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The morphology of nanodomain structures in binary polymer blends of a random copolymer and a
homopolymer is determined using electronic excitation transport~EET! studies. The experimental
system employed is a copolymer, 6.5% atactic poly~methyl methacrylate-co-2-vinyl naphthalene!
@P~MMA-2VN !#, in atactic poly~vinyl acetate! ~PVAc!. The naphthalene groups serve as
chromophores in the EET experiments. The mixtures are prepared such that initially the
P~MMA-2VN ! chains are randomly distributed in the PVAc matrix. The nanodomains are formed
while low-concentration mixtures of the P~MMA-2VN ! in PVAc are held at constant temperature in
the melt state (T.Tg), above the temperature at which phase separation occurs. In the melt the
chains diffuse, and P~MMA-2VN ! chains aggregate until the temperature is quenched belowTg .
The structures of the resulting domains are examined with time-resolved fluorescence depolarization
measurements, and the data are analyzed using an analytical theory to model EET among interacting
polymer chains. The agreement between theory and data is very good. The results of the analysis
indicate that the nanodomains correspond to aggregates with a characteristic size equal to the radius
of gyration of the copolymer,Rg . The number of P~MMA-2VN ! chains in aggregates prepared
under different conditions is determined. ©1995 American Institute of Physics.
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I. INTRODUCTION

The details of molecular structure in polymeric solids
a topic of tremendous importance. Knowledge of structure
the molecular level is a necessary step toward a compre
sive statistical mechanical description of bulk polymer pro
erties. Such an understanding can be employed to predic
physical properties of new materials, and to design mater
with specific characteristics.

In the case of binary polymer blends, little is know
about structure during the initial stages of phase separa
The phase separation studied in this work is a nonequ
rium transformation from an unstable homogeneous phas
a stable two-phase system. In the homogeneous phase
blend’s components are fully mixed on submolecular d
tance scales, while the phase-separated blend contains s
gated domains of macroscopic dimension. Molecular se
gation, however, can occur on distance scales much sm
than the minimum domain size associated with macrosco
phase separation. Macroscopic domains are large enoug
observe directly by light microscopy or light scattering me
ods ~Rd;1000 to 10 000 Å!, while nanodomains are to
small to study by conventional techniques~Rd;10 to 100
Å!. A nanodomain is a region where as few as two or th
polymer coils of one component have aggregated. The
tails of nanodomain structure and formation are not well
derstood. Nevertheless, it has been shown that nanodom
exist in solid blends which appear macroscopica
homogeneous.1–3

Typically, the experimental methods employed to stu
phase separation are light scattering,4,5 small angle neutron
scattering~SANS!,6,7 NMR,8,9 and structural characterizatio

a!Current address: the James Franck Institute, The University of Chic
Chicago, Illinois 60637.
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by microscopy3,10,11and digital image analysis.12 Pioneering
work on the kinetics and mechanisms of polymer phase sep
ration has been carried out using microscopy11 and pulsed
NMR techniques.9 Spinodal decomposition in binary poly-
mer blends has been studied by Hashimoto and colleagu
using time-resolved light scattering4,5 and SANS6 measure-
ments. Spiess has used proton spin diffusion to examine t
microphase structure of various polymer systems.8 Of par-
ticular relevance to the work described below are the NMR
and the SANS measurements, since they have been succ
fully used to probe submicron scale structure during th
phase separation process. The most important limitation
the scattering techniques, however, is the necessity of intr
ducing sufficient scattering contrast between the componen
or the phases comprising the blend. Usually this involve
deuterating one of the components, which has the effect
altering the phase diagram. For example, in the case of de
terated poly~styrene! in poly~vinyl methyl ether!, the critical
temperature for phase separation is increased by 60 °C co
pared to that of the protonated blend.10 Such thermodynamic
differences between the deuterated and protonated syste
have been studied for some time,13,14and do not detract from
the fundamental information gained from such studies
SANS experiments become less useful in the limit of ver
low concentrations of scattering centers. This is the situatio
examined in this work. Probably the technique that is close
in spirit to this work is the NMR spin diffusion.8 In the
experiments described here, excitation diffusion is observe
rather than spin diffusion. Examination of excitation diffu-
sion provides enhanced sensitivity that is generally assoc
ated with optical experiments.

In recent years, electronic excitation transport~EET!
studies of chromophores bound to polymers or to micell
assemblies have become a useful tool for the elucidation
macromolecular structure.2,15–27Since the emission of fluo-

go,
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8190 Marcus et al.: Nanodomains in a liquid polymer blend
rescence occurs against a dark background, it is possibl
obtain high quality data from very low concentrations
light-emitting probe molecules~chromophores!. Moreover,
fluorescence measurements are a straightforward method
the examination of the excited-state dynamics associa
with systems of interacting chromophores. Resonant dipo
coupling between the singlet electronic states of interact
chromophores was first described as a mechanism for E
by Förster.28,29The 1/r 6 dependence of the transition dipole
transition dipole interaction has led to the determination
interchromophore distances that are directly related to
segmental distribution of macromolecules containing a sm
number of randomly distributed chromophores.2,21,25This is
similar to the role nuclear dipolar relaxation~which also fol-
lows a 1/r 6 dependence! has played in the determination o
interatomic distances using nuclear Overhauser enhancem
studies.30 The distance sampled by the Fo¨rster interaction
depends on the oscillator strengths of the chromophores
the spectral overlap between the excited singlet state of
donor and the ground state of the acceptor.31 This interaction
is characterized by the Fo¨rster transfer distance,R0. Depend-
ing on the specific system,R0 may range from 6 to 60 Å.31

Recently, analytical methods have been developed to
scribe EET among chromophores embedded in spati
complex systems.18 The technique has been applied to e
perimental studies of concentrated micelle suspensions w
chromophores restricted to the micelle surfaces,17 and to
pendant chromophores covalently bound to the backbone
interpenetrating polymer chains.15 For the micelle system,
the accuracy of the method has been confirmed by comp
son to the results of Monte Carlo simulations.16 In both ex-
perimental situations, EET occurs within a chromopho
cluster, e.g., a micelle or a polymer coil, and between cl
ters.

The method makes use of a truncated cumulant appro
mation which is based on the assumption that the cumula
effect of all transfer processes is well described by a sup
position of pairwise interactions.32–36 In this way, the mul-
tiple step processes which occur in clustered systems ma
partitioned into fast events internal to a cluster and t
slower transfer steps between interacting clusters. This re
malizes a many-body problem into a tractable two-bo
problem that can be formulated analytically. Since the int
action between clusters is treated in analogy to the inter
tion between two ‘‘effective chromophores,’’ the technique
called the effective chromophore~EC! method.

