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ABSTRACT: Poly(viny1 acetate) [PVAc] particles were prepared by dispersion polymerization in isooc- 
tane using a copolymer of 2-ethylhexyl methacrylate [EHMA] and 2-isocyanatoethyl methacrylate as a 
steric stabilizer. These reactive particles were treated with 2-( 1-naphthy1)ethanol and with 2-(9- 
anthry1)ethanol to  produce particles singly or doubly labeled specifically in the stabilizer phase. Energy 
transfer experiments were carried out first on the N-labeled particles doped with a hydrocarbon-soluble 
anthracene derivative which dissolved exclusively in the rubbery PEHMA phase and also on the doubly 
labeled particles. Donor fluorescence decay profiles were measured, and the data were fitted to the Kltfter- 
Blumen model for energy transfer on fractal surfaces. The finding that the effective dimensionally d = 2 
for this energy transfer process is interpreted in terms of a crossover in a restricted geometry: the PEHMA 
domains in this material are characterized by a t  least one linear dimension that is small and on the order 
of the R,  value (26-A) for the energy transfer. In support of this idea, we find that  swelling agents for 
PEHMA cause the d found in the experiments to increase systematically from 2 to 3. 

Introduction 
In a conventional chemical reaction, where mixing of 

the reactants is r ap id  compared to the rate of reaction, 
the kinetic description of the sys tem t akes  a simple and 
familiar form.3 In rigid med ia  such as glasses, reaction 
kinetics a r e  more complicated,  particularly if the rate of 
reaction between a n y  pair  of reactants depends upon their  
separation ( r )  and mutua l  or ien ta t ion  (0). Examples  of 

* To whom correspondence should be addressed. 

these types of reactions include nonradiative energy trans- 
fer [kET(r,O) = r4J and electron t ransfer  [k,, = exp(-ar)]. 
Nevertheless,  when the space containing the reactants is 
very much larger than the d is tance  over which the reac- 
t ion  t akes  place, the kinetics assume a familiar form, and 
the simplicity of the kinetic description derives f rom an 
integration of the reaction rate over the dis t r ibu t ion  of 
reac tan ts  over all space, i.e. 0 5 r 5 m. These ideas have  
been extended to reactions in  two dimensions4 and, more 
recently,  to reactions on fractal  structures. '  

0024-9297/90/2223-2210$02.50/0 0 1990 American Chemical Society 
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The effects of restricted geometry come into play when 
h is so small that it approaches R, in size. This can be 
seen qualitatively in the following way (Figure 1). Imag- 
ine what happens following pulsed excitation of the sam- 
ple. For a distribution of D*-A distances, close1 sepa- 
rated pairs will react very quickly [ItE&) = (R,/r) 1, leav- 
ing only those D* far removed from the nearest A. At  
short times the reaction is characterized by energy trans- 
fer between D*-A pairs where the A's have a three-di- 
mensional (d = 3) distribution about the D*'s. 

Once the reactant distribution has no surviving pairs 
with r I h, the effective dimensionality of the D*-A dis- 
tribution changes; and a t  times such that only pairs with 
r >> h have survived, the D*-A distribution is essentially 
one dimensional (d = 1). There is a crossouer in the exper- 
iment, with energy transfer in three dimensions a t  early 
times and in one dimension a t  later times. 

According to KBZ,' the fluorescence decay profile of 
the donor in such an experiment will follow the func- 
tional form 

(1) 

B 

I&) = B, exp[-(t/TD) - P(~/T,)'/'] 

P = A,(d/d)I'(l- d / s ) ( R , / ~ ) ~  (2) 

Here s is the characteristic exponent in the rate vs dis- 
tance behavior of the process: s = 6 for energy transfer 
via the dipole coupling mechanism; A, is equal to the 
fraction sites occupied by A and is thus proportional to 
the concentration of A. 

The term d is the dimension of the embedding Euclid- 
ean space, and d is the "effective dimensionality" char- 
acterizing the D*-A distribution. The form of this equa- 
tion is quite general. For energy transfer in three dimen- 
sions, d l s  = 1/2, and one Cecovers the Forster 
equation." In two dimensions, d / s  = 1/3, the zesult 
obtained by B l ~ m e n . ~  On a true fractal surface, d rep- 
resents the fractal (Hausdorff) dimension.12 In the case 
of restricted geometry, I I  has no intrinsic meaning. For 
a crossover between a three- and one-dimetsional distri- 
bution of reactants, d takes a value (1 I d I 3) which 
reflects the size and shape of the confining space. 

