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ABSTRACT The triplet-triplet annihilation of poly(1-vinylnaphthalene) in poly(methy1 methacrylate) 
(PlVN/PMMA) blends at 77 K is found to be extremely sensitive to the local chromophore morphology. 
At medium low PlVN concentration, the exciton fusion kinetics is fractal-like, indicative of a quasi-one- 
dimensional excitation transport topology at about 10%. The dilute-sample phosphorescence decays are 
very well described by modified stretched exponentials whose exponents also account for the delayed flu- 
orescence decays. This is modeled by pseudomonomolecular kinetics, based on the fusion of free triplet 
excitations with trapped triplet excitations (excimers). The very dilute PlVN samples may exhibit a cross- 
over from diffusion-limited (fractal-like) to reaction-limited (classical) exciton kinetics. Compared to sin- 
glet excitation studies, triplet kinetics provide information on a finer geometrical scale and over a much 
wider blend concentration range. For the dilute blends, the chromophore triplet excitation topology is 
quasi-linear, implying a PlVN chain morphology with no significant aggregation or compact globule for- 
mation at the limit of very dilute blends. 

I. Introduction 

The study of electronic excitation transport in solid- 
state polymer systems can lead to the understanding of 
the local morphology and the microscopic interactions 
of the polymer with itself and with its environment. Con- 
siderable effort has been devoted to studying energy trans- 
port in aromatic polymer blends and copolymers, espe- 
cially in those with naphthalene pendent groups.l-l4 

Fox and co-workers' investigated the singlet excimer 
formation of aromatic polymers in solid films as well as 
in solution, and concluded that (i) excimer formation in 
polystyrene (PS), PlVN, and P2VN is largely intramo- 
lecular, but interchain excimers are also formed in the 
undiluted solid polymers, and (ii) intramolecular exci- 
mer sites are highly efficient in trapping excitation but 
appear not to present a barrier for energy transfer to a 
deep trap within the polymer chain. Frank and co- 
workers used the ratio of singlet excimer to singlet excited 
monomer fluorescence intensity for studying phase sep- 
aration2 and compatibility3 in aromatic polymer blends. 
Morawetz4 studied the polymer compatibility by nonra- 
diative singlet energy transfer between two polymeric spe- 
cies labeled with donor and acceptor chromophores, respec- 
tively. Fayer and co-workers5 applied time-resolved flu- 
orescence depolarization techniques to quantitatively 
evaluate the average root-mean-square radius of gyra- 
tion in aromatic homopolymer and random copolymer 
blends. 

The delayed emission, due to triplet-triplet annihila- 
tion, of solid P2VN6 and other polymers in glasses7 at  77 
K has been found to increase with molecular weight. Stud- 
ies of the antenna effect in copolymers of 2-vinylnaph- 
thalene with phenyl vinyl ketone in a rigid glass a t  77 K 
reveal that the naphthalene singlet state is quenched by 
singlet energy migration and transfer to the aromatic 
ketone, but the ketone triplet states are in turn quenched 
by triplet energy transfer to naphthalene, resulting in 
the offset of the disruption of energy migration due to 
the separation of naphthalene monomer sequences by the 
ketone monomer.' 

Nonexponential molecular relaxation of aromatic poly- 
mers in both fluid solutions and solid blends has been 
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studied by applying time-resolved fluorescence tech- 
n i q u e ~ . ~  It has been found that the monomer emission 
can be empirically fit to a weighted sum of three expo- 
nentials in PlVN/MMA," PlVN, P2VN, and P1VN/ 
MA" in fluid solutions. On the other hand, Frank and 
co-workers used simple one-dimensional12 and three- 
dimensional13 random walk models to  account for the 
photostationary-state singlet excimer to monomer quan- 
tum yield ratios in solutions and solid blends of aro- 
matic vinyl polymers. Furthermore, it was demon- 
strated14 that a particular set of numerically fit exponen- 
tials cannot uniquely determine the excited-state kinetics 
in fluorescent polymeric systems. In addition, to account 
for low dimensionality, disorder, and inhomogeneity in 
the system of vinyl homopolymer in dilute fluid solu- 
tion, a trapping function of the form K ( t )  = b + ~ t - l ' ~ ,  
where b represents the asymptotic discrete hopping rate 
and c is a hopping frequency, was applied to  the tran- 
sient kinetics of singlet energy migration.15 

Recently, the application of a "fractal" formalism to 
interpret the reaction dynamics on random heteroge- 
neous systems such as molecular alloys,16 glasses,17 and 
polymers" has been of considerable interest. The anom- 
alous triplet-triplet annihilation kinetics observed in naph- 
thalene when doped in PMMA,lg sublimed into porous 
media,20 and mixed with perdeuterionaphtha1ene2l can 
be well explained by such a fractal approach. However, 
it has also been shown2' that fractal-like characteristics 
may just describe a crossover from one- to three-dimen- 
sional topology. 