The center-to-center coil-pair distribution is inherent
nonrandom in a nanodomain structure formed in the init
stage of phase separation of a binary blend. In this work,
present experimental measurements of EET among the c
mophore substituents of a copolymer@atactic 6.5%
poly~methyl methacrylate-co-2-vinyl naphthalene!, or
P~MMA-2VN !# dispersed at low concentrations in a chem
cally distinct and optically inert polymer host@atactic poly-
~vinyl acetate!, or PVAc#. Under the appropriate conditions
the chromophore-containing, minor component forms na
odomain structures that lead to an increase in the obser
EET. The EC analysis is used to interpret the experimen
observables in terms of highly correlated coil centers. He
J. Chem. Phys., Vol. 103,Downloaded¬14¬May¬2002¬to¬171.64.123.74.¬Redistribution¬subje
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the center-to-center pair distribution,gc.m.(r ), has the physi-
cal meaning of the relative probability of finding two differ-
ent molecular centers of the P~MMA-2VN ! separated by the
distancer .

The behavior of interacting clusters of chromophores
can be understood as a superposition of EET processe
which include both the EET in a single cluster~internal! and
the EET between cluster pairs~external!. Thus, the survival
probability of an excited chromophore~probability that the
initially excited chromophore is still excited at a timet after
the initial excitation att50! will depend on transfer among
chromophores on the same chain and on interchain transf
which increases in frequency as the number of chains in th
nanodomain increases. Therefore, by measuring the surviv
probability @Gs(t), see below# it is possible to determine
properties of nanodomain structure as a function of the
sample preparation conditions.

This paper is organized in the following manner: In Sec.
II, we briefly discuss the application of the two-particle cu-
mulant approximation to calculation of the EET observables
obtained from nanophase-separated P~MMA-2VN !/PVAc
systems. A general treatment of this problem has been re
ported previously.18 Section III describes the experimental
instrumentation and the preparative techniques employed
Section IV is a discussion of the results.

II. THEORY AND CALCULATION OF OBSERVABLES

In this section, we present a model for energy transpor
among identical chromophores randomly attached to th
backbones of polymer coils in an amorphous binary blend
The formulation is similar to one presented in Ref. 15; how-
ever, here the effects of molecular aggregation are accounte
for in the observables. We adopt a formalism which makes
use of a truncated cumulant approximation to the Green’
function solution of the Pauli master equation.32,33The time-
dependent motion of an excitation within an ensemble o
interacting chromophores can be characterized by the func
tion Gs(t).37,38Gs(t) is the self-part of the Green’s function.
It represents the probability that the initially excited chro-
mophore is still excited at some later time.Gs(t) includes
transfer events in which the excitation leaves the initial site
and later returns, but does not include the excited state life
time.

The usefulness ofGs(t) lies in its relationship to the
observables obtained from fluorescence depolarization ex
periments. A polarized excitation of an ensemble of ran-
domly oriented chromophores results in a photoselected en
semble of excited states. Chromophores have a probability o
excitation that depends on the angle between theE field of
the light and the direction of their molecular transition dipole
moment. Transfer of the excitation to surrounding molecules
which are randomly oriented, and subsequent emission lead
to depolarization of the observed fluorescence. This results i
fluorescence anisotropies dominated byGs(t), provided
other depolarization processes~such as chromophore rota-
tion! occur on a slower time scale. For the experiments pre
sented here, we obtain high-resolution excited-state deca
profiles polarized both parallel and perpendicular to the ex
No. 18, 8 November 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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8191Marcus et al.: Nanodomains in a liquid polymer blend
citation polarization. These decays are converted to fluor
cence anisotropies, which are related toGs(t) for the poly-
mer system.

The cumulant is truncated at first order. Therefore,
transfer events between chromophores are modeled by p
wise interactions. Approximations of this type display exce
lent agreement with more accurate representations of
Green’s function for infinite isotropic systems as well as f
restricted finite-volume systems.21,25,32–35The first-order cu-
mulant approximation provides a mathematically tractab
approach to the complex problem examined here.

We describe the excitation dynamics in polymer syste
by separatingGs(t) into two contributions,Gon

s (t) and
Goff
s (t).18Gon

s (t) describes transport ‘‘on’’ the coil containing
the originally excited chromophore. This part of the ener
transport is internal to the coil, corresponding to the zero
order term of a cumulant in coil density.Goff

s (t) describes
forward- and back-transfer from the originally excited coil
chromophores on neighboring coils. This part ofGs(t) rep-
resents an interaction between coil pairs and correspond
the first-order term of the cumulant. In the context of th
model, all transfer events are independent. That is, the pr
ability of transfer to other coils is unaffected by the probab
ity of transfer within a coil. This implies that the ensemb
average decay of the Green’s function can be writt
^Gs(t)& 5 ^Gon

s (t)&^Goff
s (t)&.18,39Thus, the observed excita

tion transfer in a concentrated sample of chromopho
containing coils can be viewed as the low concentration d
namics ~isolated coils! modified by the dynamics due to
intercoil EET. We are then faced with the separate proble
of calculating^Gon

s (t)& and ^Goff
s (t)&.

A. Microsystem calculations: Chromophores
distributed within two Gaussian surfaces

Consider two identical polymer coils with radius of gy
ration Rg , separated by the distanceRs . Both coils have
chromophores randomly oriented and distributed along th
backbones. One is designated the ‘‘donor coil’’ while th
other is the ‘‘acceptor coil.’’ The intercoil separation may b
large so that the segments of the two molecules do not co
into contact, or small so that the segments interpenetrate
tensively. We examine the case in which a single ch
mophore on the donor coil is excited and incoherent ene
transfer to surrounding unexcited chromophores can oc
by a dipole–dipole type mechanism.28

In general, the ensemble average decay of the excita
probability of a donor molecule surrounded by a distributio
of acceptors is given by,18,35

ln^Gs~ t !&52
r

2 E
space

$12exp@~22t/t!

3~R0 /ur u!6#%ua~r !dr . ~2.1!

Here, ‘‘donor’’ means the initially excited molecule, while
‘‘acceptors’’ refers to unexcited but otherwise identical mo
ecules. In Eq.~2.1! r represents the number density of a
ceptor molecules,t is the excited state lifetime,R0 is the
characteristic Fo¨rster transfer distance, andr is the vector
which spans the volume of the chromophore distributio
J. Chem. Phys., Vol. 103, NDownloaded¬14¬May¬2002¬to¬171.64.123.74.¬Redistribution¬subjec
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The vector distributionua~r ! is defined such thatrua~r !dr is
the fraction of acceptors in the region betweenr and r1dr .
The normalization condition is

rE
space

ua~r !dr5~N21!, ~2.2!

whereN is the total number of chromophores~donor and
acceptors! within the finite volume. The integrals in Eqs.
~2.1! and ~2.2! are carried over the space containing the do
nor and acceptor chromophores.

Equation~2.1! describes the excitation decay of a single
donor molecule on the donor coil interacting with a distribu
tion of chromophores on the acceptor coil. Since the distr
bution of acceptor chromophores depends on the origin
donor position, Eq.~2.1! must be averaged over the space o
the donor coil:

^Gs~ t !&5
1

Vd
E
space

^Gs~ t,rd!&ud~rd!drd , ~2.3a!