Our interest in these ideas comes from a recognition 
that phase separation occurs in many two-component poly- 
mer systems. When these domains are sufficiently large, 
they can be observed by electron microscopy. When they 
are small, they are very difficult to detect. In such cases 
it might be possible to prepare such a system in such a 
way that D and A groups would be confined to these small 
spaces. Measurements of energy transfer rates here might 
then provide a clue to the size and shape of these tiny 
dimensions. 

The most unambiguous place to begin such experi- 
ments would be with a system composed of a glassy com- 
ponent representing most of the volume of the system 
and a rubbery (low T ) component present as the minor 
phase. If the minor paase formed an interconnecting net- 
work, it might be possible through simple doping to intro- 
duce D and A groups specifically into the minor compo- 
nent. On the other hand, in order to establish confi- 
dence in the method, one might have to  resort to labeling 
the minor component. In practice it turns out to be use- 
ful to carry out both types of experiments. 

In this paper we report the results of experiments on 
submicron poly(viny1 acetate) [ PVAc] particles which con- 
tain 4 monomer mol % of poly(2-ethylhexyl methacry- 
late) [PEHMA] in the form of a PVAc-PEHMA graft 
copolymer.12 These particles are prepared by the tech- 
nique of dispersion p01ymerization.l~ We have previ- 

Figure 1. Representation of a direct energy transfer experi- 
ment between D* and A confined to a cylindrical space with 
D* along the axis. At short times (top cylinder), many D* have 
nearby A*. The distribution of A about D* is three- 
dimensional. A t  long times (bottom cylinder), the only surviv- 
ing D* are far removed from A and the distribution of A appears 
to be one-dimensional. The middle cylinder represents an inter- 
mediate time. 

When reactants are confined to small spaces, curious 
features appear in the description of the reaction kine- 
tics.' These features appear because the distribution of 
reactants is finite. The observed rate is described by inte- 
gration of the rate of reaction of individual pairs of reac- 
tants over the size and shape of the space they reside in. 
For example in a fluorescence quenching reaction, one 
normally considers only the distribution of quenchers in 
deriving the rate law. The location of the fluorophore is 
normally considered to be immaterial. In confined spaces, 
the rate law depends upon the distribution of both spe- 
cies. For example, for reactants confined to a thin cylin- 
drical space with the quencher randomly distributed, the 
reaction rate profile will be different for fluorophores along 
the axis of the cylinder compared to those on its surface. 

The idea of the consequence of reactions in a restricted 
geometry was first suggested by El-Sayed' and devel- 
oped in a theoretical framework by Klafter and Blumen 
in collaboration with Zumhofen [KBZ].' Some of these 
ideas have been tested experimentally. For example, a 
number of systems are known that contain interconnect- 
ing voids of small but known size. These include porous 
glass, silica particles, and certain polymer membranes. 
Fluorescent dyes and phosphorescent groups adsorbed 
to the surfaces in those spaces can undergo energy trans- 
fer or energy migration within these restricted spaces. 
Experiments by Drake and Levitz' and by Koppelman's 
group' have helped to establish the validity of these ideas, 
many of which are included in a recent book by Klafter 
and Drake." 

In order to illustrate the type of kinetic behavior 
expected, consider a cylinder of radius h and length 1 
containing a random distribution of acceptors [A, Le. 
quenchers] in a Forster energy transfer experiment. Let 
the donors [D] be confined to the axis of the cylinder. 
This situation is depicted in Figure 1. The characteris- 
tic distance for direct energy transfer, R,, is chosen to be 
that distance r for randomly oriented nondiffusing pairs 
in which the rate of energy transfer equals the rate of 
unquenched decay of the excited donor (Le. kE,(R,) = 
T D - l ) .  
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narrow distribution of sizes, with diameters in the range of 200- 
300 nm, depending upon the reaction conditions. After the reac- 
tion, the particles are cleaned by successive centrifugation (17 000 
rpm) and redispersion in spectrograde cyclcohexane. Five cen- 
trifugation-redispersion cycles suffice to remove unreacted 
PEHMA and any residual monomer. The particles are freeze- 
dried, stored as a powder, and redispersed as needed. 

