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Thermodynamics and Morphology of Latex Blend Films
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ABSTRACT: We propose a model to describe direct nonradiative energy transfer (DET) between donors
and acceptors chemically attached to the two different components of a latex blend. The model describes
the case of one polymer dispersed as spheres of identical diameter in a continuous matrix of the second
polymer. The segment distribution of the two polymers in the interface region is calculated taking into
account the binodal compositions of the polymers in the different blend domains, the amount of each
component, and the theory of the interfacial region between two polymers. The model was used to
characterize the interface between poly(butyl methacrylate) (PBMA) and poly(2-ethylhexyl methacrylate)
(PEHMA) domains in a binary blend, that we have examined previously (Macromolecules 2000, 33, 5863).
We found a drastic dependence of the donor fluorescence survival probability curves on the Flory—Huggins
x parameter and on the PBMA:PEHMA weight ratio. Since the latter ratio is known from the experimental
conditions, we were able to calculate y = 0.021 from the measurements with very low uncertainty, and
infer the interface thickness between the domains in the blend as approximately 5.5 nm.

Introduction

One of the classic dilemmas in the field of water-borne
coatings is how to obtain continuous and void-free films
possessing good mechanical strength and durability at
their end-use temperature. If the polymer particles are
sufficiently soft (low glass transition temperature Ty),
they will deform and become space filling as the water
evaporates, but the resulting coating will be tacky to
the touch and not strong enough. If the particles are
hard, they will not deform to produce a coating. The
traditional solution to this problem has been to add
volatile organic solvents (coalescing aids) to the formu-
lation. This plasticizes the high T4 latex polymer,
lowering its modulus, and promotes film formation.! The
film regains its desirable mechanical properties as the
solvent evaporates. Unfortunately, the evaporating
solvent contributes to air pollution.

With increasing concern for the environment, alterna-
tive strategies are required. One approach takes ad-
vantage of the synergistic properties of latex blends
containing both hard and soft particles.2* In these
coatings, the hard particles provide block resistance and
contribute to the strength and integrity of the film,
whereas the soft particles deform to fill the voids. A
number of papers®~7 have dealt with the properties and
morphologies of films cast from latex blends, particu-
larly with aspects such as the effects of particle size,
glass transition temperatures, and hard component
volume fraction. These films are in many ways typical
blends of immiscible polymers. They usually exhibit two
glass transition temperatures, with values close to those
of the individual components.? In these blends, some
segment interpenetration occurs at the interface be-
tween the individual domains. While the volume frac-
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tion of the interfacial region is normally too small to
detect by differential scanning calorimetry (DSC), it still
has a large impact on the overall blend properties. Feng,
Winnik, and Siemiarczuk® attributed the significant film
stiffness at elevated temperatures in blends of hard and
soft latexes to the evolution of interfaces up to 7 nm
thick. Or, looking at the matter from a negative point
of view, Lepizzera and co-workers’ showed that deb-
onding between the soft matrix and hard inclusions was
responsible for loss of film integrity at high strain rates.
To understand the origin of the properties of latex
blends, we need a deeper understanding of the interface
between the two components.

We have been interested in the use of direct nonra-
diative energy transfer experiments9-15 to study inter-
faces in polymer blends.’671° In such experiments, one
component is covalently labeled with one dye that can
act as the donor (D), and the other component is labeled
with a second dye that can act as the acceptor (A). The
dyes serve as tracers for the polymer segments of the
two components. Frequently, only dyes in the interfacial
region are close enough for energy transfer to affect the
fluorescence from the excited donor (D*). To analyze this
kind of experiment, one has to combine careful donor
fluorescence decay measurements with appropriate
theoretical models. Two types of models are needed. One
describes the rate of energy transfer in terms of the
spatial distribution of donors and acceptors.’2=15 The
other, from the field of polymer physics, describes the
distribution of polymer segments in blends of limited
miscibility.16-19

We recently reported a series of experiments on a
hard—soft latex blend consisting of poly(butyl meth-
acrylate) (PBMA) as the hard phase and poly(2-ethyl-
hexyl methacrylate) (PEHMA) as the soft phase.?2° The
PBMA was labeled with 1 mol % phenanthrene as the
donor, and the PEHMA contained 1 mol % of anthracene
groups as the acceptor. These experiments were ana-
lyzed in terms of a model that took account of the
segment distribution across the interface, but led to a
value of the interface thickness that was unreasonably
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large. A likely shortcoming of that approach was that
it neglected to take account of the limited but not
negligible miscibility of the two components in the blend,
characterized by a thermodynamic (Flory—Huggins)
x parameter with a magnitude on the order of 0.02.
In this paper, we return to these data, and reexamine
them in the context of more rigorous thermodynamic
theories.1921-25 We show that analyzing the data in this
way not only leads to a better understanding of the
interface thickness in these blends, but that it also
provides an improved estimate of the y parameter for
PBMA—PEHMA.

The films we discuss were prepared from a 9:1 weight
ratio of anthracene-labeled PEHMA and phenanthrene-
labeled PBMA latex particles. Their synthesis and
characterization have been described elsewhere.?627 On
the basis of gel permeation chromatography measure-
ments (PMMA standards), the molar masses were M,
=56 000 and M, = 27 000 for PEHMA and M,, = 35 000
and My = 17 000 for PBMA. The dye content was 1.0
mol %. The latex particles had narrow size distributions,
with mean diameters of 119 nm for PBMA and 97 nm
for PEHMA.

In the film newly formed at room temperature, PBMA
particles were dispersed as individual spheres in a
continuous PEHMA matrix. This morphology persisted
upon annealing the films for an hour at 60 °C, signifi-
cantly above the glass transition temperature (Tg) of
both polymers. In ref 20, we modeled the system as a
single PBMA particle surrounded by a PEHMA matrix.
A drawing depicting this model is shown in Chart 1.
Here we recognize that annealing causes changes in the
system. At equilibrium the PBMA nanospheres become
“saturated” with PEHMA, and the PEHMA with PBMA.
The donor fluorescence decay curves that we reanalyze
in this paper are the same ones presented in ref 20.