The  fractional exponential relaxation (KWW or 
stretched exponential) function, first introduced by 
Kohlrausch22 and in recent times by Williams and 
Watts23 in connection with dielectric relaxation, turns 
out to be a pragmatic empirical model for many relax- 
ation phenomena in glasses and polymers. In addition, 
applications to electrical, thermal, optical, magnetic, and 
mechanical phenomena have also been made.24 

Klafter and S h l e ~ i n g e r ~ ~  have shown the mathemati- 
cal relationship between three quite different physical 
models that lead to KWW. What is then the real model 
for the KWW relaxation function? Can the KWW model 
be used to explain the anomalous triplet-triplet annihi- 
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lation kinetics? Is there any relationship between an exci- 
ton fusion kinetics model and the KWW function? We 
investigate these problems by monitoring the triplet kinet- 
ics in films of PlVN/PMMA blends as a function of con- 
centration at 77 K. 

In this study, the phosphorescence and delayed fluo- 
rescence decays are utilized to derive an effective spec- 
tral dimension,l6V2’ based on a heterofusion kinetics anal- 
ysis, thereby revealing the effective dimensionality of the 
triplet transport. We also compare, for dilute blends, 
the heterogeneity exponents obtained from the modified 
KWW fit with those from the heterofusion kinetics fit. 
Intramolecular and intermolecular singlet (and triplet) 
excimer emission are also studied. An energy funnel dis- 
tribution may enhance effective triplet trapping, leading 
to heterofusion based pseudounary kinetics. 

Section I1 of this paper describes the relation of exper- 
imental observables and theory. Section I11 provides the 
details of our experimental techniques. In section IV, 
we f i t  the decays of phosphorescence and delayed fluo- 
rescence with a triplet heterofusion model as well as a 
modified KWW model, yielding the heterogeneity expo- 
nents. Section V relates the dynamical topology of the 
triplet excitation transport to the structural morphology 
of the blends. Section VI summarizes our conclusions. 

Macromolecules, Vol. 23, No. 8, 1990 

over from one to three dimensions.20 Substituting eq 5 
in (4), the rate constant becomes 

(6) 

h = 1 - d,/2 d, < 2 (7a) 

h=O d , > 2  (7b) 
Here h can be considered as a heterogeneity exponent, 

characterizing the transport topologies in a disordered 
medium. Equation 7b is only valid for a three-dimen- 
sional Euclidean homogeneous system. For the border- 
line case of d, = 2, h N 0. When h > 0, we call it a frac- 
tal-like transport.20c This does not necessarily mean that 
the sample is really a fractal. It could also describe a 
crossover regime from low to high effective dimension- 
ality. 

In practice, delayed fluorescence is generated via the 
annihilation of two triplet excitons. The rate of triplet 
depletion, R,  is dominated by two decay processes 

R = R, + R, (8) 
where R, and R,  are the rate of triplet-triplet annihila- 
tion and triplet natural decay, respectively. Combining 
eq 2,6, and 8, the rate of triplet depletion can be expressed 
as 

(9) 
where k, and k, are respectively the annihilation rate 
coefficient and the triplet natural decay rate constant 
and p is the concentration of triplet excitons. In classi- 
cal three-dimensional homogeneous systems, the rate con- 
stant is time-independent and h = 0. In the presence of 
trapped triplets with constant concentration (p’), the rate 
of triplet depletion becomes pseudounary (based on het- 
erof~sion)~’  in analogy to electron-hole r e ~ o m b i n a t i o n ~ ~  

k(t) - (ds/2)t(d”2-1) - t-h 0 I h I 1 
where 

while 

-dp/dt = kat-hp2 + k,p 0 I h I 1 

11. Relation of Experimental Observables and 
Theory 

lecular reaction 
The typical reaction of interest is the elementary bimo- 

(1) A + A - products 

-d[A]/dt = k[AI2 (2) 

and the rate of reaction can be expressed as 

where [A] is the reactant concentration, and the rate con- 
stant, k ,  is independent of both concentration and time. 
The stochastic approach of SmoluchowskiZ6 and othersz7 
derives a time-independent rate constant k for long times 
( t  - a), which is proportional to the microscopic diffu- 
sion constant D: 

k - D a s t - m  (3) 

This approach is based on the assumption that the mean 
square displacement is linear in time and on having a 
three-dimensional homogeneous system. However, for low 
dimensional heterogeneous systems, the self-stirred or dif- 
fusion-limited reactions have been shown by simu- 
lationsZ8 to have a rate “constant” that decreases mono- 
tonically in time 

(4) 
where dS/dt  is the effective space explored by a random 
walker in unit time (or the efficiency of the walker).” 

Specifically, the net exploration space S(t)  (or the mean 
number of distinct sites visited) is a time-dependent micro- 
scopic quantity 

k = k(t) - dS/dt  

S(t) - tdei2 d, < 2 ( 5 )  

where d, is the spectral dimen~ion,~’ which for fractal 
objects is a second dimension in addition to the fractal 
dimen~ion.~’  The quantity d, may also be envisaged as 
an effective dynamic dimension explored by random walk- 
ers (here triplet excitons). I t  may also represent a cross- 

-dp/dt = [kit-h + k,]p 0 I h I 1 k,’ = k,p‘ 
(10) 

Separating variables and integrating eq 10 

p - exp{-[(t/Ta)u + t / ~ , ] ]  o I P I 1 (11) 

/ 3 = l - h  (12) 
where T, is the triplet natural lifetime and T, can be envis- 

117, = (k,’/P)’iu (13) 

aged as a characteristic lifetime, which is inversely related 
to the annihilation rate constant as shown in eq 13. 

