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SYNOPSIS 

Fluorescence of naphthalene ( N ) labeled to poly(methy1 metracrylate) (PMMA) particles 
sterically stabilized by polyisobutylene (PIB) was studied by transient fluorescence method 
in iso-octane, hexadecane, and in powder form. When samples of dispersions are annealed 
above 60°C, their room temperature lifetimes increase, and when powder samples are so 
annealed, lifetimes decrease. Self-quenching effects among N */ N pairs were eliminated to 
isolate unimolecular lifetimes. Low-frequency intramolecular vibrations are found responsible 
for the temperature dependence of nonradiative transition of excited N molecules. Corre- 
sponding activation energies are measured and found to be between 2300 and 1100 cal/mol. 
Solvent effects on these activation energies are discussed. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

The fluorescence decay method has been used to 
study the internal morphology of blendlike 
poly (methyl methacrylate) (PMMA) 
These particles are spherical and usually prepared 
by dispersion polymerization of methyl methacrylate 
(MMA) in cyclohexane in the presence of butyl 
rubber.6 The major component in this type of par- 
ticle, PMMA homopolymer of broad molecular 
weight distribution, is present a t  about 95-97% by 
weight. During the reaction, grafting occurs between 
the butyl rubber and the growing PMMA chains. 
Most of the graft copolymer is buried in the part- 
icle interior, where it forms an interconnected 

of polyisobutylene (PIB ) . Some graft 
copolymer forms a monolayer on the particle sur- 
face, which serves as the steric stabilizer. Thus, 
these particles have an interpenetrating networklike 
global morphology. This global feature of the 
morphology has been of interest and studied care- 

The nature of the interface between the PIB and 
PMMA phases, where they mix and form an in- 
terphase domain, was studied using transport 
experiments ' involving fluorescence quenching and 
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energy transfer within PMMA-PIB particle disper- 
sion in aliphatic hydrocarbon liquid with a fluores- 
cence dye. It was observed that the distribution of 
PIB phase in PMMA showed a Gaussian type dis- 
tribution.' In Figure 1, cartoon representation of the 
interphase structure in PMMA-PIB particle is de- 
picted for illustration, where PMMA phase is ex- 
clusively labeled with naphthalene N. Solvent pen- 
etration into nonaqueous dispersions (NAD ) of 
PMMA-PIB particles were examined by ESR Spec- 
troscopy, and the interconnected nature of the par- 
ticle was found to be responsible for the penetration 
of solvent molecules into glassy PMMA phase and/ 
or PIB-PMMA interphase domains? The measured 
diffusion coefficients in various solvents were found 
inversly proportional to the apparent viscosity of 
the enviroment inside the interphase domain, and 
maximum diffused amount of solvent molecules in 
to the particle was found inversly proportional to 
polymer-solvent interaction through the solubility 
parameters? 

It has been known that the fluorescence decay 
of aromatic molecules are effected by both radia- 
tive and nonradiative proces~es .~  If the possibility 
of perturbation due to oxygen is excluded, the ra- 
diative probabilities are found to be relatively in- 
dependent of environment and even of molecular 
species. Environmental effects on nonradiative 
transitions, which are primarily intramolecular in 
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Figure 1 
magnified part of the interphase domain. 

Cartoon representation of naphthalene-labeled PMMA-PIB particle with the 

nature, are believed to arise from a break down of 
the Bohr-Oppenheimer approximation." The role 
of the solvent in such a picture is to add the quas- 
icontinium of states needed to satisfy energy res- 
onance conditions. The solvent acts as an energy 
sink for rapid vibrational relaxation, which occurs 
after the rate-limiting transition from the initial 
state. The effects of the environment on such 
transitions are expected to be larger above room 
temperature." As the temperature of a liquid so- 
lution is varied, the environment about the mol- 
ecule changes and much of the change in absorp- 
tion spectra, fluorescence yields, and fluorescence 
lifetimes in solution can be related to the changes 
in solvent viscosity. A matrix that changes little 
with temperature will enable one to study molec- 
ular properties themselves without changing en- 
vironmental influence. PMMA has been used such 
a matrix in many studies." 