The paper is organized as follows: We begin with a
description of the equilibrium thermodynamics of poly-
mer blends, including the theory of the interfacial region
between two polymers. Here, we take advantage not
only of the classical formulas of Cahn, Hilliard, and de
Gennes21~23 put also of their elaboration by Anastasia-
dis®* and Schubert.?> We will then propose a specific
(core—shell type) model for energy transfer calculations,
describe our fluorescence simulation and analysis tech-
niques, and show the drastic dependence of certain
features of the fluorescence decay curves on the Flory—
Huggins y parameter and on the PEHMA:PBMA weight
ratio. Since the latter ratio is known from the experi-
mental conditions, we will be able to extract y from the
measurements with little uncertainty, and infer the
interface thickness. We will then state our conclusions,
but will also point out that they are somewhat affected
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by the molecular weight polydispersity of each polymer
in the latex blend.

Equilibrium Thermodynamics of
PBMA—-PEHMA Latex Blends

We begin by reviewing the theory of polymer phase
separation and interface formation that is widely used
to describe blends of immiscible polymers.’® The basis
of this theory, as originally proposed by de Gennes,?2:23
is the combination of Cahn and Hilliard’s theory of
phase separation in simple liquids and alloys?! with the
Flory—Huggins description of homogeneous polymer
blends. This combination adds a square gradient term
to the usual Flory—Huggins free energy formula, the
actual terms and coefficients being derived using linear
response theory within the random phase approxi-
mation.?2-24 Some details of this procedure have been
reported by Anastasiadis and co-workers;?* our compu-
tations are mostly based on their formulas. The square
gradient method leads to expressions appropriate to
either narrow or broad interfaces (compared to the radii
of gyration of the components). The model will accom-
modate the intermediate case as well.?> Some of these
expressions can also be obtained from more rigorous
derivations?® or as special, limiting cases of the more
rigorous models.”

Interfacial Profile and Interface Thickness. The
basic thermodynamic relationship we have employed in
our computations is the free energy formula quoted by
Anastasiadis and co-workers?4 for a polymer mixture of
volume V

G~ [[Go() + k(V)’] dV 1)

where Go(¢) is the free energy density of a uniform
system of composition ¢ (which in our blends corre-
sponds to the PBMA volume fractions), and «(V¢)?
is the additional positive contribution to the free en-
ergy arising from the local concentration gradient.
The parameters ¢ and « can be given in terms of the
number densities of the polymer molecules (in our
case) PBMA and PEHMA (npsma and npgpma) and
their properties: degrees of polymerization Npgya and
Nperma, specific monomer volumes ugyma and Ugpva, and
unperturbed mean-square end-to-end distances [fo2[Bgma
and Fo?Berma.2

6= NpamaNpemalsma @)
NeemaNpeMmaUsma T NpermaNpermalerva
2 2
o Bgma o WBerma

KT 36¢uUgmaNpema  36(1 — P)UemaNpEHMA

3)

for “broad” interfaces (relative to the radii of gyration
of the polymer molecules, as mentioned above), and

2
IjO |;‘”EHMA

24(1 = P)UgumaNpEHMA

K _ |—_'TOZQBMA
KT 24¢ugyaNpguma

(4)

for “narrow” interfaces. In eqs 3 and 4, k is Boltzmann’s
constant and T is the absolute temperature. In Ap-
pendix A, we provide information on how we estimated
the physical property parameters required for the
computations. We have found a small Flory—Huggins
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x parameter and a correspondingly “broad” interface.
Therefore, we have employed mainly eq 3 as opposed
to eq 4.

We will first discuss the interfacial profile and
interface thickness corresponding to a planar interface.
The free energy formula (eq 1) then becomes?!

G = [ {AG[$(2)] + «(d¢/dz)’} dz ®)

and now, in accordance with de Gennes' approach??23
and its implementation by Anastasiadis and co-work-
ers,2* we invoke the Flory—Huggins theory

AG,
&1~ MeemA In ¢+ Npgpyma IN(1 — ¢) +

XNpemaNpema(l — ¢) (6)

or A% = ¢ Ing¢ +
KT Npgmalsma
1—¢ x$(1 — @)
—179% jha-¢+22"%
Npermalenma ( ) Ugma @

for unit volume (1 cm®). Equation 6 implies that y is
defined with reference to the monomeric molar volume
of BMA, estimated in Appendix A. Readers will also note
that we have dropped the “~” symbol of eq 1, which was
meant to indicate the approximate nature of the Cahn—
Hilliard expansion.??

In our earlier report,?®® we neglected the mutual
solubilities of PBMA and PEHMA in each other. This
led to the conclusion that the interface was very broad,
on the order of 25 nm for samples annealed at 60 °C.
To better understand the mutual solubilities of the
polymers, we now consider the critical Flory—Huggins
parameter, y., which separates the regions of complete
(x < ) and incomplete (y > yxc) miscibility.

At the critical point both the second and third partial
derivatives (with respect to ¢) of the free energy function
(eq 7) must vanish. The condition 33(AGo/kT)/3¢p3 = 0
yields the critical composition

12
[Npermalenma’(Npgmalsva)l

b = s 8
1 + [NpermaUerma/(Npevateua)]

and substituting it into the spinodal curve equation

(from 82(AGo/kT)/a¢ 2 = 0), we obtain the critical y value

4= Ugma[ 1 1
c ]
2 l(NPBMAuBMA)l " (Nogrmalerma)

which in our case yields y. ~ 0.013 (Appendix A). We
also estimated that y for our blend is not much higher
than 0.02 at 60 °C. Since the system is close to the
miscibility limit, we calculate the binodal compositions
corresponding to given y values and take them into
consideration.