Singly and doubly labeled particles were prepared by the fol- 
lowing procedure involving the initial preparation of reactive 
particles: A copolymer of EHMA and isocyanatoethyl meth- 
acrylate [IEM, Dow Chemical] was prepared containing ca. 10 
mol % NCO groups. I t  could be labeled to any extent up to 10 
mol % by reaction with dyes such as  I-naphthylethanol 
[NCH,CH,OH]; and the remaining NCO groups reacted with 
excess 1-octanol, these transformations were catalyzed with dibu- 
tyltin dilaurate. The transformed copolymer had a nominal 
molecular weight of 40 000 and a broad molecular weight dis- 
tribution. 

Unlabeled particles containing reactive NCO groups were pre- 
pared as described above, using poly[EHMA-co-IEM] as the 
stabilizer. These were then reacted immediately with a fluo- 
rescent alcohol in the presence of dibutyltin dilaurate and then 
later treated with excess 1-octanol. For example, the sample 
SLP-IEM-N.7 was prepared as follows: An aliquot (10 mL, ca 
30% solids by weight) of unpurified reactive particles was diluted 
with isooctane (8 mL) and placed under argon in a 50-mL round- 
bottom flask fitted with a rubber septum. To  this was added 
2 mL of a solution containing NCH,CH,OH (2.1 mg) and dibu- 
tyltin dilaurate (60 mg). The reaction mixture was stirred (18 
h) a t  room temperature (22 "C), then 1-octanol (0.1 mL) was 
added, and stirring was continued for an additional 18 h. The 
particles were washed by using five cycles of centrifugation and 
redispersion in spectrograde cyclohexane and finally freeze- 
dried. The particles size (Brookhaven BI-90 particle analyzer) 
was found to be 190 nm in diameter with a size dispersity fac- 
tor of 0.10. 

These particles [SLP-IEM-N.71 formed true solutions in sol- 
vents such as CHCl, and ethyl acetate. By 'H NMR (CDCl,), 
the particles contained 4.1 mol % (8.3% by weight) of the 
PEHMA copolymer; by UV analysis, the N content was found 
to be 4.4 x IO* mol g-' or 0.69 mol % in the PEHMA compo- 
nent. On the basis of the densities of PVAc and PEHMA, the 
volume fraction of the PEHMA component in the dried parti- 
cles is estimated to be 0.097. The chromophore content of labeled 
particles is determined by UV spectroscopy, after dissolution 
of the particles in ethyl acetate, using decadic molar extinction 
coefficients (eA, M-' cm-') based upon 2-(9-anthryl)ethanol for 
A (e3= = 7330) and 2-(l-naphthyl)ethanol for N = 6740). 

Doubly Labeled Particles [SLP-IEM-N.GA1.7]. An ali- 
quot (10 mL, 30% solids by weight) of a second preparation of 
reactive particles was treated first with NCH,CH,OH (2.7 mg), 
ACH,CH,OH (2.0 mg), and dibutyltin dilaurate (60 mg) as 
described above and, in an identical fashion, reacted with excess 
1-octanol(O.1 mL). I t  was then purified and freeze-dried. This 
sample contained 3.0 mol % (6.4% by weight) of the PEHMA 
copolymer, corresponding to a dry-volume fraction of 0.074 
PEHMA. The chromophore content was for N, 2.1 X lo4 mol 
g-', and for A, 5.7 x lo* mol g-', corresponding to 0.64 mol % 
N and 1.7 mol % A in the PEHMA component. The particle 
diameter was 200 nm (size dispersity factor 0.08). 

Sample Preparation. Samples of SLP-IEM-N.7 were weighed 
into a centrifuge tube and then dispersed in n-pentane. To 
this was added known amounts of anthrylmethyl pivalate [AMP]. 
After 3 h, the sample was centrifuged, decanted, and dried under 
vacuum (lo-' Torr, 24 h). The powder obtained was placed 
into a 0.2-cm quartz UV cell for fluorescence decay analysis 
(front surface geometry). Subsequently, the entire sample was 
dissolved in a known amount of ethyl acetate, and the AMP 
concentration determined by UV spectroscopy. A film of this 
solution was then prepared on the inner surface of a 12-mm 
0.d. quartz tube using a rotary evaporator, and fluorescence decay 
measurements were carried on this transformed sample. 