The fluorescence lifetimes of almost all aromatic 
molecules studied, show a decrease as the temper- 
ature is r a i ~ e d . ~  Because, in most cases the radiative 
lifetime remains constant, the decrease in fluores- 

cence lifetime corresponds to an increased rate for 
radiationless loss of energy. This increase can be 
either in the intersystem crossing from excited sin- 
glet (S,) to triplet ( T , )  or in the direct transition 
from S, to ground singlet (So). The activation 
energies for these processes were found to be 250 to 
500 cm-' .' 

In this article, solvent effects on activation ener- 
gies of unimolecular processes of naphthalene ( N )  
in PMMA-PIB particles were studied. We presented 
the observations on the fluorescence decay of N 
groups covalently attached to PMMA chains of 
NAD of PMMA-PIB particles. Two types of labeled 
materials, one with monomer mol ratio of approxi- 
mately 13 : 100 : 2 for IB : MMA : N, is referred to 
a N2, the other, of approximately 13 : 100 : 10, as 
N10, were examined. Their fluorescence decay pro- 
files were measured when these particles are in hex- 
adecane, isoactane, and in powder form. Successive 
lifetime measurements were carried out during an- 
nealing, above and at room temperature. Corrections 
on lifetimes to isolate the bimolecular reactions at  
interphase domains were made to obtain the unimo- 
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a - N10 
b -  N 2  
c - NMP 
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Figure 2 
iso-octane at room temperature. 

Fluorescence spectra of dispersions of N10 and N2 compared with NMP in 

lecular lifetimes of N groups. Activation energies 
were measured when PMMA particles are in powder 
form in hexadecane and in isoactane dispersions. 
Powder particles were used as a reference environ- 
ment for the unchanged matrix. 1-Naph- 
thy1 (methyl) pivalate (NMP) was used as a refer- 
ence fluorescence dye molecule to compare the life- 
times with N-labeled PMMA particles. 

EXPERIMENTAL 

The polymer particles were prepared in a two-step 
process? Polyisobutylene of nominal molecular 
weight 10,000 was added to a cyclohexane solution 
of MMA containing azobisisobutyronitrile ( AIBN ) 
as a free-radical initiator. The solution was refluxed 
for several hours to induce polymerization of the 
methyl methacrylate. The growing PMMA chains 
were added across double bounds present in the 

polyisobutylene to give a graft copolymer soluble in 
cyclohexane. 

Polymerization was terminated before the copol- 
ymer became insoluble in the cyclohexane solvent. 
This material, the dispersant, was collected and pu- 
rified by precipitation with methanol. The disper- 
sant was then added to a second reaction vessel con- 
taining MMA and AIBN in cyclohexane. This so- 
lution was refluxed overnight. 

It became increasingly turbid as the reaction 
progressed. The particles were separated from 
solvent and unreacted monomers were excluded 
by repeated cycles of centrifugation, decanting the 
supernatant liquid, and redispersing the particles 
in fresh solvent. Dispersion in cyclohexane could 
be freeze dried and stored as a powder.'The pow- 
ders could be redispersed by subjecting their sus- 
pensions in alkane solvents to a few seconds ex- 
posure to an ultrasonic cleaning bath. Scanning 
and transmission electron microscopy studies in- 
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Figure 3 
at room temperature. 

Fluorescence decay profiles of dispersions of N10, N2, and NMP in iso-octane 
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Figure 4 
perature; (b) at 100°C temperature. 

Fluorescence decay curves of N10 dispersions in iso-octane (a) at room tem- 
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Figure 5 Plots of T( T) lifetimes vs. annealing temperature for samples of N10 in iso- 
octane, hexadecane, and powder sample. (Measurements were made at given temperatures.) 

dicated that the particle diameters ranged from 1 
to 3 pm. 

