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ABSTRACT The transient intrachain fluorescence behavior of cationically prepared poly(N-vinylcarbazole) 
(p-N-VCz), 5 X M (unit mol) in benzene solution, was studied by means of conventional time-resolved 
single-photon-counting. The curves were collected at the emission wavelengths A, = 460,370, and 348 nm, 
and their molecular response profiles fitted to multiexponential functional forms by least-squares iterative 
reconvolution. The novel result of this analysis concerns the transient profile of the low-energy “sandwich” 
excimer E2, which exhibits a significant triple-exponential behavior, consisting of a biexponential growth 
term-with apparent rise times Tz 0.4 ns and T3 = 3 ns-and of a monoexponential decay term, with T4 
zz 35 ns. Similar values of time constants Tz, T3, and T4, in addition to T5 = 10 ns, were found from the 
four-exponential fit of the transient decay curves at A,, = 370 nm and at A,, = 348 nm. While the spectral 
region, centered at the emission wavelength A,, = 370 nm, represents the high-energy domain of quasi 
“preformed” excimers and traps, a considerable part of the peak shoulder near 348 nm corresponds to the 
0-0 transition of the excited monomeric carbazole unit, M*, which must be generally considered to be an inherent 
intrachain component in electronically excited dilute p-N-VCz systems. Neglecting-as a rudimentary 
approach-the nonexponential complications with respect to energy migration and nondiffusive segmental 
dynamics which proceed in the nonresolvable picosecond transient regime, an attempt is made to interpret 
the long-time behavior of both the high-energy and the low-energy transient curves in terms of a rate constant 
formalism. The population of E2 is treated in a coupled scheme of four species M*, E2, Tr,, and Tr2 in which 
two kinetically distinct picosecond traps Tr, and Tr2 act as excited-state intermediates in a series of reversible 
and irreversible energy cascading pathways. Analytical solutions for the respective time profiles are given 
and the validity of the scheme is tested with plausible trial data in preliminary computational evaluations. 

I. Introduction 
Recently, many reports concerning time-resolved 

fluorescence studies on synthetic aromatic homopolymers 
and copolymers in solution have been published. In 
particular, attention has been focused on the time-de- 
pendent fluorescence behavior of p~lystyrene,’-~ poly( 1- 
vinylnaphthalene) (p-1-VN),1,4-6 and poly(2-vinyl- 
naphthalene) (P-~-VN),~+’ and on the transient emission 
characteristics of copolymers of 1-vinylnaphthalene (1-VN) 
and methyl methacrylate (MMA)lo-lz, of 1-VN and methyl 
acrylate (MA),13 and of 2-VN and styrene,14 as well as of 
a series of other naphthalene-containing polymer~.~J”’~ 
For all these polymers the analysis of the relaxation profiles 
has revealed a lot of complexity and has led to a great deal 
of discussion with respect to the pathways in excited-state 
dynamics of polychromophoric macromolecular systems 
in dilute solution. It is commonly observed in these sys- 
tems that (1) the monomer fluorescence data of randomly 
excited chromophores can be numerically resolved by the 
sum of three exponentials and (2) the excimer emission 
profiles seem to require fit functions consisting of a linear 
combination of more than two exponentials. These results 
are indicative of the fact that the local proximity of 
identical chromophores attached to the C-C backbone of 
the chain cannot be treated in analogy to the diffusive, 
collisional self-quenching process in concentrated 
solutions-according to the small-molecule limit in the 
kinetic schemes of B i r k ~ ’ ~ , ~ ~  and K10pffer.z1-z3 The in- 
validity of a dissociative monomer-excimer concept in 
singlet excited-state kinetics of macromolecules has led to 
strategies which try to correlate the number of exponen- 
tials observed to the number of states interacting in cou- 
pled kinetic schemes. Thus, the additional kinetic species 
was claimed to be a “high-energy” excimer with a partially 
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overlapped sandwich structure of naphthyl rings in the 
case of p-1-VN6 and of poly(1-methoxy-4-vinyl- 
naphthalene)u and in dimeric model compounds of sub- 
stituted dinaphthylpropane~.~~ Moreover, an exo excimer 
and an endo excimer were postulated in the case of bis- 
(1-naphthylmethyl) ether.26 On the other hand, a rota- 
tional isomeric state model of electronically excited con- 
formersz7 was proposed for P - ~ - V N , ~ , ~  for bis(2- 
naphthylethyl ether),7,8 for the copolymers of 1-VN and 
MMA,l0-lZ and for 1,3-dicarbazolylpropaneB to account for 
their complicated transient profiles. 

Poly(N-vinylcarbazole) (p-N-VCz), however, displays an 
even more complex behavior in this class of poly(viny1- 
aromatic) systems. Numerous groups of a ~ t h o r s ~ ~ ~ ~ ~ ~ ~  
attempted to identify its complex fluorescence decay on 
the basis of an equilibrium between a low-energy 
“sandwich-type” excimer E, and a “high-energy” excimer 

while 0thers,3~8~ from the analysis of stereochemically 
pure 2,4-di(N-carbazolyl)pentanes, which act as dimeric 
models for a three-skeletal-carbon rotational dyad of iso- 
lated, isotactic and syndiotactic segmental sequences in 
p-N-VCz, more recently hypothesized the additional im- 
portance of conformational aspects upon intramolecular 
excimer formation.34 Nevertheless, it appears that the 
fluorescence behavior of low molecular weight bichromo- 
phoric model compounds cannot account for the complex 
morphology. Thus, the rather short delay in the buildup 
kinetics of the excimer population of strongly in- 
dicates that energy m i g r a t i ~ n ~ , ~ ~  may reveal itself as a fast 
event in the trapping process. In particular, for p-N-VCz 
it is to be anticipated that electronic, interchromophoric 
excited-state coupling to “preformed” excimer-forming 
sites29t3s is the predominant process while rotational sam- 
pling subsequent to monomer excitation takes place on a 
longer time scale and contributes to a small extent only. 
Contrary to these observations, the &fluorescence response 
of the low-energy excimer E, a t  the emission wavelength 
A,, = 470 nm was reported to show a considerably long 
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delay in the rising part, with a rise time of approximately 
2.5 ns.39 This characteristic mode of an energy-trapping 
process on a nanosecond time scale was discussed in terms 
of a rotational alignment of a third excimer E3 into the 
sandwich dimer E2. 

The third excimer E, must be discussed within the 
rather unsharp limits of a phantom state as in fact nothing 
is known with respect to its configuration and its spectral 
photon intensity distribution. Only its intermediate role 
in an energy cascading process has been established as it 
must act as a precursor of the t o u y  eclipsed conformation 
of two carbazole moieties in a trans-trans meso dyad of 
E2. While it is likely that its energetic position and its time 
evolution may be comparable with the energetic and ki- 
netic parameters of the high-energy excimer El, no valid 
conclusion can be drawn regarding the shape of the 
spectral width of its emission band. I t  seems possible, 
however, that the fluorescence of E3 spectrally overlaps 
with the short-wavelength wing of the emission spectrum 
of E2. Thus, for example, the highly intractable data in 
time-resolved fluorescence analysis of Ez a t  the emission 
wavelength A,, = 420 nmZ8 have been satisfactorily ex- 
plained in terms of a spectral admixture of E, to Ez.40 