In binodal compositions, the chemical potentials of the
components are equal in coexisting phases. These
compositions may be determined by tangent construc-
tion to a plot of free energy of mixing vs volume fraction
of PBMA (or PEHMA). We have obtained more accurate
values by solving the system of nonlinear equations
corresponding to the equality of chemical potentials.
Details are given in Appendix B. On the basis of the
data in Appendix A, we calculate the binodal composi-

2
| ©)
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Table 1. Binodal Volume Fractions of PBMA in the Core
and Shell Phases (at the Annealing Temperature of 60
°C) and Corresponding Interface Thicknesses, Calculated
from the Data Presented in Appendix A, and from Eqgs 13

and 14
x 0.020 0.021 0.022 0.025
Ocalc (NM) 5.8 5.5 5.2 4.5
Pcore 0.957 512 0.966 36 0.97321 0.986 14
PDshell 0.099 077 0.083887 0.071448 0.045 351

a2 Some of our computations are sensitive to round-off errors;
therefore, we report these calculated values to five significant
figures.

tions in both phases (Table 1). The values in Table 1
show that the two polymers have significant miscibility,
which we must account for in our calculations.

Up to now, we have followed rigorously the Cahn—
Hilliard—de Gennes methods,?1=2% as elaborated by
Anastasiadis and co-workers.?* However, to determine—
or even just define—the interface thickness, we must
make some assumptions concerning the interfacial
profile. Shifted hyperbolic tangent profiles gave good
approximations to Muller and co-workers’ Monte Carlo
results,!® whereas Ermoshkin and Semenov2® employed
an iterative technique, where the initial approximation
was the profile

P(2) = [do+ ¢+ (¢ — ¢o) tanh(22/9))/2  (10)

Here, ¢, and ¢ are the equilibrium (binodal) volume
fractions of—in our case—PBMA, z is distance measured
perpendicularly to the interface, and ¢ is the interface
thickness. The latter may be defined, in the usual
manner, in terms of the slope of ¢(z) atz=0 [0 = (¢ —
¢o)/(d¢p/dz)|,=0]. We note that eq 10 does satisfy the
boundary conditions ¢(—o) = ¢q; P(®) = ¢p; dp/dz =0
at +oo, and it seems to be a more appropriate interfacial
profile for our Flory—Huggins—Cahn—Hilliard methods
than those developed by Muller and co-workers!® and
Ermoshkin and Semenov?® to suit their theoretical
models.

If eq 10 is now accepted as our generic interfacial
profile, determination of ¢ for a given y value becomes
the variational problem of minimizing the free energy
given by eq 5. We can take advantage of the analogy
with a particle trajectory problem in Lagrangian me-
chanics,?>3° which implies that the difference between
the square gradient and Flory—Huggins terms of the
free energy integrand must be independent of z

[ (Bama " Berima d¢ ? .
36¢Npgmalama  36(1 — @)Npepmalenmal \d2
¢ 1 1-9¢ |
Ing¢+ In(1—¢)+

Npgmalema Npenmalenma ( )

l _
w1 =9 _ (11)

Ugma

where C is the same constant for all values of z.
Furthermore, because of the boundary conditions ¢(—
) = ¢, and d¢/dz|,——. = 0, the constant in question
must be
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by 1—¢,
C=—|——N¢, + &——In1 — ¢, +
Npgmalsma ¢ NpeumalUenva ( 2
1 i
XPa(1 — 4) 12)
Ugnma

Thus, the interfacial profile must satisfy the dif-
ferential equation

-
36

x
2 2
Npenmalerma(l — @)y lema T Negmalsma®Fo Berma

{Neermalermald’(1 = ) In ¢ — ¢(1 — )¢, In 6,1 +
Npemalsmalé(l — ¢’ In(L — ¢) — ¢(1 — $)(1 — b) X
IN(L = ¢o)] + xNpgmaNpermatenmald*(L — ¢)° —
AL — 9)p (1 — )1} (13)

Substituting from eq 10, we see that the interface
thickness will be given by the solution of the algebraic
equation

— 2
(w) =rths at¢=(p,+¢)2  (14)

where rhs is the right-hand side of the differential eq
13.

In this approach, the use of eqs 5 or 13 does not
guarantee that the hyperbolic tangent interfacial profile
(eq 10) is the correct solution to the variational problem.
Indeed, Broseta and co-workers3® employed a more
rigorous approach: numerical integration of an equation
corresponding to our eq 13. However, their results,
presented in graphical form and compared to the
Helfand—Tagami profilel® (rigorous for infinitely high
molecular weights), confirm that our egs 10 and 14 are
good approximations. A similar conclusion can be drawn
from the results described in refs 18 and 29.

Figure 1 shows the interfacial profile for a PBMA—
PEHMA blend characterized by y = 0.02 and with
component properties as estimated in Appendix A. From
eqgs 13 and 14 we obtained 0 = 5.8 nm, appreciably
larger than the component radii of gyration; hence, eq
3 is the appropriate formula for the square gradient
coefficient . However, the results shown in Figure 1
are based on the presumption that there are sufficient
guantities of both PBMA and PEHMA present, so that
one does not obtain a single-phase mixture. A single
phase can arise because of the small but nonzero mutual
solubilities of the polymers. Material balance consider-
ations are an important part of our energy transfer
model. For instance, at y = 0.02, the 9:1 PEHMA:
PEHMA weight ratio would give an homogeneous
mixture. We could rule out such a small value of y a
priori, because we have independent experimental
evidence3! that our latex blend films are phase sepa-
rated, but our fluorescence decay data also confirm this
conclusion (see the “Results and Discussion” section).

Distribution of The Blend Components

The expected morphology of an initial latex blend film
containing individual PBMA nanospheres dispersed in
a PEHMA matrix is shown in Chart 1. We now allow
for the PBMA particles to be swollen by PEHMA and
for some of the PBMA to dissolve in the PEHMA matrix,
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Figure 1. Calculated theoretical polymer segment density
profile for a PBMA (NPBMA = 118)/PEHMA (NPEHMA = 136)
“sandwich” (eq 10) at 60 °C, for y = 0.020. See the text.

in accordance with the binodal compositions at the
annealing temperature of 60 °C (Table 1).