These particles formed transparent solutions in 
ethyl acetate and in deuterochloroform. NMR spectra 
of these latter solutions permitted the composition 
of the polymers to be determined. Operationally, the 
PMMA phase in the particle is labeled by carporating 
a comonomer containing a N group in the MMA po- 
lymerization step of particle preparation. The co- 
monomer, 1-naphthylmethyl methacrylate, has a 
reactivity ratio somewhat less than unity for copo- 
lymerization with MMA. Hence, if MMA is in excess, 
the tendency will be against block of N groups. The 
assumption of a statistical distribution of N groups 
within PMMA chains is reasonable. 

Dispersions in iso-octane and hexadecane sol- 
vents (ca. 3-5 mg/mL) were prepared by sonicating 
the mixture for 1 or 2 min in a ultrasonic cleaning 
bath. These samples in 12 mm 0.d. quartz tubes fit- 
ted with a graded seal were degased by several freeze- 
pump-thaw cycles and sealed under vacuum. Powder 

samples were placed in 3 mm i.d. quartz tubes and 
sealed under vacuum. 

Fluorescence decay profiles were measured by the 
time-correlated single photon counting technique, l3 

exciting the samples a t  280 mm and observing the 
emission through an interference filter at 337 nm. 
The samples were turbid to opaque. Although the 
excitation and emission optics were at 90" to one 
another, samples often had to be positioned so that 
one measured essentially front-face fluorescence. 
Fluorescence decays for these samples were nonex- 
ponential but could be fitted to a sum of two expo- 
nential terms. The fits were reasonable ( X 2  < 1.3).  
Data analysis allowed for a small correction because 
of scattered light (the scatter parameter varied be- 
tween 0.1 to 0.5). 

During the experiments, the samples were heated 
to the annealing temperature and kept there for 2- 
3 h and fluorescence decay were measured at that 
temperature. Each sample was allowed to cool to 
room temperature, and the fluorescence decay pro- 
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Figure 6 Plots of ~ ( 2 5 )  lifetimes vs. annealing temperature for samples of N10 in iso- 
octane, hexadecane, and a powder sample. (Measurements were made at room temperature 
after annealing of the samples.) 

files I (  t )  were remeasured. The samples were then 
reheated to the next higher annealing temperature 
and the processes were repeated. 

RESULTS AND DISCUSSION 

The fluorescence spectra of N2 and N10 are shown 
in Figure 2. Even though the mean local concentra- 
tion of N groups in N10 is quite high (ca. 0.9M), 
relatively little excimer emission is seen. 

Normally, the absence of excimer emission from a 
chromophores such as naphthalene implies that these 
groups do not interact. Fluorescence decay measure- 
ments, described below, indicate that substantial 
quenching occurs in these samples. In amorphous sol- 
ids, where motion is restricted or prevented, deacti- 
vation can occur from N*/ N pairs where the geometry 
leading to excimer emission cannot be achieved. This 
process is referred to as “self-quenching” or “concen- 

tration quenching.” These are phenomenological terms 
and refer to any process of the from [ N * + N --f 2N ] . 
Not much is known about the detailed mechanism of 
the deactivation process for naphthalene self-quench- 
ing. One could speculate that the interacting species 
are excimers whose decay, for example, by intersystem 
crossing to the triplet state, is much faster than their 
fluorescence. 

A fluorescence decay trace of N10 is compared 
with N2 and NMP in iso-octane in Figure 3. Al- 
though nonexponential in form, it can be fit to a 
sum of two exponential terms 

I (  t )  = A,e-t/7s + 
We refer to the long-component lifetime as 71, 

with a prefactor Al, and the short-component life- 
time as T,, with a prefactor A,. In some samples, a 
very short additional component was detected in I (  t )  
and was attributed to light scattering. 
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Figure 7 Plots of (a) 7(77)/7( T )  and R(25)  = 7(25) /7 , (25 ) ,  and (b) the product of ratios 

vs. T-' (OK) for the dispersion of N10 in hexadecane. Ratios and their products are given 
in relative units for comparison. 

