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Houwink expression for [#] in eq 8
log M; = ((-1.02 - log K) + 6.52V - 0.67V? +
0.024V2 — 0.29 X 102V% /(a + 1) (AB)

and fitting the experimental M; vs. V,; data. The weight-
average and the number-average molecular weights were
calculated by using the standard summations (M, =
SMW) /W) and (M, = > W,;/>(W,/M))). The vis-
cosity of the ith stripe was calculated by

[n; = Jis/M; (A7)

where J; ; is the hydrodynamic volume determined from
the polystyrene calibration. The overall viscosity of the
copolymer was then calculated by

[n] = ZW;[n]; (A8)
and compared to the experimentally measured value.
Registry No. (MDI).(BD)-(PTMO) (copolymer), 9018-04-6.
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Photophysical and Photochemical Behavior of
Poly(1-vinylpyrene). Evidence for Dual Excimer Fluorescence
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ABSTRACT: A high molecular weight poly(1-vinylpyrene) (PVP) has been synthesized and characterized.
'H NMR spectra combined with UV spectroscopy suggested a high interaction between pyrenyl groups in
the polymeric environment. The *C NMR spectrum was characteristic mainly of an atactic polymer. The
singlet and triplet excited-state properties of PVP have been determined in solution at room temperature
and in a matrix at 77 K. Time-dependent fluorescence measurements in THF solution at room temperature
revealed the existence of two excimers with emission maxima at 485 and 530 nm. We attributed a staggered
and an eclipsed conformation to the high- and low-energy excimer, respectively. In a MTHF matrix at 77
K, PVP exhibited intense structured dimer emission together with fluorescence from the high-energy excimer.
Transient absorption monitored upon laser pulse (337.1 nm) excitation of PVP in THF solution indicated
a very low quantum yield for the formation of triplet state (¢7 < 107%). Upon irradiation with UV light,
degradation of PVP occurred with an apparent quantum yield of 1.1 X 10~ for random scission.

Introduction

The excited-state properties of polymers containing
pendant aromatic chromophores are a topic of much

*On leave of absence from the University Centre of Limburg,
Belgium.

tPresent address: Polymer Department, General Motors Re-
search Laboratories, Warren, MI 48090.

current interest. Excimer-forming homopolymers! such
as polystyrene (PS), poly(vinylnaphthalene) (PVN), and
poly(IN-vinylcarbazole) (PVNCz) have been intensively
investigated, and the study of the excited-state behavior
of suitable model compounds?™® (e.g., corresponding meso
and racemic 2,4-diarylpentanes and 1,1’-diaryl diethyl
ethers) clearly illustrates the importance of configurational
and conformational aspects in the intramolecular excimer

0024-9297/86/2219-2390801.50/0 © 1986 American Chemical Society
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formation of these polychromophoric systems.

Recently spectral and time-dependent properties of the
diastereoisomers of 2,4-di(1-pyrenyl)pentane (D1PP) and
bis[1-(1-pyrenyl)ethyl] ether (B1PEE) have been studied,>®
and for both meso compounds the existence of two ex-
cimers with different decay times and spectral distributions
was observed. As these compounds are models for the
isotactic and heterotactic diads of poly(1-vinylpyrene)
(PVP), a highly complex kinetic behavior for atactic PVP
was predicted.?® However, until now, only scarce infor-
mation about the excited-state properties of PVP is
available: (1) McDonald et al.” reported steady-state
fluorescence measurements and T-T absorption spectra
of PVP, but no lifetimes were determined. (2) On the
other hand, Yokoyama et al.? obtained a single lifetime of
160 ns for the observed PVP excimer. (3) Recently excimer
lifetimes of about 110 ns were reported for PVP, prepared
by both electrochemical and photoelectrochemical means
and by using Ziegler-Natta catalyst. In the same work
the occurrence of a shorter lived species was detected,
whose contribution to the emission decay was negligible
at lower excitation pulse intensities. In all these studies
no attention was given to the tacticity and molecular
weight distribution of the used PVP, although it has clearly
been pointed out in the past!® that these polymer char-
acteristics have a marked effect on the excited-state
properties of aryl vinyl polymers.