Alternatively, known amounts of the N.7 particles, AMP, and 
hexadecane were mixed with pentane in a small round-bottom 
flask. After 3 h, much of the pentane had evaporated, and the 
remainder was removed under vacuum on a rotary evaporator. 

F igu re  2. A representation of the bicontinuous interpenetrat- 
ing network-like structure of a PVAc-PEHMA particle. 

ously shown that m u c h  of the PEHMA is trapped i n  the 
interior of these particles," and we have  proposed an 
in te rpenet ra t ing  network model  for the global morphol- 
ogy of the p a r t i ~ 1 e s . l ~  T h i s  model is depic ted  schemati-  
cally in Figure 2. Here we use a combination of labeling 
methods and simple doping  of partially labeled particles 
in combination wi th  energy transfer experiments to estab- 
lish t h e  very small  d imens ions  of t h e  PEHMA in  t h i s  
system. 

Experimental Section 
Ultraviolet spectra were obtained with either a Cary 14 or a 

Hewlett-Packard 8452A diode array spectrometer and infrared 
spectra, with a Nicolet 5DX FTIR instrument using samples 
pressed into KBr disks. 'H NMR spectra, in deuteriochloro- 
form, were run on a Varian Associates, Model XL-200 spectrom- 
eter. Quantitative determinations of polymer composition were 
done by using the peak integration values from the XL-200 spec- 
tra. 

Molecular weight analyses (GPC) were carried out at 23 "C 
by using a Varian Associates 5000 system coupled with a Kra- 
tos FS970 fluorescence detector and a Waters R401 differen- 
tial refractometer. Separations based on size exclusion were 
achieved by using a Du Pont bimodal column pair (PSM Bimo- 
dal 11, Zorbax gel) with ethyl acetate as the eluting solvent. Poly- 
mer solutions (ca. 1-2 mg/mL) were passed through 0.2-pm Mil- 
lipore filters to remove particulates and undissolved polymer. 
The system was calibrated by using polystyrene standards. Par- 
ticle diameters were determined on a Brookhaven Model BI-90 
particle analyzer. 

Fluorescence spectra were run on a Fluorolog 2 spectrome- 
ter. Fluorescence decay traces were obtained by using a home- 
built apparatus for time-correlated single photon timing mea- 
~urementa. '~ The apparatus has been described.'" Decay curves 
were analyzed by using an iterative nonlinear least-squares anal- 
ysis program. The samples were excited a t  284 nm (naphtha- 
lene), and the fluorescence decay profiles (I&)] were mea- 
sured at 337 nm. In order to  eliminate the color shift effect of 
the photomultiplier, the delta pulse convolution method15c was 
used, with a reference curve from a dilute solution of 1,4-bis(5- 
phenyl-l,3-oxazol-2-yl)benzene [POPOP] in cyclohexane ( 'T = 
1.10 ns). Films and powder samples were examined in the front- 
face geometry. Experiments on powder samples led to a light 
scattering contribution to the ID( t )  signal. This could be min- 
imized by careful optical alignment of the sample. Residual 
scatter was corrected for as previously d e ~ c r i b e d . ' ~ ~  

The molecules 1-naphthylmethyl pivalate [NMP] and 9- 
anthrylmethyl pivalate [AMP] were purified by chromato- 
graphy over silica and twice recrystallized from pentane. 

Poly(viny1 acetate) Particles. The preparation and char- 
acterization of poly(viny1 acetate) particles as a sterically sta- 
bilized nonaqueous dispersion in isooctane medium have been 
described in Briefly, one carries out a free radical 
[benzoyl peroxide initiated] polymerization of vinyl acetate (ca. 
50% v/v) in isooctane in the presence of poly(2-ethylhexyl meth- 
acrylate) (ca. 20% w/w based upon vinyl acetate). A milky white 
dispersion forms when the reaction mixture is heated several 
hours a t  75 "C. The particles formed are spherical and have a 
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The particles were dried overnight under vacuum (lo-' Torr) 
and then transferred as above to a 0.2-cm quartz UV cell. Some 
experiments were carried out on dispersions of the N.7 parti- 
cles in hexadecane and on NMP-AMP mixtures in hexade- 
cane. Here known amounts of material were weighed and mixed 
and placed in 0.2-cm quartz UV cells for Z ( t )  measurements. 
Some experiments in cyclohexane were carried out by using 4- 
mm i.d. quartz tubes. Each sample here was outgassed by bub- 
bling oxygen-free nitrogen gas through the sample for 2 min. 