Equation 11 shows that the concentration of triplet 
excitons can be indeed expressed as a modified stretched 
exponential function. For long natural lifetimes (k, - 
01, it becomes a simple stretched exponential function. 
The triplet concentration can also be monitored experi- 
mentally via phosphorescence decay (ZJ, so eq 11 can be 
rewritten as 

I ,  - exp{-[(t/T,)’ + ( t /~ , ) l I  (15) 
In the case of heterofusion, if we consider the triplet- 

R, = klt-hp (16) 
where R, is the annihilation rate that can be monitored 

where 

1/7” = k, (14) 

triplet annihilation channel only, then eq 10 gives 
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Figure 1. Schematics of apparatus for kinetic measurements. 
via delayed fluorescence decay (Idf); thus eq 16 can be 
expressed as 

Substituting eq 15 into 17 

Id, N t (B-1)  exp(-[(t/7,)B + ( t / ~ J l l  (18) 
Thus, the delayed fluorescence decay can be expressed 
in terms of a product of an algebraic and a modified 
stretched exponential function, provided that the trip- 
let-triplet annihilation follows a pseudounary model. 

111. Experimental Section 
Linear PlVN (MW 100 000) and PMMA (MW 154 000) 

obtained from Polyscience was further purified by multiple repre- 
cipitation with spectral graded dichloromethane and methanol 
as a solvent and non-solvent pair. Films of PlVN and PMMA 
blends are prepared by the solvent casting technique except 
for the 100% PlVN powder sample. Polymers are first weighed 
and dissolved in dichloromethane, then vigorously stirred for 
several hours in a dry nitrogen glove box. The films (thickness 
in the ran e of 35-45 rm) are cast by using the doctor blade 
technique.% The most dilute film (0.8%) looks the most trans- 
parent. Going to 2% the scattering definitely increases, but 
the film still appears transparent to the eye. At  5% the film 
looks translucent and the degree of opaqueness increases mono- 
tonically, reaching total opaqueness at about 16%. The 100% 
PlVN is in white powder form. Fresh samples subject to no 
previous irradiation were used for this study. The samples are 
mounted on a sample holder and transferred to an immersion 
cryostat filled with liquid nitrogen. 

Steady-state emission is measured with the sample oriented 
4 5 O  to the incident excitation and with detection at the back 
face. No differences in the emission spectra is observed upon 
detection at the front face. A 1600-W Hanovia xenon arc lamp 
with water-cooled inorganic solution filter and appropriate band- 
pass filters was used as a 290 f 10 nm excitation light source. 
The emission is collected with a six-element compound (relay) 
lens specially manufactured by Karl Lambrecht Corp. and is 
focused on the slits of a Model 25-100 Jarrell-Ash spectrome- 
ter of 1.0-m focal length. Its gratings have 1180 grooves/", 
with an overall resolution of 8 A/mm slit width in first order. 
The emissions are detected with an ITT F-4013 photomulti- 
plier tube (cooled to -25 "C), using a Princeton Applied Research 
(PAR) Model 1120 discriminator and a Model 1110 photon 
counter. Spectra are recorded with an IBM XT microcom- 
puter, which is interfaced with the photon counter and spec- 
trometer. All emission spectra shown in this study are not cor- 
rected for phototube response. Both data acquisition and anal- 
ysis are driven with ASYST manufactured by Macmillan Software 
co. 

For kinetic measurements under steady-state excitation, Fig- 
ure 1 shows the schematic diagram of detecting slow delayed 
fluorescence and phosphorescence decays. The excitation shut- 
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Figure 2. Normalized steady-state emission spectra of PlVN/ 
PMMA at 77 K (spectra are offset successively). 

ter (Uniblitz) controlling the duration of incident excitation is 
triggered to close, while the emission shutter (in front of pho- 
totube) is triggered to open and the signal averager (PAR 4202H) 
starts sampling. A delay of - 10 ms between the two shutters 
is generated to cutoff all prompt fluorescence. The data is then 
transferred and stored in the IBM XT. Delayed fluorescence 
and phosphorescence decays are isolated respectively by plac- 
ing Hoya-U330 and Corning-369 filters in front of the photo- 
tube. 

A Perkin-Elmer differential scanning calorimeter, Model DSC 
7 ,  was used in conjunction with a Perkin-Elmer 7700 data sta- 
tion and a TAC 7 / 7  controller to study the glass transition of 
the blends. The heating and quenching rate are respectively 
10 and 200 OC/min. The range of temperature scanned is 50- 
180 O C .  