For us, the most significant observation is that 
the decay components, particularly 71, are much 
shorter than that of an isolated N group in a PMMA 
matrix. For example, in a particle sample containing 
0.03 mol % N, we measured a fluorescence decay 
time of 54 ns.14 For N2, typical values of 71 are 43 
ns; and for N10, 33 ns. 

In other words,the higher local concentration of 
N leads to a faster decay of fluorescence. 

In order to help us understand these results, we 
measured the fluorescence lifetimes of the model 
compound, NMP at low concentrations in several 
solvents at 22°C. In iso-octane we found that 7 = 46 
ns and in an polyisobutylene matrix 7 = 43 ns. These 
values are shorter than that of the naphthylmethyl 
chromophore in a PMMA matrix. One explanation 
for the shorter lifetimes of the N groups in N2 and 
N10 compared to that of PMMA film is that in the 
former a significant fraction of the chromophores 

are located in the interphase region of the particle. 
Isolated N chromophores exposed to PIB, iso-oc- 
tane, or hexadecane should have a shorter lifetime 
than those located in a pure PMMA environment. 

In all fluorescence decay experiments, because 7l 
and 7, lifetimes displayed similar behaviors against 
annealing temperature, from now on we will use only 
7l lifetimes for the interpretation of the results. 7( T )  
and 7(25) will be referred to 71 lifetimes, measured 
at given annealing temperature and at room temper- 
ature after cooling down the samples, respectively. 

A-Annealing Effects 

Fluorescence decay profiles, I( t )  of N10 in iso-octane 
at room temperature and at 100°C is presented in 
Figure 4. At lOO"C, faster decay in N10 fluorescence 
is observed compared to N10 decay at room temper- 
ature. As the temperature was raised 7( T )  , lifetimes 
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Figure 8 Plots of same parameters of Figure 7 for N10 powder sample. 

of N10 in iso-octane and in hexadecane decreased, 
presenting a short plateau in between 60 to 115°C. 
However, for powder samples, T ( T )  lifetimes dis- 
played continuous decrease as the temperature was 
raised. Fluorescence lifetimes, T (  T )  of N10 are plot- 
ted vs. annealing temperature for the two types of 
dispersions and powder samples in Figure 5. 

In Figure 6, fluorescence lifetimes, T (  25), mea- 
sured at room temperature, are presented vs. an- 
nealing temperature. It is seen that T( 25) values of 
the N10 dispersions are not effected by annealing 
the samples up to 60°C; however, they increased 
when the samples were heated successively to higher 
temperatures. Above 105°C T (  25) values slightly 
decreased by increasing the temperature. Annealing 
the powder sample of N10 above 60°C leads only to 
a decrease in ~ ( 2 5 ) ,  which is substantial, from 33 
to 26 ns. Our interpretation of this result is that the 
annealing process leads to an increase in self- 
quenching between N */ N pairs. This might occur 
through a contraction of the phase containing the 
N groups or a migration of N groups into the inter- 
phase domain where their local concentration would 

increase. If one were presume that all the N groups 
were located specifically in the PMMA rich domains, 
the effects of annealing here would have to be in- 
terpreted in terms of contraction within that phase. 
The volume changes necessary to cause a decrease 
in T( 25) from 33 to 26 ns would be manyfold larger 
than one could anticipate from the known thermal 
expansion coefficient of PMMA. 

Annealing dispersions of N10 in iso-octane and 
hexadecane leads to an increase T (  25). The extent 
of the increase goes up with temperature when the 
annealing temperature is in the range 60-105°C but 
becomes less pronounced when the dispersions are 
heated to higher temperatures. The increase of T (  25) 
could be due to the movement of N groups into the 
PMMA phase where the intrinsic lifetime of the 
chromophore is longer. We think this is unlikely. If 
the N groups were preferentially soluble in PMMA 
rather than PIB, this process would be most prom- 
inent in the powder samples where the volume frac- 
tion of interphase is smallest. Most probably, iso- 
octane and hexadecane swell the interphase domain. 
Heating should promote the extent of swelling. Upon 
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(b) in hexadecane. (In both figures, plots are compared with powder N10.) 