Energy Transfer in Restricted Dimensions 2213 

Fluorescence Decay Measurements. In solution the 
fluorescence of NMP is quenched by AMP a t  the diffu- 
sion-controlled rate. We obtained values for the quench- 
ing rate constant of k, = 8 X log (hexadecane) and 1.24 
X 1O1O M-' s-l (cyclohexane) from analysis of the fluo- 
rescence lifetimes in terms of the Stern-Volmer relation- 
ship. We write this expression as 

(3) 
to emphasize the exponential form obtained for the ZD(t) 
decays. 

In rigid media fluorescent dyes often do not exhibit 
exponential decays. Fluctuations in local environment 
can lead to a distribution of decay times. This is very 
much the case for naphthalene embedded in a poly- 
(methyl methacrylate) glass, for example. In order to 
interpret the results described below, it is essential that 
the donor group itself decays exponentially. Here we were 
very pleasantly surprised to discover that the N.7 sam- 
ple, in powder form or cast as a film from a solvent, gave 
fluorescence decay profiles that were cleanly exponen- 
tial over 3 decades of the decay. Other samples that con- 
tained higher degrees of N content gave decays that devi- 
ated from exponential, presumably because of self- 
quenching interactions. 

Energy transfer experiments were carried out on N.7 
particles doped with 9-anthrylmethyl pivalate [AMP]. 
These particles samples were prepared by incubating a 
pentane dispersion of the N.7 particles with AMP for 3 
h, centrifuging, decanting, and drying the particles under 
vacuum. The same samples were also examined after 
destruction of the particle morphology. The particles dis- 
solve to form true solutions in ethyl acetate or chloro- 
form. UV measurements on these solutions were used 
to establish the AMP content of the particles. When these 
solutions were placed in quartz tubes and spun dry on a 
rotary evaporator, transparent films formed. 

Our presumption, which turns out to be correct, was 
that the initial process allows the AMP to enter only the 
PEHMA phase of the particles, whereas when a film is 
cast from solution, the AMP partitions into both phases. 
The second part of this presumption can be established 
by energy transfer measurements on the films. When 
I D ( t )  decays were fitted to eq 1, we obtained d = 3.00 f 
0.05 consistent with simple energy transfer in three dimen- 
sions. In three dimensions 

ID(t) = Io exp[-t/TD - k,[AMP]t] 

P = ~T~/~NAR,~[A]/~OOO (4) 
where NA is Avogadro's number. P is obtained from fit- 
ting the fluorescence decay to eq 1, and [A] is the con- 
centration of AMP in the film. Using this expression we 
obtain Ro = 26.5 f 2.0 A, the value expected on spectro- 
scopic grounds for energy transfer from N to A." 

The first part of our presumption is confirmed by the 
profound differences in fluorescence decay behavior 
observed between particulate and film samples of the same 
composition. 

Restricted Dimensions. A fluorescence decay curve 
from a powder sample of N.7 doped with AMP is shown 
in Figure 3. The curvature at  early times is indicative 
of energy traqsfer. When these data are fitted to eq 1, 
we find that d = 2. Samples were prepared a t  various 
concentrations of AMP. In each case d = 2 and P val- 
ues were proportional to the AMP content of the parti- 
cles. These data are summarized in Figure 4. We note 
that eq 2 is obeyed, and the line through the data passes 
through the origin." 

An interesting control experiment is possible with the 

Results and Discussion 
Particle Synthesis. In the fluorescence decay exper- 

iments described below, we use labeled particles pre- 
pared in a novel manner: by using a copolymer of ethyl- 
hexyl methacrylate [EHMA] and isocyanatoethyl meth- 
acrylate [IEM] in the reaction with vinyl acetate, the 
particles formed contain reactive NCO groups in the rub- 
bery PEHMA component. These particles turned out 
to be colloidally unstable and would coagulate upon stand- 
ing for long periods of time or upon centrifugation. As 
a consequence, addition of dye molecules had to be car- 
ried out on the unpurified particles. After the NCO groups 
in the particles were converted to the corresponding ure- 
thanes, these problems with colloidal instability disap- 
peared. 