IV. Results and Discussion of Excitation Fusion 
Kinetics 

Figures 2 and 3 show the fluorescence spectra from 
0.8 to 100 wt % of PlVN/PMMA blends under steady- 
state excitation of 290 f 10 nm at 77 K. The emissions 
in the range of 320-480 nm are composed of both prompt 
and delayed fluorescence. As the concentration of PlVN 
increases, the singlet excimer emission (with peak max- 
imum at -400 nm) increases at the expense of mono- 
mer fluorescence (with peak maximum at -333 nm). The 
samples are thin enough (-40 pm) to  minimize reabsorp- 
tion in the monomer spectral region. 

In dilute samples, below 16%, the singlet excimer tails 
are overlapped with monomer phosphorescence between 
480 and 500 nm, which is shown better in Figure 4. The 
peak maximum at 488 nm is monomer phosphorescence, 
which is not observed above 10%. Peaks a t  530 and 570 
nm may be, respectively, attributed to  the shallow and 
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Figure 3. Normalized steady-state emission spectra of PlVN/ 
PMMA at 77 K (spectra are offset successively). 
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Figure 4. Normalized steady-state emission spectra of PIVN/ 
PMMA at 77 K at longer wavelengths (spectra are offset suc- 
cessively). 

deep triplet excimer traps.35 The energy of the P lVN 
triplet excimer (18 870 and 17 540 cm-') also agrees with 
the naphthalene triplet excimer energy reported earli- 

The excimer peaks are overlapped with monomer 

.om 2.032 4.024 6.016 am ~ L M  

Tim (sac) 

Figure 5. Normalized phosphorescence decays of PlVN/ 
PMMA at 77 K (top to bottom: 0.8, 1.2, 2.0, 5.0, 10, 16, 50, 70, 
and 100%). 

phosphorescence vibronic peaks in dilute samples below 
10%. However, in concentrated samples, the triplet exci- 
mer peaks are obscured by the overlapping with strong 
singlet excimer tail. 

Excimer formation P lVN was reported' to be largely 
intramolecular and probably results from interaction 
between adjacent chromophores on the polymer chain, 
while interchain excimers are also formed in concen- 
trated samples. This supports the suggested excimer for- 
mation mechanism3' that  excitation energy migrates 
through the chromophores of a polymer chain until a site 
favorable to excimer formation is encountered. 

Intramolecular excimer formation in linear aryl vinyl 
polymers is highly favorable, since their adjacent chro- 
mophores have separations on the order of 3-4 A and a 
long sequence of closely spaced pendent groups can reori- 
ent to form excimer sites. Thus, even a t  a concentration 
as low as 0.8%, excimer emissions are still observed, orig- 
inating from intrachain stackings. Obviously, in concen- 
trated blends, both intrachain and interchain stackings 
are possible as implied in the increase in excimer to mono- 
mer intensity ratio. 

Figures 5 and 6 show respectively the normalized phos- 
phorescence and delayed fluorescence decays at  77 K for 
various weight percents of PlVN. As the P lVN concen- 
tration increases, higher connectivity can be achieved, 
leading to faster decays and transport. Figure 6 shows 
the delayed fluorescence decay curves only up to 16%. 
As the concentration increases above 1690, the decays at 
early times (<1 s) are relatively unchanged but appear 
to have a slowly decaying component at  longer times. 

Figure 7 shows the linear slope of -h obtained by plot- 
ting In [IDF/lp] versus In [time] for 2, 10, and 50% sam- 
ples. In contrast, a clearly nonlinear behavior is found 
on replacing I with IP2 in the fittings, suggesting that 
the triplet-tripret annihilation kinetics follows pseudounary 
fusion (heterofusion) kinetics as given in eq 16 and 17, 
at  least within the first approximation. In addition, all 
samples under investigation have been shown to follow 
such pseudounary heterofusion kinetics. The uncer- 
tainty with respect to the slope is about 20-30%. The 
most obvious characterization of the differences among 
the samples is in terms of the slope "-h", i.e., the heter- 
ogeneity exponent, h. Figure 8 shows the concentration 



Macromolecules, Vol. 23, No. 8, 1990 Electronic Excitation Transport in Polymer Systems 2227 

*50* 

. o m  2.0~ 4.024 ~ 0 1 6  ROW lam 

Tina (cpc) 
Figure 6. Normalized delayed fluorescence decays of PlVN/ 
PMMA at 77 K (top to bottom: 0.8, 1.2, 2.0, 5.0, 10, and 16%). 
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Figure 7. Determination of heterogeneity exponents of PlVN/ 
PMMA from linear least-squares fit. Note that each division 
of the vertical axis is 0.59 unit and that each curve is offset 
vertically for purpose of clarity. 

dependence of the heterogeneity exponent, which is also 
given in Table I. 

In spite of chain isolation in dilute films, excimers still 
exist. This has been studied in detail in similar systems 
and attributed to the formation of intramolecular exci- 
mers (mostly among adjacent chrom~phores) . l~- '~  The 
heterofusion model obviously suggests a fairly effective 
trapping mechanism for the triplet excitons. Tempera- 
ture dependence studies of delayed emission of PlVN 
solid films3' reveal that the triplet excimers responsible 
for the 530 and 580 nm emission are shallow and deep 
traps, respectively. The triplet excitons are trapped only 
momentarily in the shallow traps. The deep traps, how- 
ever, may be envisaged as an energy funnel with a large 
cross section, effectively sucking in all nearby triplets. 
Thus, the deep traps are always populated with a con- 
stant concentration, leading to the pseudounary fusion 
kinetics (eq 16). We note that the total triplet exciton 
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Figure 8. Weight percent dependence of heterogeneity expo- 
nents in PlVN/PMMA at 17 K. 