In this work we report on the excited-state properties
(spectral and time dependent) of a well-characterized, high
molecular weight PVP as studied by fluorimetry, single-
photon-counting, and laser flash photolysis techniques.
Also spectroscopic evidence is presented for the formation
of vinylpyrene-like moieties in the UV-induced photo-
chemical degradation of PVP in dilute degassed THF so-

lution.
B a
£em, - cH -
n
1

&&

Experimental Section

1-Vinylpyrene and poly(1-vinylpyrene) were synthesized as
described in a previous paper.? 1-Ethylpyrene was obtained from
Molecular Probes Inc. and used without further purification. The
molecular weight was determined by gel permeation chroma-
tography (GPC) with four uStyragel columns (105, 104, 10° and
500 A) calibrated with polystyrene standards and with THF as
the eluant at a flow rate of 2 mL/min. The detection system was
a Varian Vari-Chrom UV/VIS spectrophotometer set at 290 nm.
Proton and 1*C NMR spectra were determined with a NIC NB-300
spectrometer in deuteriochloroform with Me,Si as internal
standard. UV spectra were determined in THF (Aldrich, spec-
trophotometric grade, Gold Label, inhibitor free) with a Cary
Model 219 spectrophotometer. Fluorescence spectra were recorded
on a SLM 8000 single-photon-counting fluorescence spectrometer,
equipped with a microprocessor capable of correcting the recorded
fluorescence spectra for instrumental distortions. The solutions
were deaerated by thorough purging with oxygen-free argon.
Optical density at the excitation wavelength was less than 0.1.
Polymer films were prepared by slow evaporation of a 10 wt %
THF solution of the polymer from the bottom of a beaker. Thin
films formed by this method were optically clear on visual in-
spection.

Quantum yields were determined with quinine sulfate as a
standard (¢py = 0.558 at 20 °C). Singlet lifetimes were determined
with a single-photon-counting fluorescence lifetime apparatus
(Photochemical Research Associates Inc.) as described elsewhere.!!
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Figure 1. GPC elution profile of PVP: (—) after workup of the
reaction mixture and (——-) after fractionation. Molecular weights
are relative to polystyrene standards.

Flash photolysis experiments were performed with a 337-nm
laser pulse (2-3 mJ, pulse width 8 ns) from a Molectron UV-400
nitrogen laser system or a 355-nm laser pulse (80 mJ, pulse width
6 ns) from a Quanta-Ray Nd-YAG laser system. A typical ex-
periment consisted of 10-20 replicate shots per sample, and the
average signal was processed with a LSI-11 microprocessor in-
terfaced with a PDP-11/55 computer. The details of the ex-
perimental procedure can be found elsewhere.!?* The time-
resolved emission spectrum of poly(1-vinylpyrene) was recorded
with the same laser flash photolysis setup and was later corrected
for photomultiplier response.

The extinction coefficient of triplet 1-pentylpyrene was de-
termined by the sensitization technique described by Bensasson
and Land.!® Biphenyl triplets were generated in benzene by using
a pulse radiolysis technique. Deaerated solutions of benzene
containing 0.05 M biphenyl were irradiated with 5-ns electron
pulses from the Notre Dame 7-MeV ARCO LP-7 linear accelerator
using dose rates of ~2 X 10'® eV/g per pulse.!”* The energy
transfer from the triplet biphenyl to 1-pentylpyrene was monitored
by recording the time-resolved absorption spectra of the transients.
The extinction coefficient of triplet 1-pentylpyrene (¢,) was de-
termined from the expression!2d

(A0D), ks
“/(A0D), kj, - &

€ =
where ¢4 is the extinction coefficient of triplet biphenyl, (AOD),
and (AOD), are the observed absorbance maxima of triplet 1-
pentylpyrene and triplet biphenyl, and &, and &, are the rate
constants for the triplet biphenyl decay in the absence and in the
presence of 1-pentylpyrene.

Photolysis of thoroughly deaerated THF solutions of PVP was
performed in a Rayonet Photochemical reactor equipped with
16 RPR-3000 A lamps. The quantum yield of polymer degradation
was determined with a setup of a 150-W xenon lamp and a Bausch
and Lomb monochromator and hexamethylenebismaleimide as
actinometer.!®* The quantum yield of random scission was ob-
tained according to a method described by Fox et al. 2-
Methyltetrahydrofuran was twice distilled over LiAlH, prior to
use. The IR spectrum was taken on a Bomem FT-IR spectrom-
eter.