^Gs~ t,rd!&5expS 2
~N21!

2Va
E
space

$12exp@~22t/t!

3~R0 /uradu!6#%ua~ra!draD . ~2.3b!

In Eqs. ~2.3! the volumesVd andVa are those occupied by
the donor and acceptor distributions. The vectorrad joins the
positions of the acceptor and donor chromophores.

To perform the integrals in Eqs.~2.3!, we adopt a mul-
tiframe coordinate system. The space containing the don
and acceptor distributions is spanned by the vectorsr1 and
r2, respectively. The donor–acceptor separations are th
given by a coordinate transformation13 that depends on the
distance between the coil centers of mass. Thus,r2 5 Ar128 ,
wherer 128 spans the space containing the acceptor molecul
in a newly defined coordinate system. The donor and acce
tor distributions are modeled as Gaussian functions after t
Gaussian chain model:10

ud~r1!5S 3

2p^Rg
2& D

3/2

expS 23

2^Rg
2&
r 1
2D , ~2.4a!

dr15r 1
2 sin u1 dr1 du1 df1 , ~2.4b!

ua~r2!5S 3

2p^Rg
2& D

3/2

expS 23

2^Rg
2&
r 2
2D , ~2.4c!

dr25r 2
2 sin u2 dr2 du2 df2 . ~2.4d!

Substitution of Eqs.~2.4! into Eqs.~2.3! and further simpli-
fication by symmetry arguments result in

^Goff
s ~ t,Rs!&52pS 3

2p^Rg
2& D

3/2E
r1
E

u1

Gs~r 1 ,u1!

3expS 23

2^Rg
2&
r 1
2D r 12 sin u1 dr1 du1 ,

~2.5a!
o. 18, 8 November 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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8192 Marcus et al.: Nanodomains in a liquid polymer blend
ln@Gs~r 1 ,u1!#

5~N21!pS 3

2p^Rg
2& D

3/2E
r2
E

u2
H exp@~22t/t!

3~R0 /~r 128 ~u1 ,u2 ,r 1 ,r 2!!6#21%expS 23

2^Rg
2&
r 2
2D r 22

3 sin u2 dr2 du2 , ~2.5b!

where

ur 128 ~u1 ,u2 ,r 1 ,r 2!u25r 1
21r 2

212Rs@r 2 cosu2

2r 1 cosu1#22r 1r 2 cos~u22u1!

1Rs
2. ~2.5c!

Equations~2.5! express the excitation dynamics between tw
coils separated by the distanceRs . In the limit of vanishingly
smallRs , the donor and acceptor distributions superimpo
and the resulting excitation dynamics occur as if on a sing
isolated coil. That is,̂Goff

s (t,0)& 5 ^Gon
s (t)&. For all finite

separations, these integrals must be evaluated numerica
Thus far, we have derived̂Gs(t)& for two specific cases:

^Gon
s (t)& describes excitation transfer amongN chro-

mophores on a single isolated coil, while^Goff
s (t)& @Eqs.

~2.5!# describes excitation transfer between a donor ch
mophore on a ‘‘donor coil’’ andN-1 acceptor chromophores
on an ‘‘acceptor coil,’’ where the two coils are separated
the distanceRs . ^Goff

s (t)& contains the details of the chro
mophore distributions, and it represents the configuratio
average of the transport dynamics due to the pairwise in
action between two coils. These two descriptions of the c
transport dynamics, which separately contain internal a
coil–pair interactions, are sufficient to model the copolym
concentration-dependence ofGs(t).

B. Calculations for chromophore-containing
copolymer aggregates

An extension of Eqs.~2.5! to experimental observable
must consider the effect of molecular interactions on both
intramolecular structure and the intermolecular radial dis
bution function. A complete description of the bulk structu
would include the complex interdependencies of the poss
intra- and intermolecular conformations. In the case of a b
homopolymer, it is possible to make use of the fact th
individual coils in single-component dense melts and glas
are ideal.40,41 The concept of aQ condition in condensed,
disordered, single-component homopolymers has been
peatedly verified in the literature.42,43 In these situations, the
forces which lead to intramolecular excluded volume are b
anced by those forces arising from the interactions betw
molecules. The Flory postulate states that the segmental
tribution of an ideal chain~Q condition! is Gaussian for dis-
tances beyond a few statistical segment lengths with a s
ond moment that scales linearly with the chain size.44 Since
the copolymer chains in these experiments contain onl
small number of chromophores~less than one chromophor
per statistical segment length!, the average interchromophor
separation is large enough for the energy-transport obs
J. Chem. Phys., Vol. 103,Downloaded¬14¬May¬2002¬to¬171.64.123.74.¬Redistribution¬subje
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able to reflect global chain structure in the experimental sy
tem studied.1 Furthermore, a previous study in which
Gaussian model was assumed has shown that low naph
concentrations in the copolymer do not cause theRg to differ
in a detectable manner from that of PMMA.1 Therefore, it is
reasonable to assume an ideal Gaussian distribution for
individual copolymer coil configurations in bulk PMMA. In
Ref. 15, the Gaussian chain model was successfully e
ployed to obtain an analytic description of the excitation d
namics of the copolymer in PMMA.

For a binary blend of P~MMA-2VN ! in PVAc, however,
the situation is far removed from one described by aQ con-
dition. The component species in binary blends may differ
various local and global structural features as well as inter
through attractive or repulsive dispersivelike forces.44,45

Nevertheless, it is possible to model such binary systems
considering mixtures of Gaussian chains.45 Such studies have
successfully explained SANS measurements of polym
mixtures that exhibit phase-separation behavior.7,13

We proceed by averaging Eqs.~2.5! over intermolecular
radial separations relevant to the energy transport observa
Since the coils are believed to form nanodomains, the c
centers of mass are constrained to lie in the space of a fin
volume. Thus, the cluster-to-cluster ‘‘effective chro
mophore’’ interaction described by Eqs.~2.5! can be treated
in exact analogy to the Fo¨rster interchromophore interaction
for chromophores distributed in a finite volume. Equation
~2.3! are rewritten

^Goff
s ~ t,Nc!&5

1

V E
space

^Goff
s ~ t,Nc ,Rd!&u~Rd!dRd ,

~2.6a!

^Goff
s ~ t,Nc ,Rd!&5expS 2

~Nc21!

2V E
space

@1

2^Goff
s ~ t,Rs!&#u~Ra!dRaD , ~2.6b!

whereRd and Ra are the center-of-mass positions of th
donor and acceptor coils, respectively,Rs5uRd2Rau, the spa-
tial distributions of the donor and acceptor coils are indisti
guishable, andNc is the total number of chromophore
containing coils in the nanodomain cluster. In Eqs.~2.6!,
u~R!dR represents the probability that the center of mass
a copolymer molecule~modeled as a symmetric, Gaussia
function! lies between the radial distancesR and R1dR
from the nanodomain’s center of mass. The form ofu~R!
serves to characterize the intermolecular nanodomain str
ture. As discussed in Sec. IV, the average nanodomain c
centration~mean aggregation number! is the only adjustable
parameter in the data analysis. Therefore, certain consid
ations that influence the selection ofu~R! will be discussed
in Sec. IV as well.

