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melting points in the vicinity of 48 “C,  the polymer is also 
similar to POE in its melting behavior. 
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ABSTRACT: Both steady-state and time-resolved emission studies have been made for solutions containing 
poly(N-vinylcarbazole) and dimethyl terephthalate. Fluorescence spectra clearly reveal the presence of both 
an exciplex and an “exterplex” consisting of two carbazole chromophores and one molecule of dimethyl 
terephthalate. Similar results were obtained for solutions containing poly( 1-vinylnaphthalene) and di- 
cyanobenzene. 

Exciplexes formed between an excited aromatic molecule 
and an electron donor or acceptor molecule have recently 
received considerable attention.2 Caldwell et al. found that 
these highly polar exciplexes can be quenched by an 
additional electron donor or acceptor molecule to give an 
excited triplex or “exterplex” made up of three  molecule^.^ 
The exterplex receives its stability from the distribution 
or separation of charge over three molecules. The ex- 
terplex, once it is formed, can reversibly reform the ex- 
ciplex, or it may return to the ground state of each 
molecule by nonradiative or radiative decay. In particular, 
the exterplex formed between two naphthalene molecules 
and 1,4-dicyanobenzene (DCNB) has been studied 
throughly by Mimura and I t ~ h . ~  They found that in a 
concentrated solution of 2-methylnaphthalene, addition 
of DCNB quenched the naphthalene monomer and ex- 
cimer emission with the appearance of both an exciplex 
emission (A, -420 nm) and an exterplex emission (Arnm 
-490 nm). The two peaks responsible for the exciplex and 
exterplex emission were fully resolved by decay and time 
resolved fluorescence measurements. In additon, they 
found that the exterplex formed between the two naph- 
thalene chromophores of 1,3-dinaphthylpropane and 
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DCNB was identical with the exterplex formed between 
two separated naphthalene molecules and DCNB. In order 
to extend these results to polymers and understand the 
exterplex formation between excited pendant aromatic 
chromophores on various polymers and small molecule 
ground state electron donor or acceptor molecules, it is first 
necessary to consider briefly the photophysical properties 
of polymers with repeating aromatic chromophores. 

The emission spectra of several polymers in dilute so- 
lution, such as poly(1-vinylnaphthalene) (PVN) and 
poly(N-vinylcarbazole) (PVCz), are characterized by 
emission from excimers formed from two neighboring 
pendant aromatic groups on the same polymer chaina5 The 
low-energy sandwich-type excimers of PVN (A,, - 400 
nm) and PVCz (Arnm -420 nm) are accompanied by 
emission from a monomer state (Ama ~ 3 5 5 ) ~  and a 
higher-energy excimer state (A, -370 nm),’ respectively. 

The fluorescence emissions of both PVN and PVCz are 
readily quenched in the presence of small-molecule 
electron acceptors. For instance, the fluorescence of PVCz 
is greatly diminished when dimethyl terephthalate 
(DMTP) is added to either a solution or film of PVCZ.~ 
The quenching process is accompanied by the appearance 
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of a broad, red-shifted, structureless emission. This new 
emission has been attributed to the fluorescence from an 
exciplex (formed between a pendant carbazole chromo- 
phore (Cz) and a DMTP molecule (Cz+-DMTP-)*) and 
an exterplex formed between two carbazole chromophores 
and DMTPg 

+ 
In contrast, emission from N-ethylcarbazole (EtCz) 
quenched by DMTP occurs from a single exciplex state 
(EtCz+-DMTP-)*. The present paper characterizes and 
identifies the exterplexes formed in the PVCz-DMTP and 
PVN-DCNB systems in solution, using a single-photon 
counting apparatus adapted for time-resolved emission 
spectra. 

Experimental Section 
Poly(N-vinylcarbazole) (Monomer-Polymer) was precipitated 

several times into methanol and was found to have a viscosity 
average molecular weight of 1.2 X loe, Poly( 1-vinylnaphthalene) 
was prepared by spontaneous polymerization and purified by 
successive precipitation from benzene solution into methanol, after 
which the molecular weight was between 5000 and 10000. N- 
Ethylcarbazole (Eastman) was recrystallized several times from 
an ethanol-benzene solution. Dimethyl terephthalate was re- 
crystallized several times in benzene and then vacuum sublimed. 
The DCNB was recrystallized several times from benzene. No 
traces of anthracene could be detected in any of the samples. 
Spectroanalyzed benzene (Fisher) was refluxed twice over Pz05 
for 24 h and distilled each time, keeping only the middle third. 