Table I 
Heterogeneity Exponents (h)  of PlVN/PMMA 

w t  % Ihl wt % [hl 
0.8 0.01 16 0.35 
1.2 0.06 50 0.27 
2.0 0.10 70 0.13 
5.0 0.36 100 0.05 

10.0 0.48 

population is less than excitons per chr~mophore.~' 
On the basis of the 10% fluorescence spectrum, the frac- 
tion of singlet excimer forming sites is of the same order 
of magnitude as that estimated by Frank and Harrah for 
0.2% P2VN in PS?' Le., lo-' excimer forming sites per 
chromophore. With the assumption of a similar frac- 
tion for triplet excimer forming sites, then within the time 
scale of 1 ms to 1 s, the great majority of triplet excitons 
is trapped excitons, e.g., excimers. These rough esti- 
mates of exciton and excimer forming site populations 
are thus consistent with heterofusion dominating over 
homofusion. This predominance in the triplet state of 
trapped excitons over mobile excitons is also consistent 
with the observed triplet spectra. We note that such a 
fraction of excimer forming sites combined with 
the triplet excimer to monomer intensity ratio (10-102) 
gives an estimated exploration range of about lo3 A. 

As the P lVN concentration decreases below 2%, h 
approaches zero, indicating that k is time-independent. 
The long and comparable lifetimes of the delayed fluo- 
rescence and phosphorescence for the 0.8% sample sug- 
gest that the depletion of the isolated excitons is either 
by phosphorescence or by tunnelling among traps, result- 
ing in annihilation. In the presence of deep traps, intra- 
chain and interchain exciton tunnelling among energy 
funnels is still possible, apparently leading to reaction- 
limited rather than diffusion-limited transport. We also 
note that between 2% and 590, we find a crossover to a 
diffusion-limited regime (see below). 

From 5 to 5070, a strong time dependence of the rate 
constant is reflected in the nonzero h values, showing 
that the triplet transport is definitely diffusion-limited. 
At -lo%, h = 0.48 and d, = 1.04, suggesting that the 
tenuous connectivity among PlVN chains leads to ram- 
ified, quasi-one-dimensional networks.16 In other words, 
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the chains are effectively longer in comparison with those 
in dilute blends. As intermolecular contact occurs, the 
dimensionality of energy migration increases from one- 
dimensional to three-dimensional with a consequent 
increase in efficiency of excimer  ampl ling.^' Above 5070, 
interchain connectivity is high enough for enhanced homo- 
geneous (isotropic) exciton diffusion and thus approxi- 
mately gives a classical time-independent k with h close 
to zero. In principle, the triplet transport can now be 
reaction-limited and/or diffusion-limited, since both quan- 
tum tunnelling and random walking of triplet excitons 
in such high dimensional media will give the classical kinet- 
ics result. 

In classical three-dimensional homogeneous systems, 
excited chromophores are created a t  random, and the exci- 
ton diffusion is sufficient to well stir them and give a 
random distribution. Thus, no time dependence in the 
rate constant is ever observed. In other words, the extent 
of the population randomness is invariant in time, although 
the size of the triplet population decreases in time.38 

However, in disordered heterogeneous systems, the ini- 
tial exciton distribution created (immediately after the 
long-time incident excitation is shut) is not uniformly 
random, since excitons in close proximity annihilate almost 
instantly. Only those that are further apart from each 
other as well as in ”hidden” areas can survive. Thus, the 
topological disorder in the heterogeneous systems can be 
reflected by a nonrandom time-dependent exciton distri- 
bution.20c A t  long times, the excitons become even more 
isolated rather than having a uniformly random distri- 
bution. The heterogeneity exponent, h, can then be used 
to characterize the deviation from randomness of the trip- 
let exciton distribution. 

In Table I, the highest h value (0.48) of the 10% sam- 
ple suggests the largest deviation from randomness of 
the exciton distribution among all the samples. How- 
ever, for concentrated samples (>70%), the higher con- 
nectivity and the shorter relative distances among the 
chromophores greatly enhance the exciton diffusion, result- 
ing in an effectively random exciton distribution. Simi- 
larly, for dilute blends, since the guest P lVN chains are 
mostly isolated and transport is largely intramolecular,’ 
the exciton distribution among chains is determined by 
the random absorption of light quanta and thus, for dif- 
ferent reasons, is expected to be close to uniformly ran- 
dom, i.e., a statistical distribution (provided that we con- 
sider only those regions which the triplet excitons are 
able to  visit). 