A distribution function,P(Nc), is used to describe the
probability of findingNc chromophore-containing copolyme
coils in a given domain. In general, the distribution will de
pend on the effect of dispersive forces between the coils. F
the simplest case,P(Nc) is given by the Poisson distribution
The Poisson average of Eq.~2.6a! is
No. 18, 8 November 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp



TABLE I. Physical characteristics of the guest@6.5% atactic poly~methyl methacrylate-co-2-vinyl naphthalene!# copolymer in PMMA and PVAc hosts.Mw is
the weight-average molecular weight,Mw/Mn is the polydispersity, %2-VN is the number percent of naphthyl subunits,^Nchrom/coil& is the average number
of chromophores per molecule,Nmon is the number of monomers per molecule,Nstat is the number of statistical segments per molecule,l stat is the statistical
segment length, and̂Rg

2&1/2 is the rms radius of gyration based on the random chain model. Measurements of the values shown for^Rg
2&1/2 is the subject of

Ref. 21.

Host Mw Mw/Mn %2-VN ^Nchrom/coil& Nmon Nstat l stat ^Rg
2&1/2

PMMA 25,300 1.55 6.5 16 244 39 15.9 Å 40.5 Å
PVAc 25,300 1.55 6.5 16 244 39 13.3 Å 34 Å
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^Goff
s ~ t,n!&5 (

Nc50

`
Nc

n S e2n
nNc

Nc!
D ^Goff

s ~ t,Nc!&, ~2.6c!

where n is the mean number of chromophore-containin
coils per domain.

Equations~2.6! describe the decay of excitation prob
ability in a solution of chromophore-containing copolyme
clusters~with a Poisson average ofn copolymer coils per
cluster! due solely to intercoil transfer events. The intraco
transfer, which is present for all values ofn, contributes to
the overall decay according tôGs(t,n)& 5 ^Gon

s (t)&
3 ^Goff

s (t,n)&.18 According to Eq. ~2.6!, ^Goff
s (t,n)& ap-

proaches a time-independent value of unity as the coil c
centration approaches zero. This allows the overall decay
^Gs(t,n)& to approacĥGon

s (t)& with decreasing aggregation
as expected.

The functionGs represents the probability of irreversibl
decay of an excitation due to energy transfer. Its relations
to the fluorescence anisotropy, which contains all sources
depolarization, can be written as

r ~ t,n!5^F~ t !^Gs~ t,n!&&. ~2.7!

Here, F(t) contains processes besides energy transp
which contribute to the depolarization. The most importa
of these is molecular reorientation, which occurs on a mu
slower time scale than that of the energy transport we wish
observe. The outer brackets in Eq.~2.7! indicate a configu-
rational average that includes correlations betweenF(t) and
the energy transport. The difference in their time scal
however, suggests that the correlations are insignificant,
that the excitation transfer is independent of molecular ro
tion. Thus, Eq.~2.7! can be rewritten as

r ~ t,n!5exp~2t/t rot!^G
s~ t,n!& ~2.8!

wheretrot is the rotational correlation time.

III. EXPERIMENTAL METHODS

A. Sample preparation

A copolymer comprised of 93.5% methyl methacryla
~MMA ! and 6.5% 2-vinyl naphthalene~2-VN! was prepared
using the methods described by Petersonet al.1 The fraction
of 2-VN subunits in the copolymer was determined by me
suring the absorbance of a known quantity of the mate
dissolved in CH2Cl2. The concentration of substituted naph
thalene was determined based on the molar extinction co
ficient for 2-ethyl naphthalene~350 M21 cm21 at 320 nm!.
This polydisperse material~Mw536 900, Mw/Mn52.16!
was fractionated by size-exclusion chromatography usin
J. Chem. Phys., Vol. 103, NDownloaded¬14¬May¬2002¬to¬171.64.123.74.¬Redistribution¬subjec
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preparative gel permeation chromatograph~GPC! fitted with
a Polymer Laboratories PL gel resin 500 Å column. Toluen
was the eluent. The molecular weights and polydispersitie
of the fractions were determined with a Waters Associate
analytical GPC, using THF as eluent.

The physical characteristics of the guest copolymer use
in this study are reported in Table I. This particular fraction
was chosen to emulate a previous study of EET in isolate
P~MMA-2VN ! coils in a PVAc host.21 The host
PVAc~Mw583 000,Mw/Mn52.1! was purchased from Ald-
rich Chemical and used as received. All weights were me
sured using a Gram–Attic balance~Fischer Scientific Com-
pany! accurate to within60.0001 g. Volumes were measured
with calibrated volumetric flasks and pipettes.

The samples were made as consecutive dilutions of
concentrated sample. A stock solution of 15% host PVAc i
benzene was prepared. An aliquot of this solution was com
bined with a measured quantity of the guest copolymer t
make a 10% guest/host mixture. Less concentrated samp
~5%, 2.5%, 0.31%, 0.15%, and 0.05%! were made by con-
secutive dilution of the 10% solution. These polymer
benzene solutions were then freeze-dried by immersion
liquid nitrogen, followed by sublimation of the frozen ben-
zene under vacuum.

Optical quality samples were obtained by compression
molding the freeze-dried material above the glass transitio
temperature of the blend. The procedure was similar to th
used by Ediger2 and Peterson,1 although there were some
notable differences. The freeze-dried material was loade
into a Specac heatable die cell with polished stainless ste
platens. This die cell was sealed in an aluminum bag whic
was subsequently purged with nitrogen gas. The bag and d
cell were placed between the heated platens of a Carver d
press. The temperature of the sample was monitored using
thermocouple inserted into the base of the die. After th
sample temperature was held between 82 °C–87 °C for
particular annealing time, the die was pressed to 0.5 metr
tons for 2 min. The die cell was immediately removed from
the hot Carver press and quenched in dry ice. All sample
were made with an appropriate width~see Tables II and III!
to insure an optical density below 0.2 at the peak absorptio
wavelength~320 nm!. The optical quality of the samples was
checked using a polarizing microscope. The samples we
found to be optically clear~incapable of scattering visible
light! and free of birefringence.

Two series of solid solutions were prepared and are pr
sented in Tables II and III, respectively. In seriesA, the an-
nealing time was held constant~t520 min!, while the initial
o. 18, 8 November 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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8194 Marcus et al.: Nanodomains in a liquid polymer blend
concentration of the copolymer was varie
~0.05%<c0<10%!. In seriesB, all samples contained an
identically low concentration of the chromophore-containin
copolymer~c050.31%!, but the annealing time was varie
~0,t<16 h!. In both series, the samples were annealed
similar temperatures~T58563 °C!.