Plots of eq. (4) for dispersion of N10. (a) In iso-octane (two different samples); 

cooling to room temperature, PMMA is once again 
below its glass transition temperature (T,) and sol- 
vents are trapped within the interphase domain. As 
in the case of the powder samples, annealing prob- 
ably leads to a net movement of N groups to the 
interphase. Because of swelling by solvent penetra- 
tion, there must be a net dilution of N groups and 
a decrease of self-quenching. 

High temperature lifetimes T (  T )  of N10 in iso- 
octane were found to be much longer than in hex- 
adecane. Similar behaviors were observed for 
room temperature lifetimes T (  25) of N10 disper- 
sions. These results can be explained with the 
solvent viscosities which are 0.5 (cp)  for iso- 
octane and 3.45 (cp)  for he~adecane. '~  These 
qualities of solvents may effect the both life- 
times [ T (  T )  and T (  25) ] in the swollen interphase 
domains. 

B-Solvent Effects on Activation Energies 

The temperature dependence of T (  T )  lifetimes can 
be quantified by combining the models developed by 

Lin-Bersohn l6 and Inokuti-Hirayama." A complete 
theoretical derivation relating to the temperature 
dependence of radiationless transition for unimo- 
lecular decay was given by Lin and Bersohn, l6 where 
vibrational relaxation time was assumed to be much 
shorter than the electronic relaxation time. Reso- 
nance interaction among the solute molecules in the 
solvent was assumed to be very small, and electronic 
relaxation occurs through energy transfer from 
electronic levels to vibrational levels. They have de- 
rived the equation as follows: 

where, T (  77) and T(  T )  are the unimolecular lifetimes 
at 77 K, and at higher temperatures, respectively. 
A and A E  are related to the vibrational levels. Kropp 
and Dawson' have observed that temperature de- 
pendence of fluorescence lifetimes of many aromatic 
hydrocarbons doped in PMMA matrix obey the eq. 
( 1 ) . They have also showen that in most cases the 
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radiative lifetime of fluorescence emission is tem- 
perature independent. 

In our observations, the shorter fluorescence 
lifetimes at  high temperatures may correspond 
to an increased rate for radiationless loss of en- 
ergy. Since eq. (1 ) can only be used for the uni- 
molecular processes, in our purpose we have to 
eliminate the bimolecular processes from our 
measured fluorescence lifetimes. In other words, 
self-quenching processes due to the concentra- 
tion has to be removed from measured T (  T ) life- 
times. 

Self-quenching in rigid media is normally inter- 
preted in terms of active sphere model first presented 
by Perrin, l7 which was then modified by Inokuti and 
Hirayama, la to account for observations made by 
Ermolaev l9 that the triplet lifetime of a chromo- 
phore in a rigid matrix varies with its concentration. 
Based upon this model, it was shown that the phos- 
phorescence intensity should decay as 

Here, 70 is the unimolecular lifetime and [No] is 
called the critical transfer concentration, defined by 
[No] = 3/(47rR;), where R, is the critical transfer 
radius. According to eq. ( 2 ) ,  increasing N concen- 
tration, [N],  the decay rates increase due to self- 
quenching between N molecules. In our case, eq. ( 2 )  
can be used to eliminate the bimolecular processes 
from fluorescence lifetimes. In order to do that decay 
time, T (  25) can be written to depend upon [ N] ac- 
cording to following equation:’’ 

Here, [ N] represents the local concentration of N 
groups in labeled particles. In NMP systems with 

m concentration, the T (  2 5 ) / 7 , (  25) ratio must 
be always taken in unity, which means all processes 
are unimolecular in nature. Then the fluorescence 
lifetime of NMP is taken as unimolecular lifetime 
(7, (25)  = 46 ns). However, in N10 dispersions, due 
to the swelling, local [ N] concentration changes and 
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Figure 10 Plot of eq. (4) for dispersion of N2 and NMP in iso-octane. 

