
kem and k4m are thought to be identical. Values of both ¢¢
and 7¢ determined for IT and III (Table I) indicate that k¢
and k4m are not affected if the carbazyl group is either iso-
lated or built into a polymer. Consequently, the assump-
tion that k¢y and kam of I are also the same as those of I or
IIT is reasonable. The dissipation rate constant of the exci-
plex (ke + kte + kge) Is assumed to be not much different
for I and the combination of II or III with DMT. The 7¢
measured for exciplex emission of I in dioxane is 31 nsec at
[I] = 5 X 107 mol/dm3, which is reasonable for a lifetime
of an exciplex in a solvent of low dielectric constant in ac-
cordance with the above assumption. As a consequence, the
major part of the difference in the initial slopes of Figures 3
and 4 should be ascribed to the difference in ke, namely the
probability of exciplex formation.

The prominent polymer effect resulting in intermolecu-
lar exciplex formation of I, that is over 102 times more effi-
cient than in the systems in which at least one component
is monomeric, can be explained by two ways. The first con-
siders the difference in the rate of molecular association as-
suming no preliminary molecular aggregation of nonexcited
species. The second takes into account the molecular aggre-
gation of polymers prior to photoexcitation since the high
local concentration of the terephthalate group around the
excited carbazyl group enhances the probability of the exci-
plex formation. Although uniform distribution of all
species in the ground state is a generally accepted principle
for analyzing exciplex or excimer formation in dilute solu-
tions, this concept can hardly account for the present find-
ings. To explain the results, a higher probability of encoun-
ters between polymers has to be assumed whereas the dif-
fusion constant of a polymer molecule is known to be less

Table I1
Dependence of F./Fr, on Solvent Compositions

Relative value of F,/F, in
mixed solvents (F,/F,, in

THF = 1.00)
n~hexane/ Ethanol/THF =
THF =28 (v/v) 28 (/v)
III + DMT (0.18 mol/dm?) 1.54 0.09
I (5% 10" mol/dm?) 1.22 0.13

0 0.1 c.2
SA(S+THF) Vv

Figure 5. Effects of mixed solvent on exciplex emission: (0) [I] =5
X 107% mol/dm?, S = n-hexane; (@) [III] = 1.2 X 1074 mol/dm?,
[DMT] = 0.18 mol/dm3, S = n-hexane; (O) [I] = 5 X 104 mol/dm3,
S = ethanol; () [III] = 1.2 X 10~* mol/dm3, [DMT] = 0.18 mol/
dm?3, S = ethanol.