In addition to the copolymer described above, a high-Mw

PMMA ~50 000 D,Mw/Mn51.31! and a low-Mw PMMA
~16 500 D, Mw/Mn51.47! were each used as purchase
from Scientific Polymer Products, Inc. in binary blends wi
the host PVAc for cloud-point measurements. Blends w
prepared in several weight ratios by dissolution of PVAc a
PMMA or P~MMA-2VN ! in benzene at 5% total polyme
weight/benzene volume, thorough mixing and lyophilizatio
Dry blend was loaded into the die cell of a Carver press
room temperature, evacuated, pressed to 0.5 metric tons,
transferred into a cloud-point cell. This method of samp
preparation was chosen to match that for the time-resol
fluorescence anisotropy measurements as closely as pos

B. Cloud-point measurements

Cloud-point measurements were conducted in calibrat
insulated, temperature-controlled copper cells with sapph
windows. Care was taken to be sure that the measured t
perature was actually the temperature of the sample.
temperature was raised at a variety of rates to determine
appropriate heating ramp. The first hint of opalescence w
detected with the aid of a microscope and backscattered
lumination, and the temperature at which it occurred w
identified as the cloud point. Samples of masses from 20.0
191.0 mg and thicknesses from 0.5 to 1.80 mm were stud
to check for the dependence of the observed cloud points
sample thickness; no such dependence was found. Bec
the samples in which we observed nanoscopic aggrega

TABLE II. Series A: Concentration-dependent samples. Vol. % is the
polymer volume percent,tan is the annealing time,tF is the measured fluo-
rescence lifetime, width is the sample thickness, and O.D. is the meas
optical density at the absorption maximum~lmax5320 nm!.

Vol. % tan ~min! tF ~ns! Width ~mm! O.D.

10.0 20 43.4 0.11 0.12
5.0 20 46.1 0.15 0.16
2.5 20 45.1 0.26 0.14
0.31 20 49.8 2.5 0.16
0.15 20 51.5 5.0 0.16
0.05 20 51.2 6.0 0.05

TABLE III. Series B: Annealing time dependent samples. Vol. % is t
copolymer volume percent,tan is the annealing time,tF is the measured
fluorescence lifetime, width is the sample thickness, and O.D. is the m
sured optical density at the absorption maximum~lmax5320 nm!.

Vol. % tan ~min! tF ~ns! Width ~mm! O.D.

0.31 20 44.0 0.65 0.092
0.31 60 41.3 0.63 0.092
0.31 240 42.2 0.63 0.092
0.31 960 40.7 0.63 0.092
J. Chem. Phys., Vol. 103,Downloaded¬14¬May¬2002¬to¬171.64.123.74.¬Redistribution¬subje
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~discussed below! were low concentration P~MMA-2VN !/
PVAc blends, we focused on mapping the low copolym
content portion of the cloud-point curve, and for compariso
the low PMMA content portion of the cloud-point curve.

Samples of PMMA/PVAc were studied with PMMA
concentrations of 10%, 5%, and 2.5%. After trying increa
ingly slow heating ramps, it was determined that reliab
results could be obtained using a heating ramp of 2 °C ev
2 h, starting at 65 °C. These results are presented in Table
Cloud-point curves for PMMA/PVAc blends generated b
Qipeng46 with heating ramps from 2 to 20 °C per minute lie
well above ~roughly 100 °C! the cloud points observed in
this work. In Ref. 46, it was pointed out that homogeneo
samples held at temperatures 15 °C below the repor
cloud-point curves became turbid after only 10 min. Th
illustrates the fact that the observed cloud point depends s
nificantly on the heating ramp. We believe that the resu
reported here are reasonable approximations to the true e
librium critical solution temperatures. However, because t
observed cloud points are not far above the glass-transit
temperatures, kinetic effects may still be slightly influencin
the results.

The copolymer, while essentially identical to PMMA in
its isolated coil structure, displays different phase-separat
behavior in PVAc blends. The cloud-point results for th
copolymer/PVAc blends are shown in Table IV for 5% an
2.5% samples. The cloud point was observed to occur a
holding the samples at 65 °C for 3 h. This temperature
slightly above the glass-transition temperatures~;55 °C! of
the blends. Macroscopic viscous flow was also observed
occur at 65 °C. Because of the very close proximity to th
glass transition, it is not certain that this is the equilibriu
critical solution temperature. The equilibrium critical solu
tion temperature is clearly<65 °C. Regardless of the exac
value of the equilibrium critical solution temperature, it i
clear that the samples used in the EET studies discus
below, annealed at 85 °C, were prepared above the equ
rium critical solution temperature, i.e., they were prepared
the phase-separated region of the phase diagram.

C. Time-resolved fluorescence measurements

Absorption spectra of the samples were measured us
an Hewlett Packard 8452A diode array spectrophotome
Time-resolved fluorescence anisotropy decays were m
sured using time correlated single photon counting. The a
paratus and technique are described in detail elsewhere.21,47

The excitation pulses were provided by the cavity-dump
output of a synchronously pumped dye laser tuned to 640
and frequency doubled to 320 nm. The pulse repetition r

o-

red

e

ea-

TABLE IV. Cloud-point temperatures for blends of PMMA and P~MMA-
2VN! in PVAc ~Mw583 000!.

Vol. %
PMMA

~Mw550 000!
PMMA

~Mw516 500!
P~MMA-2VN !
~Mw525 300!

10.0 89 °C 77 °C ;
5.0 91 °C 79 °C <65 °C
2.5 93 °C 81 °C <65 °C
No. 18, 8 November 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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8195Marcus et al.: Nanodomains in a liquid polymer blend
was 823 kHz, the pulse duration was;10 ps and typical
pulse energies after doubling were;1 nJ. The excitation
intensity was attenuated so that one fluorescent photon
detected for every 80 incident excitation pulses. Fluoresc
photons were detected from the front face of the samp
using an Hamamatsu microchannel plate in combination w
a subtractive double monochromator tuned to 337 nm.
instrument response function~;50 ps FWHM! for this ap-
paratus was recorded periodically during data collection,
the data were analyzed using the corresponding instrum
response function.

Time-dependent decays of the polarized component
fluorescence,I i(t) andI'(t), were collected in the following
manner. A detection polarizer was held fixed while a Pock
cell was used to switch the plane polarization of the exc
tion beam between horizontal and vertical orientations. E
orientation was sampled for equal amounts of time, chang
the polarization direction every 20 s. This procedure mi
mized the effect of laser instabilities over long periods
time as well as any inherent bias in the detection system

Data-sets were collected for a duration such that
peak of each decay contained approximately 45 000 cou
The fluorescence anisotropy was then calculated by point
point addition and subtraction of the fluorescence decay

r ~ t !5
I i~ t !2I'~ t !

I i~ t !12I'~ t !
. ~3.1!