It will be convenient to consider the volume fraction
of PEHMA in a spherical geometry

P(r) ={vq + ¥+ (¥ — ¥,) tanh[2(r — R)/6]}/2
(15)

where v, and yg are the binodal volume fractions (e.g.,
for y = 0.021, ¢, ~ 0.0336 and s ~ 0.916 are the
volume fractions of PEHMA in the two phases at
equilibrium), ¢ is the interface thickness (from eqgs 13
and 14), r is the distance from the center of a swollen
PBMA nanosphere, and Rs is the radius of the sphere
where the PEHMA concentration reaches the average
of the values vy, and ys. Before equilibration, the
diameter of a PBMA nanosphere is 119 nm 2°—the
diameter of the colloidal PBMA particles dispersed in
water. Let us now suppose that PEHMA swells this to
130—131 nm, corresponding to all available PEHMA per
PBMA particle (nine times the weight of PBMA). (We
postulate volume additivity.) From a material balance
and eq 15, with parameters corresponding to y = 0.021,
we then find R to be approximately 30 nm. This value
is surprisingly smaller than the radius of the original
colloidal PBMA particles, and we note that in this blend
the PEHMA concentration essentially reaches its equi-
librium value yg at r = 40 nm.

In other words, from the point of view of energy
transfer computations, we cannot distinguish between
swollen PBMA particles dispersed in a “contaminated”
PEHMA matrix and a collection of core—shell-type
superparticles, each composed of a PBMA-rich core and
a corona containing mainly PEHMA (Figure 2). Note
that this modeling does not imply in any way that the
blends of hard and soft latexes have the same properties
as core—shell latexes.

We will then search for parameters Rs and Js¢ (the
interface thickness recovered from fitting the experi-
mental donor fluorescence decay profiles) such that (i)
Rs is compatible with the material balance (Rs depends
primarily on the Flory—Huggins y parameter and on the
PEHMA:PBMA weight ratio); (ii) for a given Rs, Osit is
in the best agreement with the experimental donor
fluorescence decay measurements; (iii) the Jg¢ value
obtained by fitting the experimental donor fluorescence
decay curves agrees closely with the theoretical interface
thickness dcaica, calculated from egs 13 and 14—a func-
tion of the Flory—Huggins y parameter alone.

Fluorescence decay curve simulations and analyses
involved in implementing the above plan will be dis-
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| PBMA-rich

Interface

PEHMA-~rich

Figure 2. Model core—shell-type superparticles, each com-
posed of a PBMA-rich core and a corona containing mainly
PEHMA. The original PBMA particles are swollen by PEHMA,
and some of the PBMA is dissolved in the PEHMA matrix.

cussed in the following section. Here, we would like to
address the theoretical issue of whether it is justifiable
to transfer the results of the variational analysis of egs
10—14 from an unconstrained planar geometry to a
core—shell model constrained by material balance re-
strictions and the finite mutual solubilities of the two
polymers.

To our knowledge, little information has been pub-
lished on the interfacial profile applicable to core—shell
systems. However, Schubert?® has shown that for core
radii (which may be identified as our Rs values) con-
siderably larger than the interface thickness (dpianar),
the local geometry is essentially planar. We can replace
the Helfand—Tagami interfacial profile®

Yur@) = [1 + tanh(@2oae)l2  (16)
by its spherical analogue?
wHT(r) = {1 + tanh[(2(r - Rs)léspherical)]}/2 (17)

With Ospherical ONly very slightly larger than dpjanar. TO
introduce finite solubilities and material balance re-
strictions as well, but also to avoid major mathematical
complexities, we will proceed as follows.

Our starting point will be the PBMA nanoparticles
of diameter 119 nm.?° The 9:1 PEHMA:PBMA weight
ratio, using the component properties from Appendix
A and assuming volume additivity, suggests that we can
represent the latex blend as composed of particles of
radius Rital ~ 130.66 nm (Figure 2). The total quantity
of PEHMA contained in such a particle will be Vpgnyma
~ 8.5 x 10% nm2. We can now write a material balance
equation in terms of our PEHMA distribution function
y(r), eq 15, and this will also induce a material balance
on the radial Helfand—Tagami function, eq 17

_ Rtotal
Veerva = 0

47 Rygrar 13 + An(ys — ¥o) foRmaerU)HT(r) dr (18)

Axr?y(r) dr =

For example, as we mentioned earlier, at y = 0.021
the binodal compositions are y, = 0.033645, yz =
0.916113 (volume fractions of PEHMA), and our mate-
rial balance becomes (approximately)

£130.66r2 tan h [2(r — RY/®] dr = 725750 (19)

In Appendix C, we will conduct a free energy mini-
mization constrained by eq 19. Employing Schubert’s
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Lagrange multiplier technique?® would now be cumber-
some. Instead, we will examine how, among all possible
values of Rs and ¢ that satisfy the material balance (eq
19), we can select those that also minimize the Cahn—
Hilliard free energy formula (eq 1), simplified by ne-
glecting the combinatorial entropy terms.2>

Similar to Schubert's conclusions regarding core—
shell systems,?®® we find that neither the spherical
symmetry implied by core—shell systems nor the mate-
rial balance constraints applicable in our work alter 6
significantly (compared to dpjanar) for the yur(r) profile.
It then seems reasonable to postulate that the distribu-
tion eq 15, with 6 as computed from eqgs 13 and 14,
adequately represents our latex blend.

Energy Transfer Model

Here, we describe the model for direct nonradiative
energy transferl®=15 petween two dyes attached to the
components of a binary polymer blend consisting of
spheres in a matrix. Since the dyes are attached at
random, each to their respective polymer, the distribu-
tion of donors (phenanthrene) follows the segment
distribution of the polymer to which the donor is
attached (PBMA), and the distribution of accep-
tors (anthracene) follows the segment distribution of
PEHMA. We consider all droplets to be equivalent and
thus related by translational symmetry. The blend can
thus be modeled as a set of identical core—shell-type
superparticles consisting of PEHMA-swollen PBMA
cores and shells containing PEHMA contaminated with
PBMA, with an interfacial region between them (Figure
2). The compositions of the core and the shell are defined
by the binodal volume fractions and are constrained by
material balance. In the previous section, we described
the structural model that describes the distribution of
polymer segments in such a core—shell type superpar-
ticle. Here, we describe the corresponding fluorescence
decay curve simulations and analyses. They are based
on the fundamental principles of energy transfer kinet-
ics and on some practical aspects of how they are
applied—all of which have been discussed in ref 20.