Steady-state fluorescence spectra (uncorrected for phototube 
response) were measured on a Hitachi MPF-2A spectrometer (the 
one corrected maximum was determined by using a quinine sulfate 
standard in 1 N H,S04.) The single-photon counting apparatus 
was modified for time-resolved spectroscopy and has been de- 
scribed previously.1° The time settings are given as the time 
difference of the upper (or lower) limit (determined by the 
discriminator settings on the analogue-to-digital converter) from 
the maximum of the exciting lamp." The time-resolved spectra 
are not corrected for phototube response. 

Results and Discussion 
The steady-state fluorescence spectra of PVCz and EtCz 

in the presence of DMTP have been discussed in a pre- 
vious communication.s The fluorescence from the 
(Et&+-DMTP-)* exciplex has a maximum at ca. 460 f 
10 nm. The PVCz-DMTP emission is characterized by 
a very broad, structureless emission with a maximum at  
495 f 10 nm (520 f 10 nm if corrected for phototube 
response). From the double-exponential decay curve of 
the PVCz-DMTP emission when viewed above 520 nm 
(using a 3-69 Corning filter), it was concluded that at least 
two emitting species are responsible for the fluorescence 
in this region. This may be due to emission from both an 
exciplex (A- -460 nm) and an exterplex (A- -495 nm). 
The PVCz excimer emission is greatly reduced, has a low 
fluorescence intensity, and probably does not contribute 
significantly to the decay curve when viewed a t  wave- 
lengths above 520 nm. In order to further resolve the 
PVCz-DMTP emission spectrum, it is helpful to take 
time-resolved emission spectra a t  various time intervals 
(Figure 1). The spectrum in curve a, taken at the shortest 
time interval, shows emission from only the second excimer 
emission of PVCz at A, -370 nm. No emission from the 
low-energy sandwich excimer (A, -420 nm), the exciplex 
(Amm -460 nm), or the exterplex (Amm -495 nm) can be 
seen on this time scale. At a slightly longer time interval 
(curve b), fluorescence from the low-energy excimer at 420 
nm and a broad peak above 450 nm is also present. At  
even longer time intervals (curve c), the emission above 
450 nm becomes increasingly larger with respect to 

CZ-CZ -DMTP- 
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Wavelength, nm 

Figure 1. Time-resolved fluorescence spectra of PVCz (5 X lo4 
M)-DMTP (0.07 M) in degassed benzene a t  23' C; excitation 
wavelength, 330 nm; slit widths, 1.25 mm. Time settings: (a) 
upper limit 0.23 ns from lamp maximum; (b) lower limit 3.68 ns 
and upper limit 8.51 ns from lamp maximum; (c) lower limit 7.82 
ns and upper limit 13.11 ns from lamp maximum; (d) lower limit 
13.11 ns and upper limit 17.71 ne from lamp maximum; (e) lower 
limit 17.71 ns and upper limit 25.07 ns from lamp maximum. 
Spectra are not corrected for phototube response and are not on 
the same absolute scale. 

Table I 
Uncorrected Peak Emission Maxima for PVCz-DMTP 

and EtCz-DMTP Systems 
wavelength m u ,  nm 

single-photon 
count ing  steady state 

high-energy excimer 372 372b 
low-energy excimer 417 420b 
exciplex 455 46OC 
exterplex 495 495d (520e) 

M)-DMTP (0.07 
M) degassed benzene solution. Directly from multi- 
channel analyzer storage of the time-resolved single-pha- 
ton counting apparatus. Not corrected for phototube re- 
sponse. Determined from a steady-state emission spec- 
trurn of a PVCz ( 5  X M) degassed benzene solution. 
Not corrected for phototube response. 
frorn a steady-state emission spectrum of EtCz ( 5  x 
M)-DMTP (0.07 M) degassed benzene solution. Not  cor- 
rected for phototube response. d Determined from a 
steady-state emission spectrum of PVCz ( 5  X M)- 
DMTP (0.07 M) degassed benzene solution. Not correct- 
ed for phototube response. e Determined from a steady- 
state emission spectrum of a PVCz ( 5  x M)-DMTP 
(0.07 M) degassed benzene solution. Corrected for photo- 
tube response. 

emission from the high-energy excimer (Amrn -370 nm). 
At  very long time intervals (curves d and e), the emission 
intensity above 450 nm becomes dominant with respect 
to the second PVCz excimer, which on the longest time 
scalle (curve e) is very small. The emission above 450 nm 
is assigned to the emission from a combination of the 
(Cz+-DMTP-)* exciplex and the 