D. Data analyses

Theoretical anisotropies were calculated using E
~2.5!, ~2.6!, and ~2.8! and compared directly with the data
The choice of time zero was made by matching the ris
edge of both the data and the measured instrument resp
functions. The time corresponding to the peak of the ins
ment response~typically, 3/4 up the rising edge of a data se!
was taken as time zero.

IV. RESULTS AND DISCUSSION

It is evident from Eqs.~2.5! that the necessary param
eters for the cumulant approximation are the Fo¨rster critical
transfer distance and the rms radius of gyration of
chromophore-containing copolymer. The dynamic Fo¨rster
distance for 2-ethyl naphthalene dispersed in PMMA and
PVAc was previously determined to be 13.060.6 Å for both
host materials.2,21 The orientation-dependent transfer d
tance is then obtained by multiplying the dynamicR0 by the
factor ~g!1/3~50.9461!, which is determined by performing
the proper average over angles.1,35 The rms radius of gyra-
tion is determined from the molecular weight provided bo
the statistical segment length~l stat! and the number of statis
tical segments~Nstat! are known:

^Rg
2&5 1

6Nstat~ l stat!
2. ~4.1!

The number of statistical segments is obtained from the
lation, Nstatl stat5Nmonlmon, whereNmon and lmon~>2.54 Å!
are the number of monomers and the monomer length,
spectively. The statistical segment length for several cop
mers of 2-VN and MMA with various molecular weights ha
J. Chem. Phys., Vol. 103,Downloaded¬14¬May¬2002¬to¬171.64.123.74.¬Redistribution¬subje
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been determined by Petersonet al.1,21This value~l stat515.87
Å! was established using EET measurements on isolate
chromophore-containing copolymers in bulk PMMA. It cor-
responds to radii of gyration identical to those obtained by
light scattering measurements of polymer chains with iden
tical molecular weights dissolved inQ solvents. The corre-
sponding statistical segment length of the copolymer dis
persed in bulk PVAc~l stat513.3 Å! was determined in a
similar way by Petersonet al.21 Figure 1 reproduces data and
theoretical calculations from that work. The function^Gs(t)&
was extracted from time-resolved fluorescence anisotrop
measurements of the chromophore-containing copolyme
~Mw525 300! dispersed in either of the host polymers. The
decay of ^Gs(t)& is faster in the PVAc host than in the
PMMA. Analysis of these experiments established that the
P~MMA-2VN ! coils are collapsed relative to their radius of
gyration observed underQ conditions. It has also been de-
termined that for the small fraction of 2VN in the copolymer
used,l stat is independent of that fraction, i.e., it is the same as
that of the PMMA homopolymer.21 Table I lists the rms radii
of gyration for the copolymer used in the present study in
both PMMA and PVAc hosts based on this information.

Having reliable values for both the Fo¨rster transfer dis-
tance and the radius of gyration, we can calculate the copoly
mer concentration dependence of the EET for any choice o
the function,u~R!, describing the distribution of copolymer
coils in a nanodomain. In order to choose a reasonable mod

FIG. 1. Experimental measurements and a theoretical model of^Gs(t)& are
shown for isolated molecules of P~MMA22VN! in two different host ma-
terials: PMMA and PVAc.21 The molecular weight of the P~MMA22VN! is
26 000, similar to the molecular weight of the copolymer used in the presen
study. The decay of̂Gs(t)& is faster for isolated molecules in PVAc than in
PMMA, indicating that individual coils are partially collapsed in the blend
~Rg534 Å!, while PMMA acts as au solvent~Rg540 Å!.
No. 18, 8 November 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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8196 Marcus et al.: Nanodomains in a liquid polymer blend
for u~R!, it is necessary to examine the experimental situ
tion in more detail.

Before the samples used for EET studies are annea
they are prepared in an unstable glassy state. The copoly
molecules are randomly dispersed~and kinetically trapped!
in the host matrix with the initial concentration,c0. When
the temperature is raised above the blendsTg , the system
becomes fluid and the molecules of both components diffu
throughout the material. In the fluid state, the system c
approach equilibrium by forming aggregates when copo
mer molecules encounter one another. Aggregation may c
tinue during the annealing period until the material
quenched below the glass transition temperature. T
samples are quenched prior to the establishment of equi
rium. The quenched material represents a snapshot of
aggregation process.

The work of Debye can provide us with a reasonab
model for u~R!. According to Debye’s thermodynamic
theory of nonhomogeneous solutions of simple liquids,48 the
measurable effect of angular dissymmetry~critical opales-
cence! resulting from concentration fluctuations near th
critical temperature is determined by an effective length,l . l
is the range of molecular interaction between two molecule
In Debye’s notation, it is defined by the relation

l 25
*r 2e~r !dr

*e~r !dr
, ~4.2!

where e(r ) is the potential energy between two molecule
separated by the distancer . In effect, two molecules sepa-
rated by a distance larger thanl do not influence one another
energetically. For concentrated polymer solutions, Debye d
termined thatl is equal to the radius of gyration of the poly
mer molecule, and that concentration fluctuations on this d
tance scale, which is much larger than that of ordina
molecules, will appear at temperatures removed from t
critical point. This assertion was later validate
experimentally,49,50 and has subsequently been made use
by other workers.49,51

It is necessary to characterizeu~R! with two parameters:
a size and a functional form. Following Debye, it is reaso
able to assume that the size of the aggregates, at least du
the initial stages of their growth, is determined by the param
eter l . This is given by the radius of gyration of the copoly
mer. Since the isolated chains are essentially Gaussian
shape, as a reasonable approximation the domains are m
eled as Gaussian distributions:

u~R!5S 3

2p^Rg2& D
3/2

expS 23R2

2^Rg2& D ; ~4.3a!

dR5R2 sin u dR du df. ~4.3b!

^Goff
s (t,n)& curves were constructed by numerically in

tegrating the intercoil decays,^Goff
s (t,Rs)&, using Eqs.~2.6!

and ~4.3!. These in turn were used to make theoretic
anisotropies according to

r ~ t,n!5F~ t !^Gon
s ~ t !&^Goff

s ~ t,n!&. ~4.4!

Here,F(t) represents the fluorescence anisotropy decay d
to rotation of the naphthyl chromophores, and^Gon

s (t)& is
J. Chem. Phys., Vol. 103, NDownloaded¬14¬May¬2002¬to¬171.64.123.74.¬Redistribution¬subjec
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that due to intracoil EET. BothF(t) and^Gon
s (t)& were mea-

sured by Petersonet al.21 The cumulant solution for
^Gon

s (t)& corresponding toRg534 Å ~see Fig. 1! was used in
Eq. ~4.4!. The isolated coil data is obtained from the mos
dilute sample~c050.05%!. The functional form ofF(t) ~see
Fig. 5 of Ref. 21! was obtained from a linear fit to the mea-
sured rotational anisotropy:

F~ t !520.007t10.2, if 0<t,4 ns;
~4.5!