Our starting point will be eq 20, below, identical to
eq 11 of ref 20. We employ the same energy transfer
rate function w(r) and encounter radius R, as well as
the same energy transfer parameters (see below).
Certain approximations, such as truncating the im-
proper integral of eq 20b at r = 3Ry are also the same
as in our previous publication.

Io(t) = exp(— Ti) Ji Colrolgltrory’ dry  (20a)

Pt ro) = exp(— 21711~ expl-w(ntl} x

np+r
[ jlr;’_ Ca(ra)ra dra]r dr) (20b)
where Ip(t) is the fluorescence intensity, normalized to
unity at zero time (t = 0), 7p is the unquenched donor
lifetime, and Cp(rp) and Ca(ra) are the donor and
acceptor concentrations at distances rp and ra, respec-
tively, from the particle center. The acceptor concentra-
tion profile must have units of number density. Vs is
the volume containing the donors (in our case, the
volume of the core—shell-type particle).

To analyze the experimental donor fluorescence decay
profiles, we simulate donor survival probability curves
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Figure 3. Simulated donor survival probability curves (top)
and interfacial profiles (bottom) for y = 0.021 (---) and y = 0.022

)

according to eq 20, for trial polymer distribution func-
tions with various Rs values, in which the interface
thickness is treated as the variable parameter. All other
parameters describing the system are known from
calculation or from independent experiments. The dis-
tribution functions of donors and acceptors used in the
calculation of the donor probability decay profiles are
obtained from eq 15, considering the binodal composi-
tions of PBMA and PEHMA in the system and their
material balance.

Different donor survival probability curves were
simulated, using Rs values that are compatible with the
material balance. The Rg values in turn depend on the
Flory—Huggins y parameter of the blend and the
PEHMA:PBMA weight ratio (through the material
balance). To obtain these Rs values, we first consider
different possible y parameters. We then allow for an
uncertainty of up to 10% in the PEHMA:PBMA weight
ratio and select all values of Rs that are compatible with
the material balance of the blend. These simulated
donor survival probability curves are then compared
with the experimental donor fluorescence decay profiles,
allowing us to extract the interface thickness dsi: that
best fits the experimental results. This value is finally
compared with the theoretical value of the interface
thickness (Jcarcd), calculated from eqs 13 and 14, which
is a function of the Flory—Huggins y parameter alone.

In Figure 3 we show the effect of the Flory—Huggins
x parameter on the PBMA density profile and the donor
survival probability. We simulated donor survival prob-
ability curves for y = 0.021 and y = 0.022, corresponding
to interface thickness values of d¢aicd = 5.5 and 5.2 nm,
respectively. The binodal compositions of PBMA for both
cases are given in Table 1. Assuming that the PEHMA:
PBMA weight ratio is 9:1, we calculate values of Rs =
29.7 and 38.3 nm, respectively. For the higher Flory—
Huggins y parameter, the interface is only slightly
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Figure 4. Simulated donor survival probability curves for y
=0.021 (corresponding to an interface thickness of dcaica = 5.5
nm) and PEHMA:PBMA weight ratios of 8:1, 9:1, and 10:1
(top). The donor distribution profiles that correspond to these
curves are also shown (bottom).

thinner, as one would expect, and the binodal composi-
tions are also only marginally different. The stronger
effect is noticed in the R values (Figure 3, bottom). This
effect is due to the lower amount of PBMA in the
PEHMA-rich phase for y = 0.022, which results in more
PBMA being available for the PBMA-rich phase. The
result of this slight change in the Flory—Huggins y
parameter is still noticeable in the donor survival
probability (Figure 3, top). The donor survival prob-
ability decreases more slowly for the higher y value,
because in this case there is less donor-labeled PBMA
in close contact with the acceptor-labeled PEHMA. In
these simulations, we used «? = 0.478, Ro = 2.3 nm, and
7p = 45.5 ns and a cutoff distance Re = 0.5 Nnm.?° The
initial average concentration of the acceptor in the
matrix is C% = 0.05 M.20

In Figure 4, we show simulated donor survival prob-
ability curves for y = 0.021 (corresponding to an
interface thickness of dcacg = 5.5 nm) and PEHMA:
PBMA weight ratios of 8:1, 9:1, and 10:1. Material
balances for these weight ratios yield equilibrated radii
of Ry = 36.2, 29.7, and 17.1 nm, respectively. The donor
distribution profiles that correspond to these curves are
also shown. We used the same photophysical param-
eters as in Figure 3. For the higher PEHMA:PBMA
weight ratio, a lower fraction of the PBMA is in the
particle core (Figure 4, bottom), and more is found in
the PEHMA-rich shell region. This increases the amount
of energy transfer observed in the system in an easily
detectable way (Figure 4, top). We thus conclude that
the proposed energy transfer model can detect quite
small changes in blend properties. This sensitivity is
due to the strong distance dependence of energy trans-
fer, and will allow us to characterize the blend with good
precision.
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Figure 5. MSE obtained from donor survival probability
curves simulated for several trial ori; values, all for y = 0.025
(Ocatlcda = 4.5 nm) and a PEHMA—-PBMA weight ratio of 9:1,
when fitting them to an experimental donor decay curve.

Results and Discussion

We use the equations described above to simulate
donor survival probability curves and compare these
curves to experimental donor fluorescence decay profiles
measured for 9:1 PEHMA—-PBMA blends. To compare
the experimental and simulated curves, the noise-free
simulated donor survival probability curves Ip(t) ob-
tained using eq 20 were convoluted with experimental
instrument response functions L(t), obtained from the
excitation source, as described previously.3? We refer to
the simulated decays convoluted with real lamp excita-
tion profiles as 1p%°"V(t).