Results and Discussion

Spectroscopic Characterization of Poly(1-vinyl-
pyrene). Polymerization of 1-vinylpyrene with Ziegler—
Natta catalyst (1:1 AlEty/TiCl, catalyst and 1:50 cata-
lyst/monomer) in benzene at 80 °C for 24 h, and after
workup with MeOH/HCI resulted in a white solid.® Pu-
rification of poly(1-vinylpyrene) by dissolution in THF,
followed by reprecipitation with methanol (3 times),
yielded a high molecular weight poly(1-vinylpyrene), which
showed a bimodal molecular weight distribution as can be
seen in Figure 1 in a typical GPC elution profile. A fraction
with a M, of 320000 and a polydispersity of 1.15 was
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Figure 2. FTIR spectrum of PVP film.
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Figure 3. 'H NMR spectrum of PVP in CDCl;/Me,Si.

obtained by adding increments of 2-propanol to a THF
solution of the polymer.

PVP is soluble in THF and CHCl; and 5 wt % solutions
can be prepared easily in these solvents. In the case of
CH,CI,, a 0.5 wt % solution was obtained as this solution
indicated little turbidity; however, with benzene and tol-
uene only very dilute solutions were possible. It has a
softening temperature around 280 °C and it possesses a
high degree of crystallinity as evidenced by its high bire-
fringence when examined under a polarizing hot-stage
microscope.

The FT-IR spectrum (Figure 2) clearly shows the dis-
appearance of the absorptions of the vinyl group (910 and
990 em™) in 1-vinylpyrene and is in accordance with the
spectrum published earlier for a PVP sample prepared
with radical initiators (benzoyl peroxide or di-tert-butyl
peroxide).!® The 'H NMR spectrum in CDCl; at room
temperature (Figure 3) exhibits poor resolution and is
typical of high molecular weight vinyl polymers. On the
basis of the area under the peaks the region of the spec-
trum downfield from é 5.0 corresponds to the aromatic
protons, while the remaining three backbone protons are
upfield from this value. The magnitude of the shielding
of the aromatic protons, which is much larger than that
found in the ortho protons of polystyrene,® but compa-
rable to that observed in poly(N-vinylcarbazole),!” reflects
the bulkiness of the pyrenyl groups and their mutual in-
teraction. PVP appears therefore to represent a polymeric
environment with high steric and spatial constraint in
which the aromatic groups are tightly packed, resulting in
large magnetic anisotropies.

Information about the tacticity of the polymer can be
derived from the totally proton-decoupled *C NMR
spectrum. From Figure 4a, it is clear that the resonances
of all the carbon atoms are affected by the polymer ster-
eochemistry. In contrast to the case in various polystyrenes
even the signal associated with the methine carbon (C,)
is not only broadened but seems to consist of different
peaks. However, the strongest effects of polymer structure
are seen on the aromatic C, and methylene C; resonances,
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Figure 5. UV spectra of PVP (—), 1-vinylpyrene (-—-) and

1-pentylpyrene (--+) in THF.

and from this it should in principle be possible to deter-
mine the exact microtacticity if at least one stereoregular
polymer or oligomer with known structure is available.®
Since (1) this is not the case, and (2) the whole of the above
is possibly complicated by the occurrence of different ro-
tamers due to the nonsymmetric attachment of the pyrenyl
group to the polymer backbone, we will restrict ourselves
to a comparison of the picture obtained for the C, and C,
resonances in PVP with the one obtained for the corre-
sponding resonances in various polystyrenes (Figure 4).
From this figure it is clear that we deal with a polymer that
is mainly “atactic” in character, although some tetrad or
pentad sequences may be preferred over others as follows
from the nonequal intensity distribution of these sequences
in the C; and Cg signals of PVP. It is interesting to note
that PVP obtained with Ziegler-Natta catalyst is atactic,
whereas the use of this catalyst in the polymerization of
styrenes yields isotactic polymers. At this point it is
worthwhile to remention the high crystallinity observed
in this atactic PVP. We believe that it is caused by the
side chain—side chain interactions, which seem to be the
driving force in atactic polymers with bulky side groups.’®