Nevertheless, it must be emphasized that the general 
morphological situation of p-N-VCz in solution contains 
the inherent complexity of a multiparticle system with a 
nonuniform distribution of chromophores. This problem 
has been recently attacked by the Stanford g r o ~ p . ~ l - ~ ~  
Moreover, it has been widely established that-according 
to the different kinetic mechanisms of its formation-p- 
N-VCz consists of variable ratios of isotactic and syndio- 
tactic segmental s e q u e n c e ~ . ~ ~ ~ * ~ ~  Thus, it exhibits a con- 
siderable conformational multiplicity whereas the per- 
turbative second-order interaction between each type of 
stereoisomeric sequence should lead to a further degen- 
eracy and, as a result, to a breakdown of the rotational 
isomeric state model. This can be realistically displayed 
in a physical model of narrowly spaced energy levels of 
excimer-forming sites (E]. Due to the electronic excited- 
state transport subsequent to the monomeric chromophore 
excitation and because of the consecutive character of 
electronic energy dissipation, each of the particular con- 
formations of neighbor carbazole units must be considered 
to be involved in a rather complex series of population and 
deactivation steps, respectively. Since some of these traps 
can be assumed to be emissive and energetically compa- 
rable, it is the spectral superposition of photons which 
leads to a further complication, inasmuch as-first of 
all-it prevents the exact evaluation of relative amplitudes 
in a transient experiment. It becomes evident from these 
considerations that  the transient excimer and trap 
fluorescence profiles should yield at least a series of ex- 
ponentials whereas the number of exponentials actually 
observed from reconvolution techniques would depend on 
the finite resolution power of the transient apparatus and 
the fit routines. Thus, the numerically resolved three- 
exponential fluorescence decay of p-N-VCz in the high- 
energy region at A,, = 360 nm39 and A,, = 370 nm& was 
interpreted in terms of a superposition and a partial in- 
terrelation of three excimer states El, E,, and E,, respec- 
tively, among which E3 was treated as a kinetically dis- 
tinguishable phantom entity which may reflect the mul- 
titude of high-energy excimer states in the short-wave- 
length region of excimer emission. 

In order to reveal the multicomponent contributions of 
particular conformations, which are spectrally superim- 
posed to both the excimers E, and Ez, it is necessary to 
analyze systematically the time-resolved fluorescence 

Fluorescence Behavior of Poly(N-vinylcarbazole) 105 

profiles as a function of emission wavelength across the 
broad spectral range of p-N-VCz emission. Thus, one 
approach to the inhomogeneity of the p.-N-VCz fluores- 
cence should be the collection of a series of experimental 
fluorescence convolutes at distinct wavelength intervals. 
Deconvolutions of these curves, generation of artificial 
profiles with the best fit decay parameters from the ex- 
perimental data, and finally their normalization would lead 
to the synthesis of deconvolved time-resolved emission 
spectra. So far, no study has been reported for p-N-VCz 
with regard to the analysis of its "decay associated spectra", 
which were first proposed and developed by Brand et al.4' 
As a preliminary result of such a study we want to report 
in this paper the transient fluorescence curves of cation- 
ically prepared p-N-VCz in dilute benzene solution at the 
emission wavelengths A,, = 348 nm, A,, = 370 nm, and 
A,, = 460 nm, which correspond to the excited monomer 
M*, to the maximum emission intensity in the overlap 
region with El, and to the spectrally pure, low-energy 
excimer Ea, respectively. The first novel aspect we consider 
in this work concerns the significant triple-exponential 
fluorescence pattern of Ez at A,, = 460 nm. A further 
important point deals with the nonnegligible stationary 
monomer contribution of fluorescence at A,, = 348 nm. 
As it will be shown, the decay of the excited monomer can 
be very satisfactorily fitted to a sum of four exponentials. 
Finally, we intend to show that both fluorescence patterns 
a t  A,, = 460 nm and a t  A,, = 348 nm provide sufficient 
justification for a semiquantitative treatment of a scheme 
which takes into account the interconversion between the 
excited monomer, M*, the low-energy excimer, Ez, and two 
quasi "preformed" picosecond traps, Trl and Trz, respec- 
tively. In this work we assume a rate constant mechanism 
and thus approximately disregard the influence of no- 
nexponential energy migration and t r a ~ p i n g , 4 ~ - ~ ~  as well 
as the contribution of nondiffusive p h e n ~ m e n a ~ ~ , ~ ~  to the 
rotational sampling processes.50 

11. Experimental Section 
Materials. Preparation. Benzene (Merck, spectrograde, 

for fluorescence spectroscopy) was used as supplied without 
further purification. 

Dichloromethane (Merck, reagent grade) was distilled from 
calcium hydride prior to use. 

N-Vinylcarbazole monomer (BASF) was repeatedly recrys- 
tallized from methanol. 

Poly(N-vinylcarbazole) (p-N-VCz) was prepared by cationic 
polymerization of N-vinylcarbazole (2.8 X lo-' M) in the presence 
of 1:l trityl chloride/antimony pentachloride (loa M) initiator 
in dry dichloromethane at -40 "C. p-N-VCz samples were purified 
by repeated precipitation from dilute benzene solutions into 
methanol. After this procedure the polymer contains 0.03 w t  % 
monomer N-vinylcarbazole, which interferes with the polymer 
fluorescence. A complete separation was achieved by means of 
quantitative gel permeation chromatography (system, Waters; 
column, p-Styragel, 500 A; dimension, 8 mm X 300 mm; solvent, 
benzene, spectrograde; detection, LC/UV, Pye Unicam). The 
polymer was not further fractionated in this study. Its weight- 
average molecular weight was M ,  = 6 X lo4. 
N-(2-Hydroxyethyl)carbazolyl methacrylate monomer was 

synthesized according to Percec et aL51 It was copolymerized with 
butyl methacrylate in bulk in the presence of 2,2'-azobis(is0- 
butyronitrile) at 50 "C. The mole fraction of carbazole units in 
the resulting copolymer was xcZ = 0.1. Thus, those units may serve 
as a model for isolated fluorescence carbazole chromophores in 
a polymer environment (cf. Results, curve d in Figure 1). 

The concentration of p-N-VCz in benzene solution used in this 
fluorescence study was generally 5 X M (unit mol) (cf. 
Steady-State Measurements). The solutions were degassed in 
Pyrex vials by successive freeze-pump-thaw cycles on a high- 
vacuum line and transferred-with the aid of quartz to Pyrex 
sealed facilities-to quartz cells (Hellma QS 221, path length 10 
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mm) prior to spectroscopic measurements. 
Instrumentation. Steady-State Measurements. Absorption 

spectra were measured on a Beckman Acta C I11 spectropho- 
tometer. Stationary fluorescence spectra and fluorescence ex- 
citation spectra were recorded both on a Spex Fluorolog and on 
a Hitachi Perkin-Elmer MPF4 emission spectrometer. For the 
registration of fluorescence spectra a bandwidth of 2 nm was used. 
No correction with respect to emission wavelength dependent, 
nonlinear phototube responses (intensity vs. wavelength in ar- 
bitrary units) waa applied. The sample temperature was controlled 
by a Haacke thermostat (25 "C). To minimize spectral distortions 
due to trivial reabsorption effects, the concentration was 5 X lob 
M (unit mol), corresponding to an optical density of OD = 0.55 
at the excitation wavelength A,,, = 295 nm (cf. Results). 

Transient Fluorescence Profiles and Analysis. Fluores- 
cence profiles were recorded on a nanosecond time-correlated 
single-photon-counting apparatus of conventional configuration, 
which uses a thyratron-gated, hydrogen-filled flash lamp as the 
excitation source (PRA 3000, Photochemical Research kssociatea). 
Instrumental response functions of about 1.6 ns fwhm were 
routinely achieved by collecting the stray light of a Ludox scat- 
tering solution at the sample excitation wavelength. The samples 
were excited at X, = 295 nm by means of a Jobin-Yvon excitation 
monochromator, and the fluorescence was resolved by a Jobin- 
Yvon emission monochromator with slits set to give a 4-8-nm 
bandwidth. Alternatively, 10-nm band-pass interference filters 
(Balzers) were used to select the emission. Fluorescence photons 
were detected by a Hamamatau Peltier cooled photomultiplier 
R928 and time correlated by conventional Ortec single-photon- 
counting electronics. Data were stored on a Tracor Northern 
TN1750 multichannel analyzer and then transmitted to a DEC 
PDP 11/23 computer and processed further. 