Furthermore, the application of a weighted sum of two 
exponentials to the decays of delayed fluorescence and 
phosphorescence, with three fitting parameters for  each, 
fails to give a reasonable fit.38 The modified stretched 
exponential function is also applied to fit the nonexpo- 
nential delayed fluorescence and phosphorescence at  10% 
P lVN as shown in Figure 9. Equation 11 is used to fit 
the phosphorescence decays from 0.8 to lo%,  where T, 
and 0 are the two f i t t ing parameters and 7 ,  is the natu- 
ral lifetime of naphthalene (2.2 s)’” as given in Table 11. 
For concentrations higher than l o % ,  the modified 
stretched exponential model fails to give a reasonable 
fit. Below lo%, 7, and 0 increase as the concentration 
decreases (except pp for 0.8%). A t  0.8%, T, - 8 s, 0 - 
1, and k,’ 0.125 s-’. It is obvious that as (? approaches 
1, the relaxation distribution tends to be a single expo- 
nential. We note that the phosphorescence may also rep- 
resent, in part, regions with no exciton mobility, i.e., 
trapped excitons. The delayed fluorescence (see below) 
may thus be a more refined kinetic tool. 

Equation 18 is used t o  fit the delayed fluorescence decays 
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Figure 9. Modified stretched exponential fit of 10% PlVN/  
PMMA at 77 K. The top curve is the phosphorescence (dot- 
ted line) fitted to eq 11, with @ and T~ as free parameters (solid 
line). The bottom curve is d e  delayed fluorescence (dotted 
line) fitted to eq 18, with a single parameter, Pdf (solid line). 
See text. 

Table I1 
Stretch-Exponential Fit of PlVN/PMMA’ 

P ,  Pdf [hl” [hl, wt ‘70 of P lVN T ,  

0.8 8.46 0.89 0.98 0.02 0.01 
1.2 8.01 0.94 0.96 0.04 0.06 
2.0 7.26 0.91 0.88 0.12 0.10 
5.0 5.96 0.89 0.63 0.37 0.36 

10.0 4.46 0.79 0.51 0.49 0.48 

[h] obtained from (1 - &). [h] ,  obtained from Table I. 
from 0.8 to lo%, where is the only fitting parameter, 
as the T, values are obtained from the phosphorescence 
fits. A t  10% concentration, there is a slight deviation at  
long times, but the fit a t  early times is reasonably good 
as shown in Figure 9. Again below 1070, 0 increases as 
concentration decreases. 0 is related to h as given in eq 
12, and agrees very well with the h value obtained from 
the In-ln plots as shown in Table 11. The linear relation- 
ship between h and for dilute samples can also be seen 
in Figure 10. We note that the line is the theoretical 
expectation (0 = 1 - h) .  Above lo%,  the modified 
stretched exponential function no longer fits the decays, 
probably due to the complicated kinetics resulting from 
intermolecular transport. 

While the heterogeneity exponent [h] may serve to char- 
acterize the dimensionality of the exciton transport as 
well as the topological disorder, these [h] values also depict 
a clear excitation intensity dependence as shown in Fig- 
ure 11. Neutral density filters are added to attenuate 
the incident excitation intensity for the 10% sample. The 
[h] values in general vary linearly or monotonically with 
the excitation intensity. 

The highest experimentally accessible excitation inten- 
sity ( -  1.0 arbitrary unit) shows h = 0.48 and d, = 1.04; 
indicating that the transport is quasi-one-dimensional. 
Extrapolating to zero excitation intensity, h = 0.24 and 
d, N 1.52, suggesting a fractal-like transport. Higher exci- 
tation intensity can generate more excitons (in a single 
chain) with a relatively shorter average distance between 
them. This leads to faster decays and more efficient 
intramolecular annihilation. It emphasizes the one- 
dimensional transport topology. In contrast, lower exci- 
tation intensity can dramatically decrease the number 
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Figure 10. Relationship between heterogeneity exponents [h] 
and critical exponent [PI of PlVN/PMMA at 77 K. The line 
is from theory (eq 12). 
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Figure 11. Excitation intensity dependence of heterogeneity 
exponents of 10% PlVN/PMMA at 77 K (asterisks and squares 
represent the h values obtained from two separate regions of 
the sample). 

of separated excitons (per chain), so that excitons may 
need to  hop among the tenuously connected chains in 
order for annihilation to take place. Indeed, decreasing 
the excitation intensity could have similar effects on trans- 
port as the lowering of concentration of chromophores. 
Similar effects are also observed in excitation duration 
s t ~ d i e s . ~ ~ . ~ ~ . ~ '  

Temperature studies, from 77 K up to -150 K, show 
no significant changes in the heterogeneity exponent, h 
(but do show a weakening in luminescence intensity- 
for details see ref 38). We thus attribute the kinetic fractal- 
like effects predominantly to geometrical (morphologi- 
cal) constraints rather than to energetic 

At  much higher temperatures (325-450 K), DSC mea- 
surements of all the fresh films show some anomalous 
endothermic peaks on the first scan, probably indicat- 
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ing a distribution of nonequilibrium states. When the 
films are fast quenched from a temperature above the 
glass transition temperatures (T,) of the pure compo- 
nents (i.e., 450 K), a single T, appears consistently for 
all dilute films (<l6%) on the second scan. However, a 
very weak shoulder shows up in the glass transition for 
the 50% and 70% blends, suggesting partial miscibility 
rather than total segregation. 