The absorption spectra in THF solution at room tem-
perature for PVP and the monochromophoric 1-pentyl-
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Figure 6. Fluorescence spectra of PVP film (——-) and of THF
solutions of PVP (-:--), 1PP (—), and 1-vinylpyrene (--) at room
temperature (A = 330 nm). Inserted are the excitation spectra
of 1IPP (—) (analyzed at 380 nm) and PVP (—--) (analyzed
between 450 and 550 nm) in THF solution at room temperature.
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Figure 7. Fluorescence spectra of PVP film (---) and of MTHF
solutions of PVP (---—) and 1PP (—) at 77 K (A, = 330 nm).
Inserted are the excitation spectra of 1PP (analyzed at 380 nm)
(—) and PVP (---) (analyzed at 480 nm) in MTHF solution at
77 K.

pyrene, 1PP, which is used in this study as the reference
compound, are shown in Figure 5. The 'L,~*A, 'L,-'A and
IB,~!A bands of PVP are red-shifted by about 4, 5, and
3 nm, respectively, and show a dramatic decrease in molar
absorptivity when compared to those of 1PP. Until now
no such large hypochromism (23, 22, and 18% for the
IL,~'A, 'L,-'A, and 'By-'A bands, respectively) has been
reported for aromatic vinyl polymers, but it has been ob-
served in the absorption spectra of several anthracene
dimers? and some native polynucleotides?+?? in which a
strong interaction between the absorbing chromophores
exists. Both the red-shift and the hypochroism in PVP
can only adequately be explained if a considerable over-
lapping between pyrenyl moieties occurs; the red-shift will
be a result of the change in the dispersion energy and static
interaction energy between two pyrenyl groups when one
is electronically excited, whereas the hypochrosim will
originate either from dispersion force interactions? or from
configuration mixing between different excited states.”
Strictly spoken, the above explanation is only valid if an
ordered array of interacting chromophores is assumed in
the polymer.2! However, at this moment it is not clear if
the preferred occurrence of some pentad sequences, as
follows from the 3C NMR spectrum, induces enough order
in the solution conformation of PVP to give rise to the
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Table 1
'H NMR Data of PVP and meso- and
rac-2,4-Di(1-pyrenyl)pentane in CDCl,/Me,Si at 25 °C

compd aromatic CH;, CH, CH
mesoDPP? 7.93-8.22 1.54 2.44 3.95
racDPP? 7.05-8.22 1.49 2.53 3.71
PVP 5.0-8.2 0.8-1.6 1.8-3.2
¢ Reference 6.
Table 11

Quantum Yields of Monomer (¢py) and Excimer (¢pp)
Fluorescence of PVP and 1PP

compd solvent  temp, K DF tot dFMm SFD
1PP THF 298 0.87 0.87
PVP THF 2908 0.44 0.44
CH,Cl, 298 0.44 0.44
PVP? THF 298 0.415 0.005 041
(low M,)
PVP MTHF 77 0.89

®M, = 7100, M, /M, > 2; prepared by photoelectrochemical po-
lymerization of 1-vinylpyrene on CdS in CHCN.%

Table III
Emission Maxima and FWHH of the Excimer Band of PVP
as a Function of Excitation Wavelength and Temperature

Aexes DI T,K AfDmery P FWHH, em™
275 298 498 3730
340 298 498 3785
330 358 490 4224
330 200 500 3735

observed effects. In any case, the UV spectrum of PVP,
in accordance with the results obtained from the 'H NMR
spectrum, points to a polymer in which the pyrenyl groups
are tightly packed and hence interact strongly.
Fluorescence Properties. Fluorescence Spectra.
The polymer fluorescence spectra of THF solutions (at
room temperature) and MTHF glasses (at 77 K) are sum-
marized in Figures 6 and 7. Also in these figures are
shown the neat-film and 1PP spectra at room temperature
and at 77 K. We note that the spectra of PVP taken at
room temperature for both solution and neat film are very
similar and are characterized by a broad structureless
emission at 500 nm and a complete lack of monomer
fluorescence. Only for a PVP sample of low M, and high
polydispersity (M, = 7100, M,,/ M, > 2)® a small amount
of monomer fluorescence was observed (Table II). The
excitation spectra analyzed between 450 and 550 nm (insert
Figure 6) matched well with the absorption spectrum as
regard to the position and shape but differ slightly in the
ratio of the different vibrational bands. At 77 K a different
picture emerges for the MTHF solution when compared
with the spectra at room temperature: a structured
emission shows up between 380 and 440 nm, together with
a structureless fluorescence band around 460 nm. The
spectrum of the neat film at 77 K still consists of a broad
emission at 500 nm. However, it extends more to the blue
than the one at room temperature. The excitation spectra
of the MTHF glass, analyzed between 400 and 480 nm, are
again very similar to the absorption spectrum of PVP,
though an increase in vibronic structure occurred, which
is a common feature observed at lower temperatures.?
Let us consider the results obtained in fluid THF solu-
tion. The width at half-maximum of the excimer emission
band was found to be excitation wavelength and temper-
ature dependent (Table IIT). Furthermore the maximum
of the excimer fluorescence showed a bathochromic shift
with decreasing temperature. These data suggest the ex-
istence of more than one excimer. This fact is more evi-
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Table IV
Variation of the Decay Parameters as a Function of the Analysis Wavelength ()\,y) in the Excimer Region of PVP in THF