A total of 15 000-20 O00 counts was routinely collected in the 
peak channel. In order to deted a long-term time drift or changes 
in shape of the lamp profile associated with the long accumulation 
times (particularly for emission wavelengths longer than 440 nm 
and shorter than 370 nm, respectively), a repeated collection of 
lamp data was carried out at selected time intervals within the 
fluorescence data acquisition period. It turns out that the lamp 
with respect to its time drift and its shape profiie can be considered 
to remain satisfactorily constant for the duration of the 
fluorescence accumulation. Nevertheless, a fully computer-con- 
trolled quasi-semisimultaneous collection of the lamp and the 
decaP2 would be undoubtedly more efficient to compensate for 
eventual time drifts and integral effects of data distortions. The 
fluorescence profiles were fitted to single-, double-, triple-, and 
four-exponential trial functions by the method of iterative re- 
conv~lution~~~" using a x2 minimization procedure in a nonlinear 
regression algorithm of Marqwdt.& The quality of fit was judged 
(a) by the reduced x 2  criterion, (b) by visual inspection for ran- 
domized deviations in the weighted residuals as a function of 
channel number, (c) by the autocorrelation function of the 
weighted residuals, and (d) with respect to the stability of time 
constants Ti, while varying the start channel of fit in the rising 
edge of the experimental curve.% The energy-dependent time 
shift of photomultipliers must be considered to be a general 
problem in such meas~rements.~' Undoubtedly the wavelengths 
at which the instrumental response function (b,, = 295 nm) and 
the excimer fluorescence (Aem = 460 nm) are recorded differ 
considerably in our experiment. To partially overcome this 
possible convolution error in the leading edge and thus to resolve 
reliable data from the growth term of the E2 fluorescence, both 
a fixed and an iterative shift procedure58 was additionally in- 
troduced in least-squares fitting. However, the Hamamatsu R928 
used in our system exhibits a relatively small wavelength de- 
pendence, as it has been pointed out by Ware et al.% in their recent 
study. Accordingly, corrections should be applied rather in the 
trailing edge to compensate for convolution errors. 

111. Results 
Photostationary Measurements. Curve a in Figure 

1 shows the total fluorescence spectrum of p-N-VCz, 5 x 
10" M (unit mol), in benzene solution which is typical for 
p-N-VCz prepared by cationic initiation. Following the 
arguments put forward by Itaya et  al.,34 the spectral 
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Figure 1. (a) Total fluorescence spectrum and (b) fluorescence 
excitation spectrum (Aem = 420 nm) of cationically prepared 
p-N-VCz (5 X M (unit mol) in degassed benzene (25 "C)). 
(d) Total fluorescence spectrum and (c) fluorescence excitation 
spectrum (bm = 380 nm) of N-(2-hydroxyethyl)carbazolyl-butyl 
methacrylate copolymer (xcz = 0.1 in benzene solution, 5 X 10-5 
M in chromophore concentration (25 "C)). Spectra a and d are 
adjusted to fit on the same intensity scale. Sensitivity factor for 
(a): approximately 20X. 

fluorescence pattern exhibits a relatively large contribution 
of the low-energy excimer E2 (extrapolated band maximum 
approximately at 420 nm) which nearly equals the intensity 
of the high-energy, "partial overlap", excimer El (peaking 
at 370 nmzg) and which is due to the relatively high iso- 
tactic dyad mole fraction in this polymer. No wavelength 
dependence of the excimer fluorescence was found in the 
excitation spectrum (curve b) for 360 I X,,/nm I 470. 
Apart from the typical deviations regarding the intensity 
ratio of the S1 - So and the Sz - So transitions, respec- 
tively, the excitation spectrum of the polymer is essentially 
identical with its absorption spectrum, which is not shown 
here. The 'Lb - 'A bandm shows a slight vibrational 
structure at 330 and at 343 nm which corresponds to the 
0 transition. The band with its maximum near 295 nm 
represents the 'La - 'A transition.60 The fluorescence 
excitation spectrum of p-N-VCz is within the limits of 
experimental error equal to the spectrum of a butyl me- 
thacrylate/N-(2-hydroxyethyl)carbazolyl methacrylate 
copolymer (curve c) containing only a small mole fraction 
of carbazole units (xcZ = 0.1). Contrary to the excimer 
fluorescence behavior of the homopolymer p-N-VCz, the 
copolymer (5.0 X M in chromophore concentration) 
exhibits vibrationally structured monomer fluorescence, 
exclusively, with the 0-0 transition of the 'A - 'Lb 
band-due to the small Stokes shift-near 348 nm (curve 
d in Figure 1). This is the result of an "intrachain dilution" 
of chromophores, which has been intensively studied in 
the case of p-1-VN and its copolymers with varying 
naphthalene mole fractions in the chain."13 No com- 
parative study has been reported so far with respect to 
p-N-VCz and its copolymers. Nevertheless, i t  can be 
concluded from Figure 1 that  the "monomer-like" 
fluorescence of our copolymer reflects a situation where 
the excitation energy is localized at the carbazole chro- 
mophore within the macromolecular environment and 
where quite obviously an interchromophoric, intrachain 
interaction cannot proceed within the lifetime of the ex- 
cited carbazole chromophore. On the other hand, the 
dominance of the excimer fluorescence of p-N-VCz leads 
to the conclusion that the electronic coupling between 
identical carbazole units and the dyad trap fraction pre- 
sumably must be large. This observation is in accordance 
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Figure 2. Total fluorescence of p-N-VCz in degassed benzene 
solution at 25 "C (excitation wavelength A,, = 295 nm): (1) 5 
X M (unit mol); (2) 5 X lo4 M (unit mol). The spectra are 
normalized to the maxi" intensity at 370 nm. Sensitivity factor 
for (1): approximately 2X. 

with the generally accepted view that the fluorescence of 
the primarily excited carbazole antenna-due to excitation 
transfer and irreversible trapping-contributes to a small 
extent ~ n l y . ~ @ ~  Particularly, in time-resolved fluorescence 
studies of p-N-VCz it has been pointed o ~ t ~ ~ 1 ~ ~  that no 
monomer emission is observable. This led to the discussion 
of a kinetic scheme that assumes a picosecond decay of the 
monomer fluorescence and thus permits one to disregard 
the monomer contribution on a nanosecond scale. 

However, we want to emphasize that in sufficiently 
dilute systems p-N-VCz exhibits in fact a significant, 
nonnegligible monomer fluorescence a t  room temperature. 
The inspection of the fluorescence spectrum of p-N-VCz, 
5 X M (unit mol), reveals a distinct shoulder near 349 
nm (curve a in Figure 1, which practically coincides with 
the 0-0 transition of the isolated carbazole moiety in the 
macrochain of the copolymer (curve d in Figure 1). Thus, 
we believe that this peak must be assigned to the 0-0 
transition within the 'A - 'Lb monomer fluorescence band 
of pN-VCz. Undoubtedly, the band is spectrally not pure 
and the peak shoulder indicates a slight superposition of 
interfering emissive high-energy species, which cannot be 
resolved from the spectral convolute of the steady-state 
emission. 