Spectroscopic studies of the fast-quenched blends were 
also performed.38 Qualitatively, there are changes in the 
emission spectra, decay times, and heterogeneity expo- 
nents. For the concentrated blends of 50% or higher, 
because of their short decay times, no complete analysis 
of h is possible with the current instrumentation. How- 
ever, a t  dilute concentrations, one observes a consistent 
reduction in h for all the fast-quenched samples, but still 
showing the same pattern of concentration dependency 
as before (i.e., increasing monotonically from 1% to 10% 
and then decreasing again). The local heterogeneity of 
the sample is thus decreased. Concomitantly, higher ratios 
of singlet excimer to singlet monomer intensity in the 
fluorescence spectra are also observed and are consis- 
tent with faster singlet diffusion in the fast-quenched sam- 
ples, again resulting from more homogeneous samples. 
In addition, the faster decays observed in the fast- 
quenched samples also suggest faster triplet-triplet anni- 
hilation, as a consequence of faster triplet diffusion, thus 
providing a third indication that the samples become locally 
homogeneous after thermal treatment. The exciton trans- 
port studies are consistent with the qualitative expecta- 
tions from the thermal treatment (see section V). A quan- 
titative analysis will be reported on separately. 

V. Excitation Transport Topology and Structural 
Morphology 

Our delayed fluorescence results are not inconsistent 
with the prompt fluorescence results.'-' The latter relate 
to singlet energy transport, while the former relate to 
triplet energy transport. The singlet excitation transfer 
occurs via transition-dipole-transition-dipole interac- 
tions (as well as higher multipoles) operating over a range 
of 20-100 8, while the triplet transfer involves exchange 
interactions operating over 5-20 A.42 The former inter- 
actions thus have a much longer range than the latter. 
Singlet excitation transfer can therefore be utilized to 
find the radius of gyration of the polymer.' On the other 
hand, triplet transfer (single jump) is limited to very short 
distances (except for infrequent tunnelling). I t  can thus 
proceed only along the chain, between ad'acent chro- 
mophores, except for real "short circuitsna51s A "short- 
circuit" is considered to be a situation where nonadja- 
cent chromophores get as near to each other as adjacent 
chromophores. We note, however, that the long triplet 
lifetime allows for a large number of jumps. Triplet exci- 
ton transfer is therefore more closely related to the direct 
chemical connectivity (primary and tertiary) of the poly- 
mers, while singlet transfer is a measure of the medium- 
range topology. Ideally, studies of triplet and singlet exci- 
tation transfer should be employed in complementary fash- 
ion, but we do not expect to have a one-to-one correspon- 
dence in their transfer rates and transfer topology. We 
also note that the triplet studies significantly extend the 
range of blend composition that can be studied by exci- 
tation transport. While the fluorescence spectra are prac- 
tically unchanged from 16% to 100% PlVN, the triplet 
exciton kinetics continue to be informative throughout 
the entire composition range. 

The exciton transport behavior, as expressed by h or 
p, shows a continuous and reproducible dependence on 
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concentration (see Figure 8). The same is true for the 
spectra (Figures 2-4). For the pure P l V N  phase in the 
blends, we expect to have h = 0 and no monomeric fea- 
tures in the emission spectrum. There is, therefore, no 
evidence for a sudden total segregation of PI VN and 
PMMA. Moreover, the h values of the blends cannot be 
explained in terms of a superposition of the dilute and 
concentrated phases (both having h = 0), as is evident 
for the 10% blend (h = 0.5). Rather, the morphology of 
each blend composition is clearly reflected by the triplet 
excitation transport topology. The dilute blends appear 
to consist partially of quasi-isolated chains with a quasi- 
one-dimensional chromophore morphology (on a mono- 
mer length scale); i.e., there is no compact aggregation 
or compact globule formation of P l V N  chains. Specifi- 
cally, the triplet exciton transport topology is indeed con- 
sistent with isolated random coils but neither with iso- 
lated compact guest coils nor with guest-guest interpen- 
etrating random coils, which would lead to zero h values 
and to strictly excimeric spectra. The chains of the dilute 
polymer are thus more ramified than compact.16 They 
do interpenetrate with host chains but are mostly iso- 
lated from each other. While the information on the higher 
concentration range (16-10070) does not provide a com- 
plete topological picture, it does provide specific con- 
straints. For instance, it is inconsistent with sudden or 
complete phase segregation. 

For the more dilute blends (0.8-270) we have stated 
in section IV that the kinetics is reaction-limited rather 
than diffusion-limited. Reaction-limited kinetics is always 
classical, i.e., h = 0, for all dimensionalities. Thus, we 
cannot draw any conclusions regarding transport topol- 
ogy from the exciton fusion kinetics of these samples. 
However, the monomer-excimer ratios are consistent with 
the existence of some isolated, or partially isolated P l V N  
chains. Indeed recent pulsed laser studies43 show h increas- 
ing to 0.5 for diffusion-limited kinetics a t  concentrations 
below 0.0570. 