F~ t !520.0002t10.171, if 4<t,100 ns.

The fluorescence lifetimes of all the samples were dete
mined from the total fluorescence,I tot(t)5I i(t)12I'(t).
These decays were single exponential, with lifetimes listed
Tables II and III. The weak dependence oftF on sample
preparation conditions and the single-exponential form o
I tot(t) indicate that concentration-dependent processes a
relatively unimportant. The;15% decrease in the lifetime
with increasing concentration could arise from a sma
amount of trapping by naphthalene dimers. This has be
shown to have negligible influence on the fluorescence d
polarization observable as long as the observed lifetime
used.52

Figure 2 shows anisotropy decays and calculations fo
the initial concentration dependent, seriesA, samples. The
annealing time for these samples istan520 min. For all of
the calculations presented here, the Poisson average num
of chromophore-containing coils per domain~n! ~nan-
odomain concentration! was adjusted to obtain the best fit to
the data. The smallest initial concentration deca
~c050.05%! is the slowest and represents intracoil EET. Th
calculated line through this data corresponds ton51. The
curves that lie below represent intercoil EET for initial con-

FIG. 2. Comparison of time-dependent anisotropies and EC analysis for t
seriesA samples~see Table II!. The initial concentration of copolymer coils
is varied while the annealing time is fixed attan520 min. The concentrations
increase with increasing rate of decay: a: 0.05%, b: 0.15%, c: 0.31%,
2.5%, e: 5%, f: 10%. Curve a corresponds to the intramolecular decay of t
anisotropy. Subsequently faster decays of the anisotropy~curves b–f! are
due to contributions from intermolecular as well as intramolecular EET. Th
smooth curves are the results of the EC analysis. They correspond to agg
gated copolymer coils concentrated in a Gaussian volume equal to that o
single copolymer coil. The aggregation numbers are a Poisson average on
coils per domain: a: 1, b: 3, c: 4, d: 8, e: 10, and f: 13.
o. 18, 8 November 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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8197Marcus et al.: Nanodomains in a liquid polymer blend
centrationsc050.15%, 0.31%, 2.5%, 5%, and 10%. As th
initial copolymer concentration is increased, the rate of t
observed EET also increases. This shows that the exten
copolymer aggregation increases monotonically with
creasingc0. The theoretical fits shown with the data corr
spond ton53, 4, 8, 10, and 13. The disagreement for t
lowest concentration at short time is due to a trace fluor
cent impurity in the host PVAc. The fluorescence from th
impurity occurs only at very short time and is detectable f
the lowest concentration samples~0.15% and 0.05%!. The
theoretical calculations, with one adjustable parameter,
the average number of coils per aggregate, are in quantita
agreement with the data. The theory, based on a Gaus
spatial distribution of chains in the copolymer aggrega
correctly predicts both the amplitude and the functional fo
of the anisotropy decays.

Figure 3 shows anisotropy decays and calculations
the annealing time dependent, seriesB, samples. The initial
concentration is identical for these samples,c050.31%. The
slowest decay corresponds to the shortest annealing t
~tan520 min!. Subsequently faster decays correspond
longer annealing times~tan51, 4, and 16 hr!. The accompa-
nying theoretical calculations indicate that the aggregates
crease in copolymer concentration~n54, 6, 7, and 8! with
increasing annealing time.

Although the functional agreement between the theo
and data is excellent, it is necessary to compare these re
with an alternative domain growth mechanism. In the abo
analysis, the domains are assumed to maintain a cons
volume while the concentration of copolymer coils in th
aggregate increases with annealing time. This situation
thought to occur during the initial stages of spinod
decomposition.3 Another mechanism of domain growth i
nucleation and growth~Ostwald ripening!. Nucleation and
growth describes a situation in which the local concentrat

FIG. 3. Comparison of time-dependent anisotropies and EC analysis for
seriesB samples~see Table III!. The initial concentration of copolymer coils
is held constant~c050.31%! while the annealing time is varied. The annea
ing times are a: 20 min, b: 1 h, c: 4 h, and d: 16 h. The smooth curves
the results of the EC analysis. They correspond to aggregated copoly
molecules concentrated in a Gaussian volume equal to that of a single
polymer coil. The aggregation numbers are a Poisson average ofn coils per
domain: a: 4, b: 6, c: 7, and d: 8.
J. Chem. Phys., Vol. 103,Downloaded¬14¬May¬2002¬to¬171.64.123.74.¬Redistribution¬subje
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of the domain remains constant while the volume grows lin
early in time.3 Figure 4 shows the annealing time-dependen
data and calculations based on a nucleation and grow
mechanism. The slowest decay~labeled a! corresponds to the
sample annealed for 20 min and the calculation based
n54 chromophore-containing coils in a Gaussian domai
with a volumev054pRg

3/3. The curve labeled b represents
the sample annealed for 60 min. The curve labeled c is
calculation based on the nucleation and growth mechanis
This mechanism implies that the 60 min sample hasn512
chromophore-containing coils in a Gaussian domain with
volume 3v0. The effect of increasing the domain volume
while maintaining the local concentration overestimates th
rate of the anisotropy decay. It is clear from this compariso
that the nucleation and growth mechanism is inconsiste
with the analysis of the annealing time-dependent data.

According to the proposed mechanism, the nanodomai
occupy a volume that has approximately the same dimensi
as a single chromophore-containing copolymer chain. Durin
the annealing period, those copolymer chains which a
proach one another within the distancel5Rg form the ag-
gregates. Each copolymer chain occupies approximate
10% of the full nanodomain volume~based on the bulk den-
sity of PMMA and PVAc, identically 1.2 g cm23!. Thus, for
the annealing time dependent samples, the local concent
tion varies between 40% and 80% chromophore-containin
copolymer. It is possible to check the consistency of thi
model using a theory developed by Smoluchowski and lat
employed by Collins and Kimball to describe the kinetics o
colloid coagulation as a diffusion-controlled process.53,54The
Smoluchowski theory is based on the assumption that arou
a reactant particle, a concentration gradient for the other pa
ticles is set up, and the rate of flow of particles in the con
centration gradient is governed by Fick’s law of diffusion

the

-
are
mer
co-

FIG. 4. Comparison of time-dependent anisotropies and EC analysis f
seriesB samples. The data indicated by a and b correspond totan520 and 60
min, respectively. The smooth curves are based on the EC analysis; ho
ever, here the concentration of the domains is held fixed while the volume
assumed to increase linearly with time. Curve a corresponds to a Poiss
average of four coils in a domain with volume equal to that of a singl
copolymer coil. Curve c corresponds to 12 coils in a domain with volum
equal to that of three times that of a single copolymer coil. These resu
show that a model in which the volume of the aggregate increases with tim
does not fit the data.
No. 18, 8 November 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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8198 Marcus et al.: Nanodomains in a liquid polymer blend
The diffusion equation is solved with the boundary conditio
that the concentration is zero on the surface of a sphere
radiusR, representing the distance of closest approach
tween two particles. The flux of particles across the bound
sphere is given by

F54pDRc0S 11
R

~pDtan!
1/2D , ~4.6!

whereD is the sum of the diffusion constants of two pa
ticles,c0 is the initial concentration inside the sphere, and t
flux is given in units of particles per second. If Eq.~4.6! is
rewritten,

F

4p1/2R2c0
5
Dp1/2

R
1S DtanD

1/2

, ~4.7!

it is clear that a plot ofF/4p1/2R2c0 against~tan!
21/2 should

be linear, if this simple model describes the copolymer a
gregation.