On the other hand, in more concentrated p-N-VCz so- 
lution the intensity of this transition decreases and be- 
comes in fact less significant. Figure 2 demonstrates this 
relation in an overlay representation. The spectra (curve 
1 , 5  X 10" M (unit mol); curve 2 , 5  X 10"' M (unit mol)) 
are normalized to the maximum intensity a t  370 nm. We 
believe that the failure to observe emission from the ex- 
cited monomer in 5 X 10"' M (unit mol) p-N-VCz solution 
is due to the reabsorption of the relatively intense 0-0 
transition within the 'Lb band of the carbazole chromo- 
phore (curve b in Figure l), which leads to a significant 
distortion in the short-wavelength region of its total 
fluorescence. This complication with respect to the 
fluorescence of carbazole double molecules had been al- 
ready addressed by Johnson.B2 

Another important aspect results from a simple and 
approximative evaluation of fluorescence quantum yields. 
The comparison of intensities with respect to the 0-0 
transitions of the monomer fluorescence (Aem = 348 nm) 
between the homopolymer on the one side (curve a in 
Figure 1) and the copolymer on the other side (curve d in 
Figure 1) yields a normalized intensity of approximately 
1/40. Since the fluorescence of the copolymer is not es- 
sentially quenched by the macromolecular environment 
of butyl methacrylate units, its intensity practically equals 

Table I 
Transient Fluorescence of p-N-VCz at A,, = 348 nm: 

Best-Fit Decay Parameters" 
~~ 

amplitudes sign time constants, ns 70 INT 
M,' = 0.45 (0.56) + Tz = 0.49 (0.37) 7.01 (6.59) 
M3' = 0.13 (0.15) + 2'3 = 2.41 (2.29) 9.90 (10.56) 
M4' = 0.06 (0.06) + T4 = 32.92 (32.68) 66.63 (66.98) 
Mi = 0.05 (0.05) + 7'5 = 9.47 (9.31) 16.46 (15.87) 

a From the experimental data curve in Figure 3b; data maximum 
in channel 22; fit from channel 16 to channel 256. Values in par- 
entheses are best fit parameters from simulated data based on the 
best fit parameters of the experimental curve in Figure 3b. xZv = 
1.06 (1.04). 

that of an N-methylcarbazole solution of identical chro- 
mophore concentration (5.0 X M in benzene). As- 
suming a fluorescence quantum yield of roughly cp "= 0.P3 
for the quasi-isolated N-alkylcarbazole in the copolymer, 
the quantum yield for the monomer fluorescence of p-N- 
VCz can be estimated to be in the order of magnitude of 
mM This relatively large value cannot be com- 
patible with the generally accepted rapid picosecond mo- 
nomer deactivation as the exclusive pathway, which means 
that in addition to this ultrafast trapping process, several 
slower events in the subnanosecond and nanosecond time 
regimes, respectively, must contribute to the decay of the 
monomer. It will be apparent from the following transient 
analysis that these relatively slow decay terms of the 
monomer fluorescence can be resolved. 

Analysis of the  Transient  Profiles. The transient 
curves of cationically prepared p-N-VCz, 5 X M (unit 
mol) in benzene, were recorded at A,, = 348 nm, A,, = 370 
nm, and A,, = 460 nm, respectively. Figure 3 shows the 
time-resolved fluorescence and its analysis in the monomer 
region of the peak shoulder near A,, = 348 nm. Figure 3a 
shows the result of fitting with the sum of three expo- 
nentials. In this case a moderately good fit is obtained with 
a slight, but systematic deviation of the weighted residuals 
at the earliest time region (x2, = 1.46). In Figure 3b the 
same experimental data convolution is fitted to a four- 
exponential form. This procedure leads to a significant 
improvement of the reduced x 2  (x2, = 1.06) and to a com- 
plete randomization of the weighted residuals and the 
autocorrelation function, respectively. In addition, the 
time constants remain essentially stable and no pro- 
nounced sensitivity has been observed while varying the 
starting channel of fit within the rising part of the ex- 
perimental convolution pattern. The results of four-ex- 
ponential data fitting a t  the emission wavelength A,, = 
348 nm are listed in Table I. The table contains the scaled 
relative amplitudes, M', the signs of the respective M' 
values, the best fit time constants evaluated by the x2 
criterion, and the relative intensity, 90 INT, of the com- 
ponents contributing to the fluorescence profile. The best 
fit time constants are found to be T2 = 0.5 ns, T3 = 2.4 ns, 
T4 = 32.9 ns, and T5 = 9.5 ns, respectively. Hereafter in 
our nomenclature the term T,, which ie indeed not re- 
solvable from our measurements but which is taken into 
account in the kinetic treatment (cf. next section), will be 
reserved for the picosecond time domain. The values in 
parentheses show the best fit of the synthetic convolution 
between the instrumental response (lamp function in 
Figure 4) and the artificial curve generated with the best 
fit decay parameters of the experimental data. Accuracies 
of best fit time constants and amplitudes are found to be 
within the limit of such a procedure. This result may 
indicate the reliable accuracy of the fit routine-despite 
the rather serious problems of freely adjustable parameters 
in a four-exponential fit. 
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AUTOCORRELATION OF RESIDUALS 
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Figure 3. Fluorescence profiie of pN-VCz (5 X 106 M (unit mol) 
in degassed benzene (25 "C)) (emission wavelength X, = 348 nm): 
(- - -) experimental response function; (. .) experimental data. (a) 
Solid line shows best fit to a three-exponential function according 
to F=(t) = 0.47 exp(:t/0.70 ns) + 0.10 exp(-t/5.56 ne) + 0.07 
exp(-t/31.19 na); x - 1.46; time scale 0.4 ns/channel; fit from 
channel 16 to channel 256. (b) Solid line shows best fit to a 
four-exponential function according to eq I, with decay parameters 
listed in Table I. 

Therefore, from the results of our data fit, we must 
suggest that the fluorescence profile a t  A, = 348 nm, 
FW(t), which to a major part contains the monomer decay, 
can be satisfactorily described by a sum of four exponen- 
tials according to 

FS4,(t) = M,' exp(-t/T2) + M3' exp(-t/T,) + 
M4' exp(-t/T4) + M,' exp(-t/T,) (I) 

Table I1 
Time-Resolved Low-Energy Excimer Fluorescence at A,, = 

460 nm: Best-Fit Growth and Decay Parameters' 
amplitudes sign time constants, ns 7'0 INT 

C i  = 0.12 (0.14) - 2'2 s 0.35 (0.28) 1.10 (1.04) 
C,l = 0.01 (0.01) - 2'3 s 3.18 (2.51) 0.77 (0.79) 
C,' = 0.10 (0.10) + T4 = 35.38 (35.36) 98.13 (98.17) 

From the experimental data curve in Figure 4c; data maximum 
in channel 49; fit from channel 20 to channel 256. Values in par- 
entheses are best fit parameters from simulated data baaed on the 
beat fit parameters of the experimental curve in Figure 4c. xZv = 
1.07 (1.04). 

where the coefficients M' of each term have a positive sign 
(cf. Table I). 

Next we will examine the ultimate range in the long- 
wavelength excimer fluorescence of p-N-VCz, which seems 
to arise solely from the low-energy, "sandwich" singlet 
excimer E2. Typical data and computer fits to the ex- 
perimental pattern a t  the emission wavelength A,, = 460 
nm are presented in Figure 4. Figure 4a shows the fitted 
fluorescence profile of Et with a time resolution of 0.4 
ns/channel. The decay is adequately described by a sin- 
gle-exponential function, corresponding to a time constant 
which is, within the experimental error of *5%, identical 
with T4, resolved from the monomer fluorescence decay 
a t  348 nm (cf. Table I), namely, T4 z 34.5 ns. The very 
same value for T4, as well as a strictly monoexponential 
behavior, is found in independent experiments by following 
the decay over a time period of more than 2 decades (time 
resolution, 0.8 ns/channel). 