The reaction of the particles with alcohols in the pres- 
ence of dibutyltin dilaurate is quantitative. The reac- 
tion could be followed by FTIR spectroscopy using the 
band a t  2270 cm-' characteristic of the NCO group. We 
had originally thought that the NCO groups at  the sur- 
face of the particle would react preferentially, but we have 
no evidence to support this notion. The fact that l-oc- 
tanol reacts with all remaining NCO groups after partial 
functionalization of the particles, and our observations 
during the preparation of samples containing larger 
amounts of chromophore suggest that all the NCO groups 
in the particle have comparable reactivity. We note also 
that in competition experiments to produce doubly labeled 
particles, ACH,CH,OH is slightly more reactive than 
NCH,CH,OH. The particle containing 0.69 mol% N in 
the stabilizer [PEHMA] phase is denoted SLP-IEM-N.7 
or N.7 for short. The doubly labeled material contain- 
ing 0.64 mol% N and 1.7 mol% A in the stabilizer is 
denoted SLP-IEM-N.6A1.7 or N.6A1.7 for short. 

The structures of the bound naphthalene [N] and 
anthracene [A] derivatives are given, as are those of the 
model compounds NMP and AMP. 

PEHMA f 0 CH, 
II I 

-CH2/ 

0 
J 

N 

A 

g C H 2 0 C  0 II &cH20c 0 II 

NMP w 
AMP 
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Figure 3. Fluorescence decay curve of sample N.7 doped with 
AMP. 

a2 t  
IL -I 

0 I 2 3 
I I I I I 

[A ]  x IO-' mol/g 

Figure 4. Plot of d and P obtained from fitting fluorescence 
decay curves to eq 1 for N.7 doped with varying amounts of 
AMP ([AI). 
doubly labeled particles N.6A1.7, since both the N and 
A groups are confined to the PEHMA phase. Fluores- 
cence decay analysis of powder samples of N.6A1.7 yields 
a = 1.9, in accord with the results on the N.7 particles 
doped with AMP. When the (N.7 + AMP) particle sam- 
ples are dissolved in ethyl acetate and recast as a film, 
the data shown in Figure 5 are obtained. Here d = 3, 
and the data fit eq 4 as discussed above. 

Very similar results were obtained in a different latex 
system composed of poly(methy1 methacrylate) [PMMA] 
as the major component and 3 mol % polyisobutylene 
[ PIB] as the rubbery minor c ~ m p o n e n t . ' ~ ~ ' ~  When unla- 
beled particles were doped with phenanthrene [Phe] plus 
AMP, energy transfer occurred. The decay curves fit eq 
1 with d = 2. After dissolution of the particles and cast- 
ing the compomentt into a film, remeasurement of the 
decay profiles gave d = 3 in all cases. 
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Figure 5. Plot of d and P for the same samples as in Figure 4 
after these samples were dissolved in ethyl acetate and recast 
as films. 

The first conclusion to be drawn from these results is 
that treating the particle dispersions with dyes dis- 
solved in pentane allows the dyes to diffuse into the par- 
ticle but confines the dyes to the phase composed of the 
pentane-swellable, low Tg component. After evapora- 
tion of the pentane, the dyes are confined to the PEHMA 
phase of the PVAc particles and the PIB phase of the 
PMMA particles. This is a useful result, but not unex- 
pected, since the diffusion of large molecules through- 
out the phase composed of the glassy major component 
would be expected to be very slow. 

The most important feature of the data to explain is 
the result a =  2. If the detailed particle morphology werg 
known, we could use that information to interpret the d 
and P values. For example, if the particle structure were 
that of a sphere of PVAc covered by a monolayer shell 
of PEHMA, the result d = 2 would be easy to explain. 
The energy transfer experiment is sensitive to a distance 
scale (rma,) set by Rot rD, and the time scale of the mea- 
surement. We estimate rm8, = &,(tmax/~o)1'6, with t,,, 
= 255 ns, and obtain rmax = 34 A. The surface of a 100- 
nm radius sphere is locally flat on scale of 34 A. 