EV(t) = [IL(9)lp(t — 5) ds (21)

Comparison of the experimental and simulated decays
is done by least-squares fit

I5°(t) = aylp™ (1) + a L(t) (22)

where the only fitting parameters are the normalization
factor of the decay intensity an, and the light-scattering
correction a3 This is a weighted regression, which
takes into account the Poisson error of counting in the
usual manner.3* To evaluate the quality of the fitting
results, we calculate the mean square error of the
weighted regression (MSE)3® and plot the weighted
residuals and autocorrelation of (weighted) residuals.
For simulated decays that produce acceptable fitting
results (MSE close to 1, with randomly distributed
weighted residuals and autocorrelation of residuals), the
decay intensity normalization and light-scattering cor-
rection parameters, ay and a_ (eq 22), do not change
significantly as we explore different 15°"(t) functions.

Previous results suggest that at 60 °C the Flory—
Huggins y parameter for our blend is not much higher
than 0.02.2° To place an upper bound on the possible
Flory—Huggins y parameters of our blend, we first
consider y = 0.025. Using egs 13 and 14, we calculate
the corresponding theoretical interface thickness, dcaicd
= 4.5 nm. For a PEHMA—-PBMA weight ratio of 9:1,
the material balance leads to Rs = 48.7 nm. Using the
parameters? « 2 = 0.478, Rp = 2.3 nm, 7p = 45.5 ns, R,
= 0.5 nm, and C% = 0.05 M, we simulate donor survival
probability curves for several trial o5 values, from 1 to
15 nm. In Figure 5, we show the MSE resulting from
fitting simulated curves to an experimental donor decay.
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Figure 6. MSE obtained from fitting donor survival prob-
ability curves simulated for several trial ds; values, all for y =
0.022 (Ocaica = 5.2 Nm) and a PEHMA—-PBMA weight ratio of
9.9:1, to an experimental donor decay curve. The interface
profile and thickness obtained from thermodynamic calcula-
tions are shown in the inset.

Even at a very large interface thickness of 15 nm (far
from dcaica = 4.5 nm; Figure 5 inset), a good fit could
not be obtained—the MSE is high and the distributions
of weighted residuals and the autocorrelation of residu-
als are skewed. For lower 6 values, the fitting results
were even worse. We therefore conclude that y = 0.025
is not compatible with our experimental results. (The
value dcaica = 4.5 Nm may be imprecise, because the
“broad” interface formula eq 3 may not be entirely
appropriate here, but this has little bearing on our
conclusion.)

We now consider y = 0.022 (corresponding t0 dcaicd =
5.2 nm), and simulate donor survival probability curves
for different PEHMA—PBMA weight ratios and several
trial ds¢ values. Using PEHMA:PBMA = 9:1, we ob-
tained a fitting result similar to the case where we had
x = 0.025: a thick interface. If we allow for a PEHMA:
PBMA weight ratio variation of about 10% relative to
the 9:1 expected value, we now obtain better fitting
results. From the results in Figure 6 (PEHMA:PBMA
= 9.9:1, giving Rs = 34.3 nm, as in the inset), we
conclude that the best fitting of simulated curves to the
experimental donor decay is achieved for approximately
dsit = 8.0 nm. Although the fitting itself is acceptable,
the interface thickness obtained is far too different from
the theoretical interface thickness (Figure 6 inset)
calculated for y = 0.022. Consequently, we must discard
this result and try a still lower y value.

At y = 0.021, the calculated interface thickness is dcaicd
= 55 nm. Using the corresponding PBMA binodal
volume fractions (Table 1) we calculate equilibrated Rs
values for five different PEHMA—-PBMA weight ratios,
ranging from 9:1 to 10:1 (Rs = 30—17 nm), and simulate
donor decay curves for these conditions. We then fit
these curves to the experimental decay curves and again
evaluate the fitting results by calculating the MSE, the
weighted residuals, and autocorrelation of the residuals.
With this rough grid mapping procedure, we identify
the best-fitting dr: values for each Rs (Figure 7, top).
By comparing these values to the interface thickness
calculated from the Flory—Huggins y parameter (dcaicd
= 5.5 nm), we are able to pinpoint the weight ratio
region where the fitted interface thickness agrees with
the theoretical value. From the result shown in Figure
7, bottom, we conclude that our region of interest lies
around Rs = 26 nm (corresponding to a PEHMA:PBMA
weight ratio of 9.4:1, well inside the 10% uncertainty
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Figure 7. Examination of the effect of assumed PEHMA:
PBMA weight ratios and corresponding Rs values at y = 0.021
on predicted values (d5it) of the interface thickness (top).
Selection of the region of interest (bottom).

interval of the 9:1 experimental value that we consider
in order to account for a small amount of agglomeration
of PBMA particles observed3! at the film edges by laser
scanning fluorescence confocal microscopy).

Let us take a closer look now at fitting the experi-
mental donor decay with curves simulated for Rs = 26
nm and different dst values. In Figure 8, we show an
experimental decay obtained for our blend, the corre-
sponding instrument response function, and simulated
donor survival probabilities for different trial interface
thickness values: dst = 2.0, 5.5, and 8.0 nm. Although
the three simulated curves are apparently similar, their
fitting to the experimental donor decay curve produced
very different results. For d5: = 2.0 nm and 6t = 8.0
nm the autocorrelation functions (Figure 8 inset) are
clearly nonrandomly distributed, indicating that the
simulated curves cannot describe the experimental
result. In contrast, with d5¢ = 5.5 nm we obtain a well-
distributed autocorrelation plot of the weighted residu-
als.

To better define the error bar for the fitted interface
width, we conducted a fine search around dsit = 5.5 nm
and determined the interval of o5 for which the auto-
correlations of the residuals are randomly distributed.
From a similar analysis as the one shown in Figure 8,
we found that an acceptable autocorrelation distribution
is obtained for approximately st = 5.0—6.0 nm. The
flatness of the MSE plot obtained for this interval of
orit values (Figure 9) led us to accept the value 65t = 5.5
+ 0.5 nm.