As to the leading edge of the fluorescence convolution 
pattern in Figure 4a, the results of fit procedures reveal 
strong evidence for a significant biphasic growth term (see 
the approximate buildup parameters, quoted in caption 
of Figure 4a). S i r ,  e it has turned out that even on a 
relatively short tok . h e  scale of about 50 ns the long time 
constant T4 could Le evaluated accurately, without any 
sensitivity toward the variation of the starting channel in 
the course of fit procedures, the time resolution WBS chosen 
to be 0.2 ns/channel for a more refined analysis. In Figure 
4b,c the fluorescence profiles of E, are displayed on a time 
basis of 0.2 ns/channel. Figure 4b shows the experimental 
data optimally fitted to a two exponential, consisting of 
one growth term (negative amplitude) with an approxi- 
mative rise time of T,, = 2.07 ns and of one decay term 
(positive amplitude) associated with the long time constant 
T4, according to T4 z 35.5 ns. This experimental data fit 
agrees satisfactorily with the 2.6-11s rise time in E2 
fluorescence reported by Phillips et al.39 and the approx- 
imate 2.0-11s buildup time published by Tagawa et al.64 
However, although the randomness of the residuals can 
be accepted on the 95% confidence level ( x 2 ,  = 1.35), it 
becomes already apparent by visual inspection that the 
weighted residuals and the autocorrelation function exhibit 
a pronounced oscillation in the early time channels of the 
rise curve. In Figure 4c the same data of convoluted E2 
fluorescence are fitted to a triple-exponential response 
which contains two buildup terms and one decay term, 
respectively. In any respect, the double-exponential fit of 
the rising part will lead to a significant improvement, as 
shown by the goodness of fit criteria (xzv = 1.071, stochastic 
distribution of the weighted residuals, and complete ran- 
domization of their autocorrelation. A listing of best fit 
parameters, analogous to that in Table I, is given in Table 
I1 for the fluorescence pattern of E2 at A,, = 460 nm. 
However, the evaluation of these data has been difficult 
due to the strongly differing intensity contributions of the 
components in different domains of the time scale. Best 
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Figure 4. (a) Fluorescence profile of p-N-VCz (5 X M (unit mol) in degassed benzene (25 "C)) (emission wavelength A,, = 460 
nm; time scale 0.4 ns/channel): (---) lamp; (e..) experimental curve; (-) three-exponential fit according to Fm(t) = 4.43 exp(-t/0.12 
ns) - 0.02 exp(-t/l.l3 ns) + 0.19 exp(-t/34.6 ns); x2, = 1.18; fit from channel 23 to channel 256. Transient fluorescence curve of p-N-VCz 
(5 X lo5 M (unit mol) in degassed benzene (25 "C)) (A,, = 460 nm; time scale 0.2 ns/channel): (- - -) lamp function; (a -) convoluted 
experimental data. (b) Solid line shows computed best fit to a biexponential form according to fw(t) = -0.02 exp(-t/2.07 ns) + 0.10 
exp(t/35.5 ns); x2, = 1.35; fit from channel 20 to channel 256. (c) Solid line shows best fit triple-exponential curve according to eq 
11, with rise and decay parameters listed in Table 11. 

fit time constants are evaluated to T, = 0.4 ns, T3 r 3.0 
ns, and T4 N, 35 ns, respectively, with two negative, 
preexponential coefficients Ci and Cs/ and one positive 
amplitude C,l. Within the experimental error their values 
are identical with the time constants T,, T3, and T4 of the 
monomer decay (Table I), which justifies the choice of the 
indices 2,3,  and 4 and simultaneously indicates their ap- 
parent correlation. The ratios of the scaled relative am- 
plitudes are found to be approximately C,'/C,' = 10 and 
C,'/C,' = 1, respectively, which is of course to some degree 
dependent on the time shift of the lamp function (cf. 
Experimental Section, channel shift optimization). The 
values in parentheses represent the best fit parameters of 
the simulated convolution, which consists of the experi- 
mental lamp function and the respective synthetic tri- 
ple-exponential function generated on the basis of the best 
fit parameters of the experimental curve (Table 11). 

We believe, therefore, that the theoretical molecular 
response of E2 a t  A,, = 460 nm can be best approximated 
by a double-exponential rise curve and a monoexponential 
decay term, respectively, according to 

F4&) N, FE2(t) = -Ci exp(-t/T2) - C6/ exp(-t/T3) + 

The results of multiexponential fitting to the transient data 
a t  the emission wavelength A,, = 370 nm are given in 
Figure 5. This region corresponds to the maximum 
fluorescence intensity, which is due to the contribution of 
Et9  and presumably to the additional superposition of 
other high-energy trap species. Figure 5a shows the tri- 
ple-exponential fit of the data with three apparent decay 
times of 1.3, 7.3, and 32.6 ns, respectively. Nevertheless 
the reduced x2 is relatively large, xZv = 1.22, and both the 
weighted residuals and the autocorrelation show a sig- 
nificant systematic deviation. A four-exponential fit 
(Figure 5b) yields an essential improvement, namely, xZv 
= 1.00 and a satisfactory randomization of the residuals 
and their autocorrelation function. The best fit decay 

C,lexp(-t/TJ (11) 

Table I11 
Transient High-Energy Trap Fluorescence at hm = 370 nm: 

Best-Fit Decay Parametersn 
amplitudes sign time constants, ns ?% INT 

D,' = 0.57 (0.66) + T2 = 0.66 (0.38) 5.35 (3.67) 
Dd = 0.28 (0.37) + T3 = 2.60 (2.05) 10.42 (11.12) 
D i  = 0.14 (0.14) + Td = 33.88 (34.12) 68.34 (67.95) 
Dgl 0.10 (0.12) + 2'6 = 10.64 (10.13) 15.89 (17.26) 

OFrom the experimental data curve in Figure 5b; data maximum 
in channel 24; fit from channel 24 to channel 256. Values in par- 
entheses are best fit parameters from the simulated convolutions 
based on the best fit parameters of the experimental curve in Fig- 
ure 5b. xZv = 1.00 (0.98). 

parameters are given in Table 111. Again, the best fit 
parameters of the simulated curve are given in parentheses. 
The time constants T,, T3, T4, and T5 are approximately 
recovered from this analysis. However, it must be noted 
that the data fit a t  A,, = 370 nm is, in general, more 
difficult. Thus, the incorporation of the rising edge yields 
to a dramatic increase of x2,, though this procedure causes 
only a moderate variation with respect to the relaxation 
times. 

Apart from these four exponential decays terms, no rise 
term could be resolved. As a consequence the high-energy 
trap fluorescence a t  A,, = 370 nm may be represented by 
the empirical relationship 
F370(t) = D; exp(-t/T,) + Di exp(-t/T3) + 

with 021, D3/, and D,' all positive. 

IV. Kinetic Model 
In order to develop a kinetic scheme, we will first sum- 

marize and discuss the experimental results. The first 
important observation concerns the fact that no nanose- 
cond delay could be resolved from the rising edge of the 
fluorescence profile a t  the wavelength A,, = 370 nm (cf. 
Figure 5, Table 111, and eq 111). The absence of a growth 

D,l exp(-t/T4) + Dg' exp(-t/T5) (111) 
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Figure 5. High-energy trap fluorescence of p-N-VCz (5 X 10” 
M (unit mol) in degassed benzene (25 “C)) (Aem = 370 nm; time 
scale 0.4 ns/channel): (- - -) instrumental response; ( 9 .  .) experi- 
mental curve. (a) Solid line shows best fit to a triple-exponential 
form corresponding to  F3&) = 0.58 exp(-t/1.32 ns) + 0.16 
exp(-t/7.30 ns) + 0.15 exp(-t/32.60 ns); xZv = 1.22; fit from 
channel 24 to channel 256. (b) Solid line shows best fit four- 
exponential curve according to eq 111, with decay parameters 
quoted in Table 111. 

term is indicative of a rapid picosecond population of quasi 
preformed high-energy traps. Thus, in the early stage of 
trapping the isolated chromophores of the monomeric type 
are quite rare and deactivate on a picosecond time scale. 
However, while the high-energy emission (Aem = 370 nm) 
has its origin in preformed traps with rise terms not re- 
solvable by nanosecond detection and deconvolution rou- 
tines, a striking result from the transient curve of the 

low-energy excimer E, concerns the observation of a pro- 
nounced delay following the excitation pulse (cf. Figure 
4c, Table 11, and eq 11): This means that E, needs time 
to be populated, whereby the time constants T2 and T3 
may be interpreted to refer to conformational changes to 
meet the structural requirement for the totally eclipsed 
conformation of E,. Within this picture, the biexponential 
population pattern of E, reflects a series of multiple re- 
laxation steps from preformed high-energy traps (not be 
confused with E,) to low-energy traps induced by side- 
chain motions, in which the carbazole chromophore pair 
intermediates, as a result of increasing overlap, gain in- 
creasing stability. As a rough approximation of these 
rather complex events, we may treat the mechanism of Ez 
population in terms of a formal, macroscopic interaction 
between distinct traps, on the one hand, and the sandwich 
dimer E,, on the other hand. Starting from the principle 
according to which the number of experimentally observed 
exponentials must equal the number of interacting states 
in a time-independent rate constant formalism, we have 
to interpret our numerically resolved triple-exponential 
function in eq I1 (see also Figure 4c and Table 11) as the 
consequence of three interconvertible kinetic entities. A 
kinetic scheme which seems appropriate for the description 
of the p-N-VCz system is proposed in Scheme I, where M* 
represents the excited monomeric carbazole chromophore 
and El and E, symbolize the spectrally distinct and 
structurally assigned excimers of the high-energy “partial 
overlap” type and the low-energy “sandwich” type, re- 
spectively. 