Aexe AaN T o 71 g T oy oy X2
330 460 298 0.020 38 0.068 126 3.40 1.10
330 500 298 0.011 42 0.049 127 4.45 1.13
330 550 298 0.002 39 0.013 123 6.50 1.04
275 500 298 0.009 40 0.027 130 3.00 0.94
330 480 200 0.013 97 0.011 184 0.85 0.99
330 530 200 0.011 99 0.005 197 0.45 1.07

ﬁ\"’ Teas’ 1530

o] 1.66

15 154

a 35 1.50

139

intensity
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Figure 8. Time-resolved emission spectra for PVP (—) in THF
(At = 0 ns) and for a concentrated solution of 1PP (——-) in
cyclohexane (At = 0 ns) (355-nm laser pulse excitation). Inserted
are the ratios of fluorescence intensities I g9/ 53, for PVP as a
function of the delay time (At).

dent in the fluorescence decay measurements.

Lifetime Measurements. Analyzing the fluorescence
decay at different wavelengths in the excimer band clearly
indicated the existence of two decaying species with a
different decay time and a different spectral distribution
(Table IV). This indicated the presence of two excimers
with a different geometry in PVP solutions. It must be
noted that the fitting of the excimer decay curves to a sum
of the two exponentials yielded very good reduced x2, and
no triple-exponential functions were necessary. No rise
time was observed at room temperature, which suggested
that the excimer buildup in PVP is very fast and occurs
in the subnanosecond time scale. This can be understood
if one takes into account the results from the lifetime
measurements on meso-2,4-di(1-pyrenyl)pentane® (me-
soDPP) and compares the conformational data available
for this compound with the one for PVP. In mesoDPP
excimer rise times of several nanoseconds are observed,
which are related to the rotations necessary to achieve an
excimer conformation. This compound is known to lack
interactions between pyrenyl groups in the ground state.
Unlike mesoDPP, PVP shows strong interactions in the
ground state as evidence by UV and 'H NMR spectros-
copy, which opens the possibility of either preformed ex-
cimer sites or conformations in which only minor confor-
mational changes have to occur in order to achieve the
excimer conformation(s). These are clearly processes in
the picosecond time domain.

In THF at 200 K we obtain a similar picture for the
fluorescence spectrum as the one obtained at room tem-
perature, except for the presence of a very small amount
of monomer. The decay curves in the excimer region can
again be fitted to a sum of two exponentials, and the ratio
of the preexponentials shows a dependence on the analysis
wavelength (Table IV).

Time-Resolved Emission Spectra. The existence of
two excimers in PVP was also demonstrated by recording
time-resolved emission spectra in THF at room tempera-
ture (Figure 8). The emission profiles are consistent with

Figure 9. Possible structure for the eclipsed (T, T,) and staggered
(T,T, or T\T,) excimer conformation in meso-2,4-di(1-pyre-
nyl)pentane.’

Figure 10. Possible structure for the eclipsed (TyG, and T,G,)
and staggered (TG, and T,G;) excimer conformations in rac-
2,4-di(1-pyrenyl)pentane.

the presence of two spectrally distinct species with wave-
length maxima at 485 and 530 nm. The decrease of the
ratio of fluorescence intensities I,g5/ 55 with longer delay
times suggested that the 485- and 530-nm species can be
related to the shorter (40 ns) and longer lived (125 ns)
excimer, respectively. In contrast, the excimer generated
from a concentrated solution of 1PP exhibited a single
emission band (A, = 480 nm) under similar conditions.