At this point we had found a set of parameters dsit =
5.5 £+ 0.5 nm and PEHMA:PBMA weight ratio of 9.4:1
(corresponding to Rs = 26 nm) that satisfy the con-
straints we set out in the section Distribution of the
Blend Components. The Rs value is compatible with the
material balance for y = 0.021; it corresponds to a
PEHMA:PBMA weight ratio of 9.4:1. The interface
thickness st = (5.5 4+ 0.5) nm agrees well not only with
the experimental fluorescence donor decay curves but

Macromolecules, Vol. 36, No. 20, 2003

[ 0.2 M =

5 _04 8,=2.0nm
©

© =

g 851 AVAW) A\ A 4 . Sfi( = 55 nm
8

“~
= 0.2 AN AA A =
® 02 s 8 = 8.0 M

fluorescence intensity (counts)

§,=2.0nm
> o it
- 8, =5.5nm
8, =8.0nm
1"ow+—4+-
0 50 100 150 200 250 300
time (ns)

Figure 8. Experimental instrument response function and
experimental donor decay profile obtained for a PEHMA—
PBMA blend, annealed for 1 h at 60 °C. Examination was
performed of corresponding simulated results and autocorre-
lation plots for y = 0.021 and different trial interface thick-
nesses.
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Figure 9. Fine search over the trial interface thicknesses dsit
when fitting an experimental donor decay profile obtained for
a PEHMA—-PBMA blend, annealed for 1 h at 60 °C. Donor
survival probability curves were simulated with y = 0.021
(Ocaica = 5.5 Nm, Ry = 26 nm, see the inset).

also with the theoretical interface thickness dcaicg = 5.5
nm calculated from eqgs 13 and 14 for a Flory—Huggins
parameter of y = 0.021.

We have seen before that it was impossible to meet
these conditions for y parameters higher (by 0.001 or
more) than y = 0.021. However, to accept the value y =
0.021 for the Flory—Huggins parameter, we still have
to examine y parameters lower than this value.

Let us now consider y = 0.020, for which we obtain
Ocalcd = 5.8 Nnm. For a weight ratio PEHMA:PBMA =
9:1, the binodal compositions (Table 1) and material
balance calculations imply that the blend should be
miscible. We should obtain an homogeneous distribution
of donors and acceptors, and the donor fluorescence
decay should conform to the Forster model

t\os
- P(g) ] (23)

I5(t) = exp(— ri) exp

D
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Figure 10. Rejection of y = 0.020. Even at a reduced (8.1:1)
PEHMA:PBMA weight ratio (Rs = 22 nm, see the inset), the
interface thickness obtained is unacceptable. Cf. Figure 6.

where the parameter P depends on the local concentra-
tion of acceptors and on the averaged relative orienta-
tion «? of the donor and acceptor transition mo-
ments.lO,ll,ZO

The experimental donor decay curve can indeed be
approximately described by the Forster model (P =
0.385 for a fixed donor lifetime 7p = 45.5 ns), with MSE
= 1.3 and a randomly distributed autocorrelation of
weighted residuals. However, if we calculate P from the
acceptor concentration in the blend assuming complete
mixing between the polymers,2° we obtain Ppix = 2.086.
The large difference between the calculated and fitted
P values is not only inconsistent with a single-phase
system, but it also tells us that the donors in the blend
are “seeing” a much smaller number of acceptors than
they would in a miscible system. Therefore, even at 60
°C, our results rule out a single-phase system. This is
in agreement with laser scanning confocal fluorescence
microcopy results obtained for the same blend.3!

To match the energy transfer efficiency of the experi-
mental donor fluorescence decays while considering yx
= 0.020, we would have to allow for very low PEHMA—
PBMA weight ratios. If we consider the lowest value
within the 10% confidence interval around the experi-
mental PEHMA:PBMA weight ratio (PEHMA:PBMA =
8.1:1), we obtain an immiscible system with approxi-
mately Rs = 22 nm. For these conditions, we simulated
donor survival probability curves and tried to match the
experimental donor decay curve (Figure 10). The best
fit was obtained for approximately ds: = 3.0—4.0 nm.
Again, the quality of the fitting is acceptable but the
interface thickness obtained is far form the theoretical
interface thickness dcaics = 5.8 Nnm calculated for y =
0.020 (Figure 10 inset). At d5: = 5—6 nm, the fitting to
the experimental decay yields MSE > 2 and biased
autocorrelation of the residuals.

In conclusion, assumed Flory—Huggins y parameters
as low as (or lower than) y = 0.020 and as high as (or
higher than) y = 0.022 appear to be in conflict with our
data and the relevant thermodynamic theory. Therefore,
we suggest 0.021 for the Flory—Huggins y parameter
of our PBMA—PEHMA latex blend at 60 °C.

It is of interest to compare our result to interactions
between other polymer pairs, for instance, to tabulated
data that were obtained by analyzing the phase behav-
ior of polymer blends.3¢ Since y parameters tend to be
defined in terms of different reference volumes (in our
case the monomeric volume ugma), let us replace the
enthalpy term y¢(1 — ¢)/usma (for unit volume) of eq 7
by the equivalent®” term B/RT, where B is the interac-
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tion energy density for a monomer unit pair (in our case
BMA and EHMA) and R is the gas constant. (We note
that the “reference volume” for B is simply 1 cm?3.) We
obtain B = 0.10 cal/cm?, showing a much smaller degree
of incompatibility than most monomer pairs listed in
Table 1 of ref 36. Our result is also consistent with the
small difference between the solubility parameters of
PBMA and PEHMA 38