According to the results of recent investigations on di- 
meric models for El and we may disregard any in- 
teraction in which El is formed from or converted to E,. 
Due to these results, and with respect to our situation of 
having to explain a triple-exponential profile in eq 11, we 
have to introduce two novel traps, Trl and Tr,, respec- 
tively. Thus, Trl and Tr, are considered to be two ki- 
netically distinct high-energy traps. Presumably, they 
occur in isotactic configurations and at least one of them 
will spectrally overlap with E, in the region of its maximum 
fluorescence intensity (Aem = 370 nm). Detrapping is an 
inportant concept in this scheme; thus, Tr, is assumed to 
be a shallow trap, which shows dissociative behavior, while 
Tr2 is treated as a deep trap. The scheme represents an 
extended version of the mechanism proposed by Phillips 
et al.39 in which one of the traps can be identified with the 
third excimer postulated by these authors. Since the 
high-energy fluorescence profiles exhibit no significant time 
delay in the subnanosecond and in the nanosecond domain 
(cf. Figure 5b, Table 111, and eq 111), we assume that both 
traps Tr, and Tr2, just as El, should be directly populated 
from the excitonic monomeric state on a picosecond time 
scale. The trapping rate constants k ~ 5 ,  and k ~ 2 ,  in 
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a first approach (cf. Discussion), are assumed to be expo- 
nentialized, each containing the diffusive energy transport 
and the concentration of the respective preformed site 
along the polymer chain. On the other hand, the signifi- 
cant nanosecond delay in the leading edge of Figure 4c 
indicates that the direct picosecond evolution of the low- 
energy excimer E2 from the excited monomer, M*, via 
excitation transfer and trapping in E,-forming sites, quasi 
prior to excitation, seems to be a rather rare event and thus 
can be neglected. As to the population of E,, we take into 
account two independent, energy cascading pathways in 
the nanosecond time domain, with rate constants It13 and 
kZ3, respectively. The rate constants k,, and k32 allow for 
the reversibility of these steps; they correspond to the 
processes regenerating the excited traps Trl and Tr2, re- 
spectively. For the most general situation in the kinetic 
treatment of the downhill process, we assume the traps Trl 
and Tr, to be interrelated to each other, with rate con- 
stants k,, and k21, respectively. The rate constant kM 
reflects the decay rate of the isolated carbazole chromo- 
phore, M*, by radiative and nonradiative processes in the 
absence of energy transport. The rate constants kl, k2, and 
k3 are the reciprocal hypothetical effective lifetimes of the 
fluorescent traps Trl, Tr2, and E2, respectively, in the 
absence of gain terms and further loss terms. Finally, the 
rate constant 1/T5 is used to represent the rate a t  which 
El deactivates via radiative and nonradiative channels. 

As to the picosecond genesis of the electronically excited 
traps El, Trl, and Tr2, it is evident that their evolution 
must correspond to the overall picosecond decay of the 
excited monomer M*. Nevertheless, it is an experimental 
fact that the steady-state spectrum shows a significant and 
relatively intense monomer fluorescence (Figure 1, curve 
a, Figure 2, curve 1; peak shoulder at A, = 349 nm). 
Moreover, the transient analysis of the fluorescence at A,, 
= 348 nm, which to a major part contributes to the mo- 
nomeric type, reveals a pronounced multiexponential na- 
nosecond relaxation profile with a characteristic long-time 
behavior (Figure 3b, Table I, and eq I), in addition to the 
nonresolvable picosecond decay. In any case, both ex- 
perimental results strongly indicate that the excited mo- 
nomeric state, M*, apart from its irreversible picosecond 
deactivation into preformed traps, must be coupled to a 
gain term. Hence, we take into account the dissociation 
of Tr, as a nonnegligible and important source term for 
the delayed repopulation of the carbazole chromophore, 
M*. The rate constant klM corresponds to the rate of 
dissociation of Tr, to yield excited, “monomeric” traps. 

For the calculation of their decay laws we replace M*, 
Trl, Ti2, and E2 in the scheme by the time variables m(t), 
x ( t ) ,  y ( t ) ,  and z ( t ) ,  respectively. Taking 

kM + kM1 + lZM2 + kM5 = uMM 

lZl + k12 + l t13  + lZIM = all (1.1) 
k2 + k21 + k 2 3  = a22 k3 + k 3 1  + k 3 2  = a 3 3  

k l M  = aMlt  kM1 = a lMt  k2l = a129 

k 3 2  = a23, k13 = u31, k 2 3  = a32 

and 

= %3, kM2 = a2M, k12 = a212 (1.2) 

and neglecting the source term of the exciting light, I&), 
within the approximation of a &pulse excitation, the ev- 
olution equations can be written 

(2.1) &(t) + aMMm(t) - aMlx(t) = 0 

i ( t )  + allx(t) - alfl(t) - al3z(t) - a,Mm(t) = 0 

y(t) + a p f l ( t )  - a7,lx(t) - a23z(t) - azMm(t) = 0 
(2.2) 

(2.3) 
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4(t) + a&(t) - U 3 1 X ( t )  - U&Y(t) = 0 (2.4) 
Assuming linear kinetics the solutions of eq 2.1-2.4 take 
the general form 

m(t) = CMk exp(-t/Tk) (3.1) 
k 

x ( t )  = CAk exP(-t/Tk) (3.2) 

Y(t) = CBk exP(-t/Tk) (3.3) 

z ( t )  = Cck exp(-t/Tk) (3.4) 

k 

k 

k 

with k = 1-4; the reciprocal time constants, l /Tk, prin- 
cipally follow as real solutions 

(4) 
from the eigenvalue problem of the secular determinant 

l / T l  > 1/T2 > l / T 3  > 1/T4 

- ( 1 / T +  ~ M M )  - a ~ i  0 0 

-aZM - 2 ,  - ( l / T  + a Z 2 )  -a l3  
-OlM - ( U T +  al,) -12  - a 1 3  

0 -31 -032 -(1/T’+ a33)  

= 0 ( 5 )  

Using some algebra and taking into account the initial 
conditions m(t = 0) = m(O), x ( t  = 0)  = 0, y ( t  = 0) = 0, and 
z ( t  = 0) = 0, where m(0) is the maximum population 
number of the excited monomeric donor, one finds that 
subsequent to the 6 pulse, the normalized amplitudes and 
their linear functional relations are 

Mk / d o )  = hk&/ d o )  (6.1) 

Ck/m(o) = ikAk/m(O) (6.2) 

Bk/m(O) = jkAk/m(O) (6.3) 
with k = 1-4 and where the linear coefficients hk, ik, and 
j k  contain the rate constants, given in (1.1) and (1.2) and 
the reciprocal time constants, 1/Tk, which follow from the 
secular equation, (9, whereas 

-%/do)  = G(hk,ik,jk) (7)  
contains difference quantities hk, i k ,  and Yk between dif- 
ferent hk’s, ik)s, and jk’s, respectively. A detailed analysis 
and the analytical expressions for the linear coefficients 
are available as supplementary material. 