Excimer Configuration. In their study of excimer
formation in mesoDPP Collart et al.? proposed a staggered
and an eclipsed excimer conformation as depicted in Figure
9 in order to explain the dual excimer fluorescence. Atactic
PVP is composed not only of isotactic but also of syndi-
otactic diads and for the latter ones staggered and eclipsed
excimer conformations are possible too (Figure 10).
However, of these four conformations, steric interaction
between the methylene group and the peri-hydrogens
makes the TyG, conformation a highly unstable one,
whereas steric interaction between the peri-hydrogen on
one of the pyrenyl groups and the methyl group makes the
TG, and T, G, conformations less probable. Furthermore
in the polymer the methyl group is replaced by the rest
of the polymer chain, which induces even more steric
hindrance and makes these conformations highly unstable.
This means that for atactic PVP the following excimer
conformations are the most probable ones: eclipsed T, T,
and staggered T, T, or T, T, in meso diads and staggered
TG, in racemic diads. If we assume that the meso and
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Figure 11. Triplet—triplet absorption spectra of PVP (®) and
1PP (X) in THF at room temperature.

racemic staggered excimer conformations have comparable
photophysical properties as they have the same degree of
overlap between the two aromatic moieties and about the
same conformational stability, the dual excimer fluores-
cence in atactic PVP can be related to the occurrence of
eclipsed and staggered excimer conformations.

Let us now consider the emission data obtained in a rigid
matrix at 77 K. A structured emission shows up between
380 and 440 nm, which is broadened and red shifted by
about 20 nm when compared to that of the model com-
pound 1PP. Similar effects have been observed for P2VN
in cyclohexane matrix'’ and for samples of poly(9-
anthrylmethyl ethenyl ether)?® and can be ascribed to
fluorescence from excited ground-state dimers.

In order to explain the structureless fluorescence
emission around 480 nm the following facts must be con-
sidered:

1. The emission in the region of 480 nm coincides with
the one attributed to the staggered excimer in fluid solu-
tion.

2. Its decay curve, analyzed at 480 nm in a MTHF
matrix, can be fitted to a difference of two exponentials,
yielding a rise time of 7.3 ns and a decay time of 99 ns.

3. The formation of a staggered excimer conformation
from either T»G; or T,T; conformations in meso and
racDPP .8 respectively, requires rotations of less than 120°
as only a partial overlap of the two pyrenyl groups is
necessary. In the PVP polymer even smaller rotations are
required, as we know from 'H NMR and UV spectra that
strong interactions already exist in the ground state.

From these observations it can be concluded that the
longer wavelength band at 77 K most probably originates
from a staggered excimer. Though ground-state dimer
formation occurs at 77 K, the fact that at 77 K a rise time
is observed for the high-energy excimer and that the low-
energy excimer is absent rules out the occurrence of
“preformed excimer sites” in PVP. With regard to the film
spectra at room temperature and at 77 K, it is sufficient
to note that they are very similar to that of a THF solution
at room temperature and that the decay curve analyzed
at 500 nm as a sum of two exponentials gave decay times
of 23 and 80 ns, respectively, thereby suggesting the
presence of two types of excimers too. These shorter
lifetimes, when compared to those in THF solution, are
probably caused by oxygen quenching as the experiment
was performed in air.

In closing this section one comment concerning the
fluorescence decay curves collected at wavelengths lower
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Table V
Transient Absorption Characteristics of 1PP and PVP in
THF at Room Temperature

compd Apex M lifetime, us ma or
1PP 416 155¢ 37000° 0.15
PVP 400 <1078

%Benzene solution.

Fluorescence Intensity
ABSORBANCE

350 400 450 500 550 600 650 260 300 350 400

xnm) Anm)
Figure 12. UV spectra (a) and emission spectra (b) of PVP as
a function of irradiation time at 280 nm in deaerated THF: (1)
0 min, (2) 52 min, (3) 197 min, (4) 307 min. GPC elution profile
of PVP before (—) and after irradiation (~—-) at 300 nm in
deaerated THF.

than 460 nm in fluid solution is in order. Analysis to a sum
of two exponentials is not adequate anymore and the
presence of a third decay component becomes evident,
particularly at lower temperatures. Whether this is due
to the emission from an excited ground-state dimer or from
a monomer is not clear yet.