than that of a small molecule. Indeed, the probability of ex-
ciplex formation is smaller for the DMT-II system than for
the DMT-III systems as shown by the slope of the Fo/Fp,
vs. [DMT) plots in Figure 4. The encounter probability be-
tween polymers is expected to be even smaller. The results
mentioned above strongly indicate the importance of mo-
lecular association of macromolecules even in solutions so
dilute that all solutes have been hitherto assumed to be in-
dependent. It is surprising that there are virtually no func-
tional groups in polymer I which bring about intermolecu-
lar forces such as coulombic, charge transfer, or hydropho-
bic forces. One possibility is the very weak charge transfer
interactions between carbazyl and terephthalate groups in
the ground state, which cannot be detected by absorption
spectroscopy. Recent findings concerning stereospecific
ground state interactions between benzene and very weak
electron donating or electron accepting ethylenes detected
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by NMR spectroscopy but not by absorption spectrosco-
py!® may warrant the concept of a ground state interaction
in the present system. Even if the binding force of a unit
pair is weak, association of polymer chains in polymeric
systems would be enhanced by “zippering”. Another factor
contributing to polymer association is the configuration of
the polymer. One can see from a molecular model of I that
the space between two side chains is adequate to accom-
odate the carbazyl group. When a carbazyl group approach-
es to the polymer molecule, the model in which the ap-
proaching carbazyl group is located above the terephthal-
ate unit in the main chain will be a favorable conformation.
The change in the intercept of Fe/Fp, at infinite dilution
is over sevenfold as shown in Figure 3b whereas 7¢ increases
only by a factor of 4 when the solvent is changed from THF
to dioxane. The 7¢ for I is 7.6 and 31 nsec in THF and in di-
oxane, respectively. In addition to the effects of dielectric
constant,'820 the prominent solvent effect in intramolecu-
lar exciplex emission would arise from a change in dimen-
sion of a polymer molecule as a function of solvent. A more
expanded conformation of a polymer is expected in THF
than in dioxane as manifested by the fact that nsp/c in THF
is 0.15, whereas that in dioxane is 0.13 for 1% solution.
Stronger intramolecular interaction should be favored in
poorer solvents as has been suggested for polystyrene.?
Exciplex Emission in Mixed Solvent Systems. Fur-
ther results of the solvent effects on the Fo/Fy of 1 are
shown in Figure 5. As expected, the values of F¢/F\, of both
. monomer and polymer systems increase and decrease on
addition of nonpolar solvent (n-hexane) and polar solvent
(ethanol), respectively. The effect is mostly on F,, since Fy,
is not affected much by solvent as shown by the plots of
F/FnTHF in Figure 5. The enhancement of F./Fy, by ad-
dition of 20% n-hexane by volume corresponds to the in-
crease in 7 of exciplex emission. Under the same condi-
tions as in Figure 5, the 7¢ of exciplex formed by I in THF is
7.6 nsec whereas that in n-hexane-THF = 2:8 is 9.2 nsec.
Both positive and negative solvent effects in Fo/Fy, are less
pronounced for the polymer system as shown in Table II.
These results seem to indicate that the macroscopic solvent
composition is different from the microscopic one in the vi-
cinity of macromolecules where exciplex formation takes
place. Since THF is a better solvent for I than n-hexane or
ethanol, it is likely that a specific solvation sphere is
formed in which the content of THF is richer than that ex-
pected from the bulk composition of mixed solvents.

Experimental Section

Materials. Preparation of polyesters (I and II) and the mono-
mer model compound (III) has already been reported.!® Dimethyl
terephthalate (DMT) (Yoneyama Chemical Industry, Ltd.) was re-
crystallized once from toluene. Anthracene (Tokyo Kasei Kogyo,
Ltd.) was column chromatographed and then recrystallized twice

Fluorescence Spectroscopy of Molecular Interactions 283

from ethanol. Dioxane, THF, n-hexane, and ethanol used for spec-
troscopy were purified by accepted procedures.

Fluorescence Spectroscopy. A Hitachi MPF-4 fluorescence
spectrometer was used for recording emission and excitation spec-
tra at room temperature. For the study of concentration depen-
dence of Fe/Fm, fluorescence spectra of concentrated solutions re-
quired corrections at the wavelength region of monomer emission
due to reabsorption of emitted light by the solute. This spectrome-
ter has a light path of 0.5 cm for emitted light when the slit for ex-
citing light is narrow enough. Then, the monomer fluorescence
(Fm) to be employed for calculation of Fe/Fy, is given by (1) ne-
glecting the effect of secondary emission, where Fy, is the observed
intensity of monomer emission, ¢ is the concentration of solute,
and ¢ is the molar extinction coefficient of the solute at the wave-
length of monitoring fluorescence. The correction factor is less

log F,/F,' = 0.5¢c (11)

than 5% for I at 368 nm at a concentration of 1 X 10~2 mol/dm3.
For II and III, the correction factors are much smaller.

Quantum Yield of Fluorescence (¢¢). The ¢¢ values were de-
termined for dilute solutions in the concentration region in which a
linear relation between the integrated fluorescence intensity and
the absorbance of the sample solution at the wavelength of excita-
tion was sustained. Such a condition was satisfied for the solutions
having an absorbance of less than 0.05. All measurements were
conducted under a nitrogen atmosphere and a ¢r = 0.28 for anthra-
cene in ethanol solution?! was adopted as standard.

Lifetime of Fluorescence (r¢). The r; values were determined
by means of phase shift method using a FL-10 phase fluorometer,
Japan Spectroscopic Co. Ltd. A desired emission wavelength was
selected by inserting appropriate filters.22
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