We digress to discuss two idealized models. (1) The 
first is a thermodynamically totally miscible blend of two 
glassy polymers that would have a nearly random distri- 
bution of polymer chains (not to be confused with exci- 
ton distribution). Such a blend would be optically clear 
and globally (macroscopically) homogeneous; however, 
locally (microscopically) it would be heterogeneous. (2) 
On the other hand, a totally immiscible blend would appear 
to be optically nontransparent and macroscopically het- 
erogeneous. However, this blend would have a locally 
segregated morphology, having microscopically homoge- 
neous regions of either one or the other pure compo- 
nents. Hence, it is important not to confuse local with 
global homogeneity (or heterogeneity). 

Our heterogeneity exponent, h, monitors the local geo- 
metric disorder, while other methods such as DSC and 
optical clarity only refer to the global property. The DSC 
results suggest partial miscibility in the fast-quenched 
50% and 70% PlVNIPMMA. As stated above, the ther- 
mal treatment of the fresh films reduces h and increases 
the excimer to monomer fluorescence ratio. Both these 
facts do suggest an increase in local homogeneity due to 
thermal treatment. This may be due to thermally induced 
phase segregation (which is consistent with the DSC results 
on the fast-quenched samples). 

VI. Summary and Conclusions 
The triplet-triplet annihilation of PlVN/PMMA blends 

a t  77 K is found to follow pseudounary (heterofusion) 
kinetics, in which deep excimer traps have a constant 
population and shallow excimer traps are considered to 
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be capable of trapping mobile triplets only momen- 
tarily. Although the heterogeneity exponent h increases 
somewhat with the excitation intensity, it clearly shows 
a strong and consistent dependence on the concentra- 
tion of the chromophores. Whether it really indicates a 
fractal topology or just a crossover from one-dimen- 
sional to classical behavior remains to be established. How- 
ever, when h is in the vicinity of 0.5, rather than zero, 
this points strongly toward quasi-one-dimensional guest 
(PlVN) networks. From this one may argue further about 
the morphology of the polymer blend in the given film 
sample. 

Unlike classical kinetics in homogeneous media, frac- 
tal-like kinetics in heterogeneous media allows us to eas- 
ily distinguish between reaction-limited and diffusion- 
limited reactions via the time dependence of the rate con- 
stant. At concentrations below 2%, the rate constant is 
time-independent and we suggest that the triplet trans- 
port is reaction-limited and probably involves intrac- 
hain and/or interchain quantum mechanical tunnelling. 
As the concentration increases above 2 % ,  both quantum 
tunnelling and random walking processes are competing 
with each other, giving rise to an increasing time depen- 
dence of the rate coefficient. The crossover to quasi-one- 
dimensional, diffusion-limited transport happens to be 
at about 10% weight, implying that P l V N  chains are 
tenuously connected and that intermolecular transport 
becomes more favorable, compared to the more dilute 
samples (however, transport is still predominantly intra- 
chain). Above 1070, relatively high connectivity is 
achieved, and the transport is no longer dominated by 
intramolecular transfer but significantly influenced by 
intermolecular transfer. The increased isotropic nature 
of the transfer reduces the time dependence of the rate 
coefficient. Above 70%, again no time dependence is 
observed in the rate constant, and the triplet annihila- 
tion could be a classical diffusion-limited reaction or, alter- 
natively, a reaction-limited reaction. 

Only for 0.01% and lower concentration samples do 
the P l V N  chains form a truly one-dimensional environ- 
ment, i.e., isolated chains.43 At higher concentrations 
(about 1 %) there is some aggregation followed by segre- 
gation. However, a t  still higher concentrations, the seg- 
regation domains (of PlVN) may be surrounded by a “fuzz” 
(a region where P l V N  chains stick out of their domains, 
as if the compact P l V N  regions grow P l V N  “hair” that 
protrudes around them). Such defective domain bound- 
aries have been observed before for vapor-deposited naph- 
thalene films.44 

The modified stretched exponential formalism of phos- 
phorescence and delayed fluorescence decays serves as 
an excellent probe for the heterogeneity of disordered 
media. It also is an excellent criterion for distinguish- 
ing between diffusion-limited and reaction-limited kinet- 
ics in heterogeneous media. Furthermore, triplet exci- 
ton migration is a very sensitive tool, elucidating the fin- 
est, short-range details of the polymer blend morphology. 
The chromophore excitation topology follows closely the 
isolated chain morphology for the dilute P l V N  blends. 
It seems thus to exclude compact globule formation and 
a tight aggregation of P1 VN chains. Furthermore, in 
contrast to singlet excimer studies, the triplet kinetics 
also provide information on the medium and high con- 
centration blends. Thus, for our nonequilibrium cast films, 
for which the DSC procedures are destructive and the 
optical clarity tests are not very conclusive, the com- 
bined triplet and singlet exciton kinetics approach appears 
to  provide some significant morphological information. 
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Note Added in Proof. Further studies using laser exci- 
tation (Z.-Y. Shi and R. Kope lman)  confirm and extend 
most of the results of this paper. The only difference is 
for the 0.8% and 1.2% samples, where h > 0. However, 
the decrease of h from 10% to 2% is confirmed and appears 
to be a highly interest ing topological effect. 
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