~ ( 2 5 )  lifetime varies at each annealing step, as a 
result R( 25) = T (  25)/~,( 25) ratio changes. In Figure 
7 ( a ) ,  7(77)/7(T) ratios are compared with the 
R( 25) for N10 in hexadecane as a function of T-' 
( OK-') in semilog scale. T (  77) = 82 ns was used, and 
ratios were taken in relative units to compare them 
in the same scale. In Figure 7 ( b )  , the product of the 
ratios are plotted vs. T-' ( OK-' ) , where continuous 
behavior is observed. The discontinuities in ratios 
due to swelling and self-quenching in Figure 7 ( a )  
compensate each other after multiplication and 
smooth decrease is observedvs. T-' (OK-') in Figure 
7 ( b  ) . Similar features were observed in dispersions 
of N10 and N 2  in iso-octane. T (  77)/7( T) and R( 25) 
ratios presented continuous decrease and increase 

Table I 

vs. T-'( OK-') for N10 powder, respectively. These 
ratios and their products are plotted against 
T-'(OK-') in Figure 8 ( a )  and 8 ( b ) ,  respectively. 
Compensation between environmental changes and 
self-quenching is again seen in Figure 8 ( b ) .  A 
smooth decrease in the product of ratios in Figures 
7 ( b )  and 8( b )  may suggest that R (25) ratio can be 
use as a parameter to isolate the unimolecular pro- 
cesses from the fluorescence lifetimes. In this pur- 
pose, eq. (1) can be modified and written in the fol- 
lowing form: 

N10 N2 NMP 

Environment Powder Hexadecane Iso-octane Iso-octane Iso-octane 
AE (cal/mol) 2262 2045 1438 1413 1080 
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In Figure 9 ( a )  and 9 ( b ) ,  log plots of eq. ( 4 )  for 
dispersions of N10 in iso-octane and in hexadecane 
are compared with N10 powder sample. In both 
cases, plots showed straight lines in the semi-log 
scale. In Figure 10, plots of eq. ( 4 )  for N2 and NMP 
in iso-octane are presented where, in the latter case, 
R(  25) = 1 was taken. 

These results all indicate that modification of eq. 
( 1 ) by using the self-quenching ratio [ eq. ( 3 ) ] elim- 
inated the bimolecular processes from the fluores- 
cence lifetimes. Activation energies, now belong to 
unimolecular lifetimes, can be obtain from the plots 
of eq. ( 4 ) .  The measured AE values are listed in 
Table I for N10, N2, and NMP in various environ- 
ments. 

Activation energies in Table I suggest that the 
low-frequency intramolecular vibrations are re- 
sponsible for the temperature dependence of non- 
radiative transitions of the excited molecule.21 From 
above results, one may conclude that these activa- 
tion energies are effected by the environment around 
the excited molecule. For example AE for N10 in 
hexadecane is found much larger than in iso-octane, 
and AE for powder N10 is found larger than both 
of them. On the other hand, A E  is observed smallest 
for NMP in iso-octane. Our observed, AE = 2262 
cal/mol value for N10 powder, in which naphtha- 
lenes are covalently attached to PMMA chains, is 
much larger than Siegel's A E  = 1380 cal/mol value,21 
where N molecules are free in the PMMA matrix. 
Larger AE in PMMA particles may be attributed to 
the effects of segmental constraints of Polymer chain 
on excited N molecule. Such constraints are usually 
effect on the nuclear conformations of the excited 
molecule.21 

As the matrix constraints on N molecules de- 
crease due to swelling of interphase domains by al- 
kene solvents, activation energies decrease. Because 
iso-octane has smaller viscosity than hexadecane, 
matrix constraints of an N can be expected much 
less than in the former one; as a result, AE values 
in iso-octane were found to be smaller in N10 and 
N2 dispersions. The role of solvent in such systems 
is to add the quasicontinium of states needed to sat- 
isfy energy resonance conditions, then solvent acts 
as an energy sink for rapid vibrational relaxation 
that occurs after the rate-limiting transition from 
the initial state."," 

I would like to thank to Professor M. A. Winnik for pro- 
viding me with his facilities and his stimulating ideas. 
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