Triplet Characteristics. The triplet absorption
spectrum of poly(1-vinylpyrene) obtained with direct ex-
citation of a 337-nm laser pulse is shown in Figure 11.
Quenchers such as O, were found to quench the transient
absorption. The observed absorption maximum ~400 nm
is very similar to the triplet absorption maximum reported
for other pyrene compounds.?2” For comparison, the
triplet absorption spectrum of 1PP (A, = 416 nm) is also
shown in Figure 11. Repeated pulsing of the same solution
resulted in the photoscission of the polymer (see next
section) and as observed earlier® the vinyl conjugated
pyrene moieties exhibited transient absorption in the re-
gion of 380—-550 nm which interfered with the triplet ab-
sorption measurements. Hence care was taken to employ
a flow cell to flow in fresh sample before excitation with
the laser pulse.

The triplet quantum yield was measured from the flash
photolysis experiment with a 337-nm laser pulse as the
excitation source and anthracene triplet as reference (¢
= 0.7, €490 = 64700 M! cm™).2 While the triplet yield of
1PP was comparable to that of other pyrene com-
pounds,??” PVP exhibited a relatively very low triplet
quantum yield (<1073, Table V). Highly efficient excimer
formation competed with the deactivation of the excited
singlet by intersystem crossing.

Photostability. PVP, like polystyrene,®?! is found to
be photoactive. In deaerated THF solution, irradiation
of the polymer at wavelengths of 350 nm or less leads to
photodegradation as shown by a decrease of the molecular
weight as determined by GPC (Figure 12). When a
scheme for the photolysis of PVP in solution, is put for-
ward, the following facts have to be considered:

1. In the absorption spectrum an increase in the ab-
sorbance occurs in the wavelength region 352-390 nm,
where vinyl conjugated pyrene has a strong absorption
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Scheme I
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band. This is furthermore accompanied by a decrease in
the normal PVP absorption (310-350-nm region) (Figure
12).

2. The fluorescence spectrum shows besides the excimer
band a new emission between 380 and 430 nm, which is
characteristic of vinyl conjugated pyrene. The excitation
spectrum taken at 400 nm is very similar to the absorption
spectrum of 1-vinylpyrene.

3. Thin-layer chromatography (SiO,/toluene) of a
photolyzed solution does not reveal any presence of pyrene,
ethylpyrene, or 1-vinylpyrene.

4. The GPC chromatogram is indicative of the fact that
formation of monomers is negligible but that chain scission
oceurs.

5. The quantum yields for the disappearance of normal
PVP absorption, ¢4, for the formation of vinyl conjugated
pyrene moieties, ¢y, and for the random scission, ¢,, are
8.0 X 1075, 1.5 X 1075, and 1.1 X 1075, respectively.

This leads to a tentative scheme (Scheme I1)32 in which
the predominant primary process is a tertiary carbon—
hydrogen bond fission, in accordance with the results ob-
tained for polystyrene.30:3!

Secondary processes can be described as (1) reaction of
the resulting macroradical with the solvent, (2) free radical
migration from the main chain to the pyrenyl side group,
followed by reaction with the solvent, which results in a
destruction of the aromatic pyrenyl system, and (3)
main-chain scission, which gives rise to the formation of
unsaturated chain ends. This latter reaction also leads to
an end-chain radical, which in principle is capable of de-
polymerizing.3! The fact that no or only traces of monomer
were detected suggests that the most probable reaction
pathways of this radical are (1) and (2).

Conclusion

Though studies® on bichromophoric model compounds
suggest a complex behavior for intramolecular excimer
formation in atactic PVP in fluid solution, a rather simple
picture emerges: two excimers are formed, with a different
lifetime and a different spectral distribution as evidenced
by both lifetime measurements and time-resolved emission
spectra. We attribute the high- and low-energy excimers
to staggered and an eclipsed conformations, respectively.
The quantum yield for the triplet formation is very low
(¢ < 107%), and no triplet excimers could be detected from
the transient absorption spectra. Finally, photolysis ex-
periments are indicative of the fact that PVP is relatively
a stable polymer (¢yssion = 107%) in which the pyrenyl
groups act as an “energy sink”, through which the energy
of radiation can be dissipated mainly through excimer
fluorescence and internal conversion to the ground state.
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ABSTRACT: It is demonstrated that a polymer previously published as a homopolymer of N®-(9H-carba-
zol-9-ylcarbonyl)-L-lysine is in fact a terpolymer of N®-(9H-carbazol-9-ylcarbonyl)-L-lysine with N®-(5H-
benzo[b]carbazol-5-ylcarbonyl)-L-lysine and N°-(2-methyl-9H-carbazol-9-ylcarbonyl)-L-lysine (ratio ca. 200:1:1).
Spectroscopy and HPLC and GC/MS analysis on acid hydrolysates were applied for elucidation. The
N?-(5H-benzo[b]carbazol-5-ylcarbonyl)-L-lysine is shown to be the cause of the low-energy emission band observed
in the fluorescence spectrum of the polymer. Previously published interpretations of fluorescence measurements
are thus to be revised. 5H-Benzo[b]carbazole was synthesized as a reference compound. Commercially available
carbazole preparations were found to be markedly heterogeneous.