a Determined from a PVCz ( 5  X 

Determined 

+ - 
CZ-CZ -DMTP- 

exterplex, where Cz is a carbazole chromophore pendant 
to a polymer chain. The uncorrected maxima for the 
high-energy excimer, the low-energy excimer, and the 
exterplex for the PVCz-DMTP system were determined 
directly from the intensity data (counts per channel) stored 
in the multichannel analyzer of the single-photon counting 
apparatus and are shown in Table I. The steady-state 
maxima obtained for the high-energy excimers of PVCz 
(5 X lo4 M solution) as well as the emission maxima for 
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Figure 2. Time-resolved fluorescence spectra of EtCz (5 x 
M)-DMTP (0.07 M) in degassed benzene at 23 "C; excitation 
wavelength, 330 nm; slit widths, 1.25 mm. Time settings: (a) 
upper limit 0.00 ns from lamp maximum; (b) lower limit 0.00 ns 
and upper limit 3.22 ns from lamp maximum; (c) lower limit 3.91 
ns and upper limit 11.04 ns from lamp maximum; (d) lower limit 
11.27 ns and upper limit 24.84 ns from lamp maximum. Spectra 
are not corrected for phototube response and are not on the same 
absolute scale. 

the EtCz-DMTP exciplex are also given in Table I. The 
agreement between these maxima is remarkable and 
provides additional evidence for the existence of both the 
exciplex and the exterplex. 

Further understanding of the PVCz-DMTP system can 
be obtained by consideration of the time-resolved 
fluorescence of the model EtCz-DMTP system (Figure 2). 
The spectrum on the shortest time scale (curve a) shows 
emission from only the EtCz monomer. The emission from 
the exciplex is totally absent on this short time scale. On 
longer time scales (curves b, c, and d), the exciplex emission 
(A, -460 nm) continually increases with respect to the 
monomer emission. At the longest time interval (curve d), 
the exciplex emission completely dominates the monomer 
emission. From these results, it is obvious that only the 
EtCz monomer emission and the (Et&+-DMTP-)* ex- 
ciplex emission are responsible for the emission of the 
EtCz-DMTP system. This concurs with the results of 
emission lifetimes measured previously? From the results 
of the EtCz-DMTP and the PVCz-DMTP systems, it is 
difficult to assign the exact sequence of the formation of 
the low-energy excimer (A, -420 nm), the exciplex (A, 
-460 nm), and the exterplex (Arnm -495 nm) in the 
PVCz-DMTP system. It is obvious that all are formed 
subsequent to the high-energy excimer, which appears to 
be formed immediately (<1 ns) after the lamp flash.'O The 
question of the sequence of formation of the excited states 
will be considered in greater detail after the results from 
the PVN-DCNB system have been considered. 

The lifetimes of the low-energy excimer and the exciplex 
are 39 f 3 and 71 f 2 ns, respectively. The lifetime of the 
high-energy excimer is complex and difficult to determine 
(see ref 7 for a discussion of this problem), but it is not 
more than 15 ns. The lifetime of the exterplex is equally 
difficult to measure, but it is most likely longer lived. From 
consideration of the lifetime (decay) data, it can be 
concluded that the exterplex and exciplex will be prom- 
inent a t  longer times where the high-energy excimer 
emission is decreased (due to its shorter lifetime (515 ns)). 
This is consistent with Figure le. 

Poly(viny1naphthalene) shows many similar features to 
PVCz in solution. The time-resolved emission spectra of 

2 
.- !I 

Wavelength, nm 

Figure 3. Time-resolved fluorescence spectra of PVN (4 X lo4 
M)-DCNB (8 X M) in degassed benzene at 23 "C; excitation 
wavelength, 320 nm; slit widths, 1.25 mm. Time settings: (a) 
upper limit 5.9 ns from lamp maximum; (b) lower limit 5.9 ns 
and upper limit 26.5 ns from lamp maximum; (c) lower limit 26.5 
ns and upper limit 100.0 ns from lamp maximum; (d) lower limit 
105.8 ns and upper limit 223.4 ns from lamp maximum; (e) lower 
limit 223.4 ns and upper limit 338.1 ns from lamp maximum. 
Spectra are not corrected for phototube response and are not on 
the same absolute scale. 

Scheme I 
+D 

D* e (D-D)* 

i 
D * + D + A  

a PVN (4 X M) solution in 
benzene are given at several times in Figure 3. At times 
less than 6 ns from the lamp maximum (curve a), emission 
arises almost exclusively from the excimer a t  A,, -390 
nm. At later times (5.9 to 26.5 ns, curve b), the exciplex 
emission, with a maximum at about 420 nm, as well as the 
excimer emission, is present. No significant emission from 
any other state could be identified from the spectrum in 
curve b. At later times (curve c, Figure 3), the emission 
spectrum is broadened and shifted to even longer wave- 
lengths. In curves d and e, it is apparent that a new peak 
with a maximum around 480 nm appears, with a con- 
comitant decrease in the relative emission from the ex- 
ciplex (A, -420 nm). The spectra shown in Figure 3 are 
very similar to the time-resolved spectra of both the 
1,3-dinaphthylpropane-DCNB system and concentrated 
2-methylnaphthalene solutions in the presence of DCNB! 
Furthermore, it was concluded that in the case of the 
1,3-dinaphthylpropane-DCNB system, the exciplex forms 
before the exterplex. From curve b, Figure 3, little or no 
exterplex emission is present, but the exciplex has already 
formed at this time. Only at later times does the exterplex 
form. Thus, the exterplex formed in the PVN-DCNB 
system, as in the case of 1,3-dinaphthylpropane-DCNB, 
is preceded by exciplex formation. 