Table V lists the values of the parameters in Eq.~4.7!
corresponding to the annealing time dependent~series B!
analysis. The value used forc0 is 8.8531016 cm23 ~50.31%!
and the value used for the sphere radius,R5Rg534 Å. Fig-
ure 5 shows a linear regression of the four data points. T
data points fall accurately on a line~y5mx1b with
m51.8131026 cm s21/2 and b527.031029 cm s21!, in
agreement with the Smoluchowski model. The slope of
line is the square root of the diffusion constant. A value
D53310212 cm2 s21 is obtained. Thus, the analysis of th
seriesB samples is consistent with the interpretation that t
copolymer molecules form aggregates of fixed volume a
increasing concentration with time.

It is interesting to examine the predictions of the Smol
chowski equation for the seriesA samples based on the dif
fusion constant obtained from the above analysis of the
riesB samples. The seriesB samples were prepared with
small initial concentration, while the seriesA samples were
prepared with a wide range of initial concentrations and
fixed annealing time~tan520 min!. Equation ~4.7! can be
rewritten

F5Vb1mV~ tan!
21/2, ~4.8!

where the constantsm andb are the linear regression value
given above andV54p1/2R2c0 . Table VI lists values ofV,
F and the predicted mean number of chromopho
containing chains per domain based on the initial concen
tions given in Table II. It can be seen from a comparison
the predicted and observed mean aggregation numbers

TABLE V. Values of Smoluchowski parameters for annealing time depe
dent, seriesB, samples.F is the flux of copolymer molecules across
boundary sphere of radiusR, tan is the annealing time, andc0 is the initial
concentration of the copolymer~58.8531016 cm23!.

tan ~s! tan•F ~tan!
21/2 ~s21/2! F ~s21! @F/4p1/2R2c0# ~cm s21!

1200 4 2.931022 3.331023 4.631028

3600 6 1.731022 1.731023 2.331028

14 400 7 8.331023 4.931024 6.731029

57 600 8 4.231023 1.431024 1.931029
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the agreement is good for low initial concentrations, but is a
order of magnitude off for the highest initial concentration
The diffusion constant obtained from the lowc0, seriesB
samples, is too high to describe the results of the EC analy
of the higher concentration~2.5% to 10%!, seriesA samples.
This is not surprising, since the observed aggregation nu
ber for the 5% and 10% samples corresponds to local co
centrations that are too large~100% and 130%! to be physi-
cally realistic.

There are several mechanisms that can explain the
sults observed for the higher concentration samples. O
possibility is a change in mechanism from an increasin
number of chains in a Gaussian domain of radiusRg to a
mechanism akin to nucleation and growth. When the conce
tration of copolymer chains in a nanodomain becomes t
high to permit a further increase in the number of chain
within the radiusRg , the size of the nanodomain increases.
could maintain the expanded volume until it is again fille
and only then increase its volume further. Alternatively, onc
expanded, the nanodomain could continuously increase
volume. Another possibility is that further aggregation in
volves the formation of larger domains from encounters b
tween smaller ones. The nanodomains formed initially di
fuse more slowly than single coils, and eventually they ma
aggregate to form larger clusters. This could explain the o
servation that the 0.31%, 16 h sample did not macrosco
cally phase separate, although in the cloud point study, t
sample containing 2.5% copolymer became opalescent a
3 h at 65 °C. In this picture, the initial stage of phase sep
ration is the formation of nanodomains of radiusRg . Mac-
roscopic phase separation then requires the slow diffusion
these domains. If the sample is low concentration, the kine
ics for macroscopic phase separation will be very slow, sin
the nanodomains will be widely separated.

FIG. 5. The results of the EC analysis of the seriesB samples are substituted
into the Smoluchowski equation@Eq. ~4.7!# which describes the kinetics of
colloid coagulation. The parameters corresponding to the seriesB samples
are calculated in Table V. The data points are well described by the li
y5mx1b, with m51.8131026 cm s21/2 and b527.031029 cm s21. The
excellent agreement of the EC analysis with the Smoluchowski equati
supports the nanodomain model of a constant volume~equivalent to a single
copolymer coil’s volume! containing an increasing number of copolymer
coils. The slope of the line yields the diffusion constant of the copolyme
coils,D53310212 cm2 s21.

n-
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TABLE VI. Values of Smoluchowski parameters for initial concentration dependent, seriesA, samples based on
the diffusion constant obtained from the seriesB samples. The parameters are those defined in Eq.~4.8!. Vol. %
is the copolymer volume percent,c0 is the initial concentration of the copolymer,V54p1/2R2c0 , F is the flux
of copolymer molecules across a boundary sphere of radiusR, n ~predicted! is the calculated Poisson average
number of copolymer coils per domain, andn ~observed! is the mean number of coils determined from the EC
analysis.

Vol. % c0 ~cm23! V ~cm21! F ~s21! n ~predicted! n ~observed!

0.05 1.4831016 12 089 5.531024 0.7 1
0.15 4.4231016 36 266 1.631023 1.9 3
0.31 8.8531016 72 533 3.331023 4 4
2.5 7.1431017 584 944 2.731022 32 8
5 1.4331018 1 169 888 5.331022 64 10
10 2.8531018 2 339 776 1.131021 132 13
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V. CONCLUDING REMARKS

The theoretical analysis, based on the Gaussian
model of the intramolecular polymer structure, quantitative
reproduces the copolymer concentration dependent and
nealing time dependent energy transport measureme
These results indicate that the nanodomains occupy the s
volume as a single P~MMA-2VN ! coil. During the annealing
period, the nanodomain volume remains fixed while t
number of P~MMA-2VN ! molecules increases. This observ
tion is consistent with the predicted behavior of a spinod
decomposition mechanism. The analysis of the kinetic d
agrees with the Smoluchowski model of colloid coagulatio
in which the aggregation radius is equal to the radius
gyration of the copolymer. The analysis of the concentratio
dependent data suggests that a different aggregation me
nism plays an important role at higher concentrations
P~MMA-2VN ! ~2.5%<c0<10%!.

It is clear that fluorescence depolarization measureme
can provide a sensitive probe of aggregate formation dur
the initial stages of phase separation. The present study d
onstrates a new method which is capable of addressing
damental questions concerning the connection between
lecular scale structure and macroscopic phase separation
are currently studying the phase separation process from
onset through the cloud point.
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