In the case of the 200-nm diameter PVAc particles, if 
all the PEHMA were present in the form of a shell at  
the surface, this layer would be ca. 32 8, thick. If all the 
PIB contained in the 1-pm PMMA particles were at  the 
surface, it would form a shell ca. 50 8, thick. These num- 
bers raise an interesting question about how thick a layer 
can be and still exhibit two-dimensional behavior. 

We know, however, that in both sets of particles a sub- 
stantial fraction of the rubbery polymers are trapped as 
a continuous network within the interior.20 Briefly stated, 
the connected nature of the PEHMA and PIB networks 
was deduced from transport experiments involving par- 
ticles labeled with either Phe groups in the PVAc 
phase16 or N groups in the PMMA phase.20 When AMP 
was added to cyclohexane dispersions of these particles, 
quenching of the internal chromophores was detected 
within minutes, whereas, as we have shown above, diffu- 
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sion of the dyes through the PVAc and PMMA phases 
is very slow. This implies the existence of pathways, chan- 
nels of PEHMA or PIB that can be swollen with hydro- 
carbon solvent, penetrating deeply within the particle. 
When the particles are exposed to a pentane solution of 
AMP, Phe, or other large organic dye, the dyes can pen- 
etrate into the particle through the paths composed of 
swellable low T,  polymer. They remain trapped in this 
phase when the pentane is removed. Hence the result d 
= 2 in Figure 4 pertains to both the internal and surface 
PEHMA components. 

One necessary interpretation of the result d = 2 for 
these systems is that the rubbery phase is characterized 
by a t  least one dimension which is small. This could be 
the thickness of a layer covering a surface of large radius 
of curvature or the diameter of a thin cylinder. 

Domain Size and  Particle Formation Mechanism. 
In the early stages of dispersion polymerization, initia- 
tion and polymerization of the monomer occur in the solu- 
tion phase. Once the growing polymer chains exceed their 
solubility, they collapse and/or aggregate. At  this point, 
one believes the graft copolymer binds to the aggregates 
and provides temporary steric stabilization against fur- 
ther aggregation and coalescence. A monomer dissolved 
within these aggregates undergoes rapid polymerization 
(gel effect), exposing bare surface on the enlarged parti- 
cles. Collisions can now lead to the formation of large 
particles. If the graft copolymer can dissociate rapidly 
from the surface and reassociate with newly exposed bare 
patches, the final particle will contain the stabilizer only 
on the outer surface. If dissociation is slow or does not 
occur, particle growth through an aggregative mecha- 
nism will trap the stabilizer within the particle interior. 

It would be nice if there were definitive experimental 
evidence for this model, which is obtained as a synthesis 
of a wide number of different observations. One is still 
a t  the stage where information on morphology provides 
important insights into the particle formation mecha- 
nism. For example, in this model, aggregation could lead 
to a bicontinuous internal structure where primary par- 
ticles were largely covered with a monolayer of rubbery 
polymer from the surface coating of the graft copolymer. 
The local shape of the rubbery phase would depend upon 
the subsequent growth mechanism. If particle growth 
were exclusively through primary-particle aggregation, the 
local geometry would be that of a thin shell of rubbery 
polymer. If aggregation were in strong competition with 
monomer polymerization within the growing particles, local 
growth of the major component would cause radial swell- 
ing and shape distortions in the rubber phase. In this 
way we imagine that the rubbery phase might acquire a 
shape that was locally cylindric. 

If the PEHMA phase in these PVAc particles is in the 
form of cylinders, the value of a = 2 has no intrinsic mean- 
ing in the terms of the dimensionality of space. For such 
cylinders d = 2 implies a cylindrical radius of 30 A. If, 
however, the PEHMA phase is in the form of a mono- 
layer covering part of the surface of spherical objects, d 
= 2 refers to the local dimensionality of space. Such a 
surface will exhibit a two-dimensional behavior only if 
the radius of curvature is sufficiently large. We have used 
the KBZ equations6 to carry out computer simulations 
of the fluorescence decay behavior for D*-A pairs appro- 
priate to our experiments, with the groups distributed 
on the surface of a sphere. By fitting these data we find 
that d = 2 for a radius of curvature R, greater than 60 
A. A locally flat phase will exhibit d = 2 behavior if suf- 
ficiently thin. Simulations of a planar sheet and of a 
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Figure 7. Plot of a vs radius for the cylindrical geometry when 
the donors all located on the surface of the cylinder. 

flat rectangular solid suggest that as the local thickness 
exceeds 10 A, energy transfer should exhibit d > 2. 