Scheme I presented below shows the possibilities of 
interconversion between a donor monomer D, the excimer 
(D-D)* formed between two donors, the exciplex (D-A)* 
formed between an excited donor and a ground state 
acceptor A, and the exterplex 

M) and DCNB (8 X 

+ 
(FD-A-)* 

formed between two donors and an acceptor. Paths for 
nonradiative and radiative decay from the four states 
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under consideration are not included. In the case of PVN, 
1,3-dinaphthylpropane, or 2-methylnaphthalene with the 
DCNB acceptor, it has been concluded that the exterplex 
is formed from attack of a naphthalene donor D on the 
naphthalene-DCNB(D+-A-)* exciplex. Such a mechanism 
seems quite reasonable since attack of the highly polar 
exciplex (pe > 10 D) by an electron donor would stabilize 
the complex by distributing the positive charge over two 
naphthalene chromophores. An attack of the nonpolar 
excimer could result in the exciplex or the exterplex. If 
the exciplex were formed, it would be highly susceptible 
to attack by the neighboring naphthalene partner of the 
original naphthalene-naphthalene excimer. I t  is difficult 
to suggest this same mechanism for the PVCz-DMTP 
system from the time-resolved spectra given in Figure 1. 
It  may be that the pathway proceeding through the polar 
exciplex is the major pathway for exterplex formation. 
However, direct formation of the exterplex by attack of 
the carbazole sandwich excimer by DMTP cannot be 
excluded. In both cases, the stability of the exterplex is 
provided by the distribution of the positive charge over 
the two donor chromophores. 

It appears that the polymer chain provides an excellent 
structure for holding a second aromatic chromophore in 
the position required for the exterplex formation since 
these do not form in simple small-molecule models. 
Furthermore, the unique separation of charge which occurs 
in the PVN-DCNB or PVCz-DMTP systems may be 
simple analogues for the process of charge separation in 
photosynthesis.12 Also, it may be possible to quench the 
exterplex emission effectively. This would provide a 
mechanism for transfer of electron density from an electron 
donor to the electron acceptor (DMTP) separated by the 
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two carbazole chromophores and the polymer. Such 
electron-transfer reactions could be of some importance 
in natural or synthetic photochemical energy conversion 
schemes. 
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ABSTRACT: The dynamic moduli of linear, four-arm and six-arm star polystyrene melts were measured 
over a wide range of frequencies and temperatures by the eccentric rotating disk method. The zero-shear 
viscosities of the star polystyrenes were less than those linear polystyrenes of the same molecular weight ( M  
< lo6). However, viscosities of the high molecular weight stars were larger when comparisons were made a t  
a constant radius of gyration. The observed enhancements agree with those found in polybutadiene stars 
when compared on the basis of the parameter z(Mb,/Me), where Z and Me are constants characteristic of 
each polymer, and Mbr is the molecular weight of the arm. The zero-shear recoverable compliance of the star 
polymers is well-described by the Rouse-Ham formula J: = 0.4g@RT/M. The plateau modulus GNO appears 
to be the same for linear and star polystyrenes. The frequency dependence of the dynamic moduli was examined 
for the possible presence of a second relaxation mechanism in high molecular weight stars, giving rise to viscosity 
enhancement, which is absent in the terminal spectrum of linear polymers. 

The steady flow properties of polymer melts are usually 
characterized by viscosity and recoverable shear com- 
pliance. At  sufficiently low shear rates (the zero-shear 
limit), both material properties become constants, vo and 
J,O. Studies of zero-shear viscosity in numerous linear 
random-coil polymers of narrow molecular weight dis- 
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tribution have now clearly established two regions. For 
low molecular weight polymers, vo is directly proportional 
to molecular weight M; for high molecular weight polymers, 
qo is proportional to iW.4. A molecular weight characteristic 
of the polymer, M,, separates the two Two 
regions have also been established for the zero-shear re- 
coverable compliance. At  low molecular weights, J,O is 
directly proportional to M, at high molecular weights, J,O 
is independent of molecular weight. A second charac- 
teristic molecular weight, M l ,  separates the two  region^.^ 
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