From eq 6 and 7, together with the formulas derived in 
the supplementary material each of the relative amplitudes 
is now calculable, and thus the theoretical time profiles 
m(t), x ( t ) ,  y ( t ) ,  and z ( t )  can be interpreted. 

Finally, the population profile of the high-energy ex- 
cimer El can be calculated. Setting kM5 = a5M and using 
m(t) (supplement) as well as the boundary condition El(t  
= 0) = 0, the expression takes the form 

_ _ _  

4 

k = l  
El(t) = -a5MC (1/Tk - 1/T5)-lhfk exp(-t/Tk) + 

4 

k = l  
a5M exp(-t/T5) (1/Tk - 1/T5)-’Mk = 

4 

k = l  
CDk exp(-t/Td + 0 5  exp(-t/T5) (8) 

which is a five-exponential result. 
V. Discussion 

The kinetic scheme shown in Scheme I may be hy- 
pothesized from the analysis of the transient fluorescence 
curves (a) in the monomer region (cf. Figure 3b, Table I, 
and eq I), (b) in the high-energy excimer region, which 
corresponds to the intensity maximum of the total 
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fluorescence (cf. Figure 5b, Table 111, and eq 111), and (c) 
in the spectral range of the low-energy excimer E, (cf. 
Figure 4c, Table 11, and eq 11). The model accounts for 
both well-defined excimer states E, and E, and, in addi- 
tion, takes into consideration two kinetically distinct but 
structurally undefined “excimer-like” traps Tr, and Tr2, 
respectively. These are representative for the presumably 
large number of excimer-forming sites, which are not 
further resolvable due to the finite time resolution of our 
transient apparatus and because of the limitations of 
sensitivity with respect to the multidimensional mini- 
mization in our fit routines. In analogy to El,% both traps 
Tr, and Tr, can be assumed to be a preformed chromo- 
phore pair of slightly different geometry and energy with 
relatively large equilibrium fractions in the isotactic con- 
figurational domain. Owing to the efficient excited-state 
transport their electronic excitation is expected to occur 
on a picosecond time scale. Time is implicitly confirmed 
from the results of our transient curve analysis in the 
high-energy region at A,, = 370 nm (Figure 5b, Table 111, 
and eq 111), inasmuch as at least no resolvable time delay 
could be deconvoluted. However, due to the partial can- 
cellation of growth and decay terms, respectively, the 
analysis of both the picosecond source term of the high- 
energy traps (E,, Tr,, and Tr,) and the picosecond decay 
term of the monomeric carbazole unit, M*, is difficult in 
general and has not been carried out so far. 

Apart from these picosecond events to trap excitation 
and monomer deactivation, there is another important 
aspect. The steady-state spectra of sufficiently dilute 
p-N-VCz solutions exhibit a significant peak shoulder near 
348 nm (cf. Figure 1, curve (a, and Figure 2, curve l), which 
is to be attributed to an intrachain monomeric state. 
Therefore, we want to note that the monomer fluorescence 
of p-N-VCz represents an intrinsic property of this poly- 
mer, which cannot be neglected in the kinetic treatment 
of its excited-state dynamics. In order to harmonize the 
picosecond events of electronic energy transfer between 
excited monomer, M*, and the high-energy traps, on the 
one hand, with the relatively intense 0-0 transition of the 
monomer fluorescence from the stationary experiment, on 
the other hand, we must take into account the concept of 
reversibility between one and the other high-energy trap 
and the excited monomeric state, respectively. While Tr, 
is treated as a “deep” trap, we must propose that Tr, 
exhibits dissociative behavior to yield the “monomeric 
trap” in the reverse step. The rate of dissociation, aMlx(t), 
has therefore a considerable influence for the repopulation 
of M* (cf. eq 2.1). Since Tr, itself is involved in a complex 
subnanosecond and nanosecond interaction between Tr, 
and E2 (vide infra), this complicated dynamics is reflected 
in the source term, aM,x(t), and causes a multiexponential 
“long-time” behavior in the monomer fluorescence decay, 
in addition to its picosecond deactivation. The time-re- 
solved analysis in the monomer region (cf. Figure 3b, Table 
I, and eq I) reveals one subnanosecond component T, and 
two nanosecond time constants T3 and T4 whereas the 
picosecond decay and its time constant T1 cannot be re- 
solved. The remaining nanosecond component corre- 
sponding to T5 z 10 ns is presumably the result of a 
spectral overlap of M* and El and we believe that T5 
represents the effective lifetime of this relatively isolated 
electronic trap species. Nevertheless, its intensity-time 
profile is essentially more complex, as it follows from eq 
8. This will be discussed below from the transient data 
a t  the emission wavelength A,, = 370 nm. 

The formal kinetic interrelation of the traps Tr, and Trz 
and Ez, as a consequence of electronic energy dissipation 

Macromolecules, Vol. 18, No. 1, 1985 

biased by the segmental dynamics of the chain, gains 
particular significance from the transient curve of E2 
(Figure 4c), which is free from interfering emissive high- 
energy trap contributions. While the picosecond term TI  
corresponding to the population of the high-energy traps 
is not resolvable, we obtain quasi-identical time constants 
Tz and T3 with negative amplitudes C i  and C;, respec- 
tively, and T4 connected to an amplitude C,l with a positive 
sign (cf. Table I1 and eq 11). 

The transient analysis a t  A,, = 370 nm (cf. Figure 5b, 
Table 111, and eq 111) is rather complicated because of the 
presumable spectral superposition of photons. These are 
emitted from the hypothetical traps Tr, and Tr,, which 
interfere with the emission profile of the high-energy ex- 
cimer El and cannot be discriminated by single-photon- 
counting detection. On the other hand, the contribution 
of the excited monomer is rather small and can be disre- 
garded. Nevertheless we recover T,, T3, and T4 and again 
observe T5, which is considered to be the decay time of 
El-very similar to that reported by Phillips et al.& Again 
no picosecond term due to the growth of the high-energy 
trap population can be resolved, and all amplitudes of this 
four-exponential fit are found to be positive. 

In order to examine the validity of the proposed kinetic 
scheme we have to compute the time constants Tk, as well 
as the normalized amplitudes Mk/m(0),  Ak/m(0), &/m(O), 
Ck/m(O), and Dk/m(0), respectively, from eq 15-18 and 20 
in the supplement. These have to be compared with those 
which follow from the numerical fits of the experimental 
fluorescence patterns in eq 1-111. According to the char- 
acter of the secular determinant it is clear that there 
cannot exist four real solutions l /Tl,  l/T,, l/T3, and l/T4, 
respectively, for each combination of freely varying rate 
constants. With the conditions 

l /Tl > 1/T2 > l /T3 > l / T 4  

and the inequality 
I/T1 > a M M  > a,, > I/Tz > > 1/T3 > a33 > 1/T4 

we obtain in general a variety of computed profiles, which 
are-at least with respect to the sign of the amplitudes-in 
satisfactory accordance with the experimental data. A 
typical set of trial data, including the fixed reciprocal ef- 
fective lifetimes k M ,  k,, k2, and k3, re~pectively,6~ is given 
in Table IV. From eq 15, 8.2, 9.2, 10.2, and 16 (supple- 
ment) we find Al/m(0) negative and A,/m(O), A,/m(O), 
and A4/m(0) positive, and with eq 20.1-20.4, Ml/m(0),  
M2/m(0) ,  M3/m(0), and M4/m(0) all positive. Thus, the 
theoretical response function of the monomer decay IM(t),  
m(t) ,  shows a pure decay behavior with four positive am- 
plitudes, which is essentially identical with the experi- 
mental result (cf. eq I, Table I, and Figure 3b), with the 
limitation, however, that the picosecond term containing 
the parameters Ml/m(0) and T1 is experimentally not 
resolvable whereas the term M:, associated with the ex- 
ponential of time constant T5 = 10 ns, presumably belongs 
to the decay of E, as a result of spectral overlap. In ad- 
dition, the contributions of the computed relative ampli- 
tudes M,/m(O) and M,/m(O) are too small. Due to the 
extremely sensitive interrelation between l/ T4, k13, k31, kZ3, 
and k3,, respectively, application of iterative computer 
procedures, in principle, might lead to better agreement. 