From these arguments, a very interesting picture 
emerges. We know the volume fraction of PEHMA in 
the PVAc particles. If this phase is present as a shell 
covering primary spherical particles, these particles have 
to have a radius no larger than 300 8, or this phase would 
be too thick to show a = 2. On the other hand these 
particles must have a radius greater than 60-A or curva- 
ture effects would also be inconsistent with d = 2. Thus 
if the internal structure were in the form of vestiges of 
spherical primary particles, we can set some limits on 
their size. 

Swelling Experiments. In the KBZ analysis6 of direct 
energy transfer in a restricted geometry, the value of d 
due to a crossover must be sensitive to the local dimen- 
sions. One expects d to increase as the space containing 
it swells. This expectation is borne out. 

Hexadecane is a good solvent and a swelling agent for 
PEHMA. When particle dispersions of N.7 in pentane 
are mixed with hexadecane and AMP and then evapo- 
rated to dryness, both solutes mix with the PEHMA phase. 
We cannot establish what fraction of the hexadecane goes 
into the particles and what fraction remains a t  the sur- 
face. The results shown in Figure 6 demonstrate that 
adding increasing amounts of hexadecane in this way causes 
d to increase. The thickness of the PEHMA domains 
becomes enlarged until d = 3. At  this point the span of 
the experiment (rmax) is no longer sufficient to detect 
the influence of restricted geometry on the energy trans- 
fer kinetics. 

This kind of result is shown in Figure 7 for the case of 
a cylindrical reaction volume with the donor located on 
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Figure 8. Plot of d and P for samples of N.7 dispersed in hexa- 
decane containing various concentrations of AMP. 

the surface of the cylinder. In such a geometry the d 
value determined in an energy transfer experiment rep- 
resents the effective exponent between regimes of d = 3 
at  early times and d = 1 at long times. The curve in 
Figure 7 is evaluated from equations provided by KBZ' 
using the R, and 7D values appropriate to experimental 
data in Figure 4. What one sees in Figure 7 is that if_the 
cylindrical space containing the AMP is very thin, d = 
1, while as the thickness increases, d - 3. The implica- 
tion of this kind of calculation is that for space of a cer- 
tain size, changing the dyes to vary R, and rD should 
lead to different values of d. This may provide a system- 
atic way to distinguish one model from another for the 
shape of a space restricted in size. 

The PEHMA-PVAc particles form stable colloidal dis- 
persions in both hexadecane and cyclohexane. We were 
curious to see what would happen to the shape of the 
ZD(t) profile for the N.7 particles when they were dis- 
persed in hexadecane and cyclohexane containing AMP. 
The fluorescence decays for the hexadecane dispersions 
give reasonable fits to eq 1 and yield the data plotted in 
Figure 8. The effective dimensior_lality was found to be 
d = 2.93 (indistinguishable from d = 3). The only curi- 
ous feature of the data concerns the magnitude of the P 
values. When these values are fitted to eq 4, we find 
that they are too large by a factor of 1.5. Since AMP 
can partition between bulk solvent and the particle, one 
explanation for this result could be that the concentra- 
tion of AMP is enriched in the PEHMA phase. Alter- 
natively, one might calculate that R ,  had increased to 
30.2 A, although there are no spectroscopic changes to 
support this idea. I t  may also be that the increase in P 
reflects the beginnings of AMP diffusion contributing to 
energy transfer. 

Dispersions of N.7 in cyclohexane containing AMP all 
yield simple exponential fluorescence decays, and the life- 
times obtained fit the Stern-Volmer equation. The slope 
of this plot is a k g ,  where a is the partition coefficient for 
AMP in the system. If a = 1, we obtain k ,  = 3.3 X lo9 
M-' s-l, which is 3.7 times smaller than the value obtained 
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for NMP plus AMP in cyclohexane. In the latter exper- 
iment both species can diffuse whereas in the labeled 
particle, only AMP diffusion should contribute to energy 
transfer. As a consequence, the assumption that a = 1 
leads to the suggestion that diffusion of AMP in the cy- 
clohexane-swollen PEHMA phase is only about 1.8 times 
slower than in cyclohexane itself. 
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