Introduction

In recent years carbazole-based polymer systems have
been the focus of considerable research due to their un-
usual electrical and photoelectric properties.’® Several
types of carbazole polymers have been synthesized and
studied with a view to elucidating the photophysics of
excimer formation. By far the most work has been done
on poly(N-vinyl-9H-carbazole) (PVCz), which has well-
documented photoelectric and excimer-forming proper-
ties. 46

In order to investigate the effect of order on the pho-
toconductive and photovoltaic behavior, Halstrom and
coworkers”® prepared poly[N%-(9H-carbazol-9-yl-
carbonyl)-L-lysine] (PKL), which was found to have the
a-helical conformation and to form a lyotropic cholesteric
liquid crystal in concentrated solution. Chapoy and co-
workers® 16 used this sample in a recent series of fluores-
cence and photoconductivity investigations. In the fol-
lowing this material will be referred to as polymer I. The
steady-state emission spectrum of I was reported to consist
of two well-resolved emission bands at 342 and 390
nm.>10.12-16 Time.resolved fluorescence spectra of I were
reported to reveal the presence of four emitting species,
of which the two low-energy species (emitting at 386 and
408 nm) were believed to be excimers, formed from species
emitting in the high-energy band.!11318

However, subsequently prepared batches of PKL turned
out to differ from the first sample with respect to the
low-energy emission band positioned at 390 nm. The
steady-state fluorescence spectra of all new batches of PKL
did only show but one unresolved emission band at 342
nm, except for highly concentrated solutions and solid
films, where a shoulder corresponding to the 390-nm
emission appeared. One representative of these new

batches of PKL will be referred to as polymer II in the
following.

This paper will report on the detection and identification
of two covalently bound impurities in polymer I, viz., 5H-
benzo[b]carbazole and 2-methyl-9H-carbazole. It will be
shown that the N®-(5H-benzo[b]carbazol-5-ylcarbonyl)-L-
lysine moiety, although it amounts to only 0.5%, is the
cause of the low-energy emission band observed in the
fluorescence spectra of polymer I.

Since this paper describes the detection of trace im-
purities in a specific carbazole-containing polymer, the
present findings and methodologies are expected to be of
special interest to researchers involved with studies of
carbazole-based polymer systems. However, this paper
should also be of interest to researchers in the field of
polymer luminescence, because in all studies on lumines-
cence and energy transfer in polymers the purity of the
samples is an outstanding problem.

Experimental Section

Apparatus. 'H NMR spectra were recorded at 500 MHz on
a Bruker AM 500 spectrometer. SiMe, was used as internal
standard. ®*C NMR spectra were recorded at 22.63 and 125.7 MHz
on Bruker WH-90 and AM 500 spectrometers, respectively. CDCl,
and (CD;),SO were used as solvents. IR spectra were recorded
on a Perkin-Elmer 157 G spectrophotometer using KBr disks, UV
spectra were recorded on a Perkin-Elmer 320 spectrophotometer
with THF, MeOH, and CH4CN as solvents. Fluorescence spectra
were recorded on a Perkin-Elmer MPF-2A spectrophotometer
with dioxane and MeOH as solvents. Mass spectra were recorded
on a VG 7070 F instrument operating at 70 eV using a direct inlet.
Elemental analyses were carried out by Novo Microanalytic
Laboratory. X-ray fluorescence analysis was carried out with a
Philips TW 1410/10 spectrometer. Optical rotations were
measured on a Perkin-Elmer 141 polarimeter. Amino acid
analyses were performed on a Kontron Liquimat IIT amino acid
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