The transient population profile El(t ) /m(0)  of the 
high-energy excimer El is calculated from eq 20. With 
Ml/m(0),  M2/m(0), M3/m(0), M4/m(0) all positive and 
with the condition 

1/T ,  > l / T z  > 1/T3 > l / T 5  > 1/T4 
where T5 z 10 ns is the experimentally observed value (see 
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Table IV 
Transient Population and Deactivation Profiles of M*, Tr,, Trz, E,, and E,: Kinetic Test Data 

k M  0.83000E+08'9d k12 0.20000E+08 
kMI 0.80000E+ll k 2 1  0.40000E+09 
k l M  0.90000E+10 k3 0.22000E+08b*d 
kM2 0.60WE+ 10 k13 0.36OOOE+ 10 
kM5 0.10000E+ 11 k31 0.28000E+O8 
k l  0.83000E+08"~d k23 0.40000E+08 
k2 0.83000E+08'*d 1/T5 0. 10000E+09C*d 

1/T, 0.103973+12 
~ M M  0.96083E+ 11 
1/T2 0.488483+10 
all 0.127033+11 

1/T3 0.478973+09 
a22 0.523003+09 
1/T4 0.294623+08 
as:, 0.540003+08 .. .. 

term Tk, ns Mk/m(O) &/m(O) Bk/m(O) Ckln(0) Dk/m(O) 
1 0.00962 0.9204764 -0.8066194 -0.0532335 0.0256155 -0.0886183 

3 2.08781 0.0011585 0.0123061 0.1526839 -0.1186182 -0.0305690 
4 33.94152 0.0004234 0.0045188 0.0108470 0.6806550 0.0600252 

2 0.20472 0.0779418 0.7897943 -0.1102975 -0.5876518 -0.1628944 

5 10.00000C~d 

"-c See re f  65. Fixed rate constants. 
Table 111), we obtain D l / m ( 0 ) ,  D2 /m(0) ,  and D 3 / m ( 0 )  all 
negative whereas D 4 / m ( 0 )  and D 5 / m ( 0 )  are obtained as 
positive quantities (cf. last column in Table IV). Apart 
from the nonresolvable picosecond growth term (rise time 
Tl), the empirical equation (111) (see also Table I11 and 
Figure 5b) quite obviously does not fit the theoretical 
pattern. While T4 and T5 are correctly attributed to decay 
terms (positive sign of amplitudes D4 and D,, respectively), 
it becomes apparent that the time constants T2 and T3- 
theoretically expected as rise times from eq 8-are ex- 
perimentally found to be decay time constants connected 
to positive amplitudes D; and D3/, respectively. This is 
due to the spectral superpositon of El with the dimer traps 
Tr, and Tr,, which leads to the simultaneous observations 
of several distinct photon species. Since we calculate a 
negative value for B2/m(0) and a positive value for B,/m(O) 
from (17) and (10.2) (supplement), in addition to the 
positive quantities of A2/m(0)  and A3/m(0) ,  it turns out 
that the sum of their positive amplitudes (A,  + B,)/m(O) 
and (A3 + B3)/m(0) exceeds the negative values D,/m(O) 
and D3/m(0) .  Nevertheless, a more detailed analysis of 
a situation corresponding to three emitting species, spec- 
trally superimposed in a coupled system, in general seems 
to be intractable, and no conclusions regarding the ratios 
of experimental amplitudes should be drawn a t  A,, = 370 
nm. On the other hand, the experimentally observed 
transient fluorescence pattern of the low-energy excimer 
E, is spectrally pure. With Al/m(0) negative and A,/m(O), 
A3/m(0) ,  and A4/m(0) all positive, from (18) and (9.2) 
(supplement) we calculate Cl/m(0) positive, C,/m(O) 
negative, C3/m(0) negative, and C4/m(0)  positive. Thus, 
ZEz(t), the molecular response function of E,, which is 
proportional to the profile z ( t )  in eq 5.4 (supplement) 
yields 
h 2 ( t )  

C3/m(0)  exp(-t/TJ + C4/m(0) exp(-t/T4) 
a nonresolvable picosecond decay term, two growth terms, 
corresponding to the rise times T2 and T3, respectively, and 
one decay term, which contains the asymptotic behavior. 
It is evident that these computed values, C k / m ( 0 )  and Tk, 
are very similar to the experimental pattern in eq I1 (cf. 
Table I1 and Figure 4c) and we want to emphasize that 
the experimental results a t  least do not contradict the 
scheme. 

Undoubtedly, Scheme I displays only one of the possible 
mechanisms and it appears from preliminary computa- 
tional experiments that similar versions of energy cas- 
cading events will lead to transient profiles which also fit 

Cl/m(O) exp(-t/TJ - Cz/m(O) exp(-t/Tz) - 

0.2220566 

the experimental data qualitatively. 
We must admit, however, that the evaluation of nu- 

merically resolvable exponentials together with their 
correlation to excited-state entities must be considered to 
be only a modest attempt for the description of the ex- 
cited-state dynamics of p-N-VCz. Thus, the incorporation 
of novel phantom traps Trl and Tr, and their interrelation 
to the excimer states El and E, is only an approach which 
might account for a series of energy cascading events on 
the nanosecond time scale, provided that energy migration 
will have no interfering effect upon the number of re- 
solvable exponentials in the long-time limit of these pro- 
cesses. Under such circumstances we might expect trap- 
monomer conversion (k lM) ,  trap-trap interrelation (k12, 
kzl), rotational sampling (k13, kd, and excimer dissociation 
(k31, k32) to become the rate-determining steps. 

Nevertheless, we must take into account that energy 
migration and trapping in p-N-VCz are ultrafast processes 
which-in accordance with the results of recent model 
cal~ulations~~-~~-must be assumed to be highly nondif- 
fusive in nature. Therefore, it is certainly not appropriate 
to use exponential trapping rate constants (kMl,  k M z ,  k M 5 ) ,  
particularly for the description of monomer deactivation 
and trap population in the transient picosecond regime. 
Recent theoretical studies by Fredrickson and Frank@ on 
polyaromatic, unidimensional model chains have shown 
the rather problematic character of this treatment of 
multiexponential data analysis. 

As to p-N-VCz in dilute solution, the morphology of its 
random coil is presumably more complex, which means 
that it cannot be modeled through a quasi-one-dimensional 
chain. Due to the nonuniform distribution of monomeric 
carbazole chromophores and dimeric traps, p-N-VCz rep- 
resents an anisotropic medium which induces higher di- 
mensional contributions of interchromophoric, intrachain 
coupling. In addition, the existence of two excimer states 
El and Ez in p-N-VCz, as well as one or the other pre- 
sumable trap species, will lead to further complications in 
the course of excited-state transport. Finally, the disso- 
ciative behavior of the sandwich excimer Ez, as well as the 
existence of reversible pathways in energy trapping, must 
result in a serious perturbation inasmuch as the down- 
chain excitation energy transfer cannot be terminated 
quantitatively. 

In any case, all these kinetic complications, which must 
proceed in p-N-VCz, are expected to complicate the pro- 
files of both the monomer deactivation and the trap pop- 
ulation, though exact analytical solutions for the respective 
response functions of energy donor and energy acceptor 
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are not available so far. Thus, as a first approach to these 
problems (a) the development of iterative reconvolution 
routines based on semiempirical, nonexponential trial 
functions and (b) the improvement of time resolution in 
general  m i g h t  lead to considerable progress in transient 
data analysis of fluorescent polymeric systems.  
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