Summary and Conclusions

We examined a blend of two methacrylate polymers,
in which the minor component, PBMA, is present as
spheres of uniform size dispersed in a continuous
PEHMA matrix. Both polymers were labeled with
fluorescent dyes: PBMA with phenanthrene (Phe) and
PEHMA with anthracene (An), suitable for direct non-
radiative energy transfer (DET) experiments. The blends
were prepared by mixing aqueous dispersions of the
polymers in the form of latex nanospheres, casting a
film, and allowing the water to evaporate. Upon drying,
the soft PEHMA particles (Tq &~ —10 °C) in the blend
deform and pack to form a continuous matrix. The
PBMA particles retain their spherical shape, even after
the film is annealed at 60 °C. By choosing a PEHMA:
PBMA weight ratio of 9:1, corresponding to 14 PEHMA
particles (diameter 97 nm) per PBMA particle (diameter
119 nm), we ensured that each donor-labeled PBMA
droplet in the blend was surrounded by the acceptor-
labeled matrix.20

We carried out DET experiments and developed a
model to describe energy transfer between donors and
acceptors chemically attached to the two different
components of the polymer blend. The model describes
the case of one polymer dispersed as spheres of identical
diameter in a continuous matrix of the second polymer.
This model takes explicit account of the segment
distribution of the two polymers in the interface region,
based on the equilibrium thermodynamics of the blend
and on the theory of the interfacial region between two
polymers. We found a drastic dependence of the donor
survival probability curves on the Flory—Huggins yx
parameter and on the PBMA:PEHMA weight ratio.
Since the latter ratio is known from the experimental
conditions, we were able to calculate y = 0.021 from the
measurements with very low uncertainty, and infer that
the interface thickness between the domains in the
blend is approximately 6 = 5.5 nm. This result corre-
sponds to an interaction energy density3637 of B = 0.10
cal/cm3.

Direct nonradiative energy transfer (DET) experi-
ments provide a useful and powerful method to deter-
mine both the Flory—Huggins y parameter of two
polymers in a blend and the thickness of the interface
between the adjacent polymer phases. The method can
in principle be applied to any system in which the
dispersed phase can be prepared in the form of uniform
spheres. The equations used to describe the distribution
of polymer segments are good approximations for spheri-
cal geometry and account for the polymer binodal
compositions in the different blend domains.

Our fluorescence decay curves are such sensitive
functions of y because the solubilities of PBMA and
PEHMA in each other are significant. From a theoreti-
cal perspective, combining the binodal compositions with
the material balance has a drastic effect on the mor-
phology. For instance, if we assume y = 0.020 for our
9:1 weight ratio PEHMA:PBMA blends, the binodal
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compositions would be ¢, = 0.0991 and ¢ = 0.9575
(volume fractions of PBMA), and we would predict that
the blend consists of a single phase after equilibration.
On the other hand, at y = 0.022, the mutual solubilities
of PBMA and PEHMA are already significantly lower
(PBMA volume fractions of ¢, = 0.0714 and ¢g =
0.9732), so that to account for the appreciable level of
energy transfer we have to postulate a much broader
interface than the theoretical ¢ value for this y (eqs 13
and 14).

As a matter of fact, to obtain perfect or near-perfect
agreement with the theoretical prediction of ¢ even at
x = 0.021, we had to decrease the core size R in the
simulations from 30 to 26 nm, which corresponds to
increasing the assumed PEHMA:PBMA weight ratio by
4.5% (from 9:1 to 9.4:1). This change in the assumed
PEHMA:PBMA weight ratio can be justified by the fact
that images taken by laser scanning fluorescence con-
focal microscopy show evidence of a small but detectable
amount of PBMA agglomeration at the film edges, which
decreases the amount of PBMA available throughout
the film and leads to a higher effective PEHMA:PBMA
weight ratio. Somewhat arbitrarily, we defined the
criterion of acceptability for a postulated y value as
being able to recover the theoretical 6 without adjusting
the assumed PEHMA:PBMA weight ratio by more than
10%. In any case, even such considerable adjustments
were insufficient to obtain acceptable results with y =
0.020 or y = 0.022.

Probably the weakest point of our derivations and
analyses is that we estimated the properties of PBMA
and PEHMA as if our samples had been monodisperse
(with respect to their molecular weight). Polydispersity
will also impinge on the phase equilibrium and inter-
facial profile relationships. We plan to discuss these
matters in a forthcoming paper.
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Appendix A

The physical property parameters that we required
for our computations were the degrees of polymeriza-
tion, molar volumes, and radii of gyration (or, equiva-
lently, mean-square end-to-end distances) for PBMA
and PEHMA. For the degree of polymerization, we
treated our polymer components as if they were mono-
disperse. We chose values (Npgma = 118 and Npgpva =
136) based on the number-average molecular weights
of 16 700 for PBMA and 27 000 for PEHMA2° using the
respective monomer molecular weights of 142.20 and
198.31.3% From Olabisi and Simha’s experimental data,*°
the specific volume of PBMA is 0.9694 cm?3/g at 60 °C.
To obtain the specific volume of PEHMA, we have
employed a group contribution method,** as well as
Simha and Boyer’s correlation.#? The glass transition
temperature of PEHMA, needed for the calculations,
was taken to be 263 K.*3

The group contribution calculation*! yielded a
PEHMA specific monomer volume?2* of 200.41 cm3/mol
at 25 °C. This value was adjusted to 204.83 cm3/mol at
60 °C, using Simha and Boyer’s relationship o, Tg =
0.164,%2 where a, is the coefficient of (cubic) thermal
expansion above the glass transition temperature Tq (K).
The specific monomer volume of PBMA is 0.9694 x
142.20 = 137.85 cm3/mol at 60 °C.
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Estimation of the radii of gyration of PBMA and
PEHMA was a less straightforward matter. For in-
stance, the latest edition of the Polymer Handbook**
mentions more recent work that challenges earlier#4>
data on PBMA. However, those more recent results were
obtained on ultrahigh molecular weight samples of
higher polydispersity, prepared by plasma-induced po-
lymerization, and may not be relevant to our work. We
have decided to rely on an earlier formula, also adopted
by Helfand and Sapse in their well-known tabulation?®
of statistical segment lengths: ro/M¥2 = 0.051 nm for
PBMA at 23 °C. Here, rpy is the square root of the
unperturbed mean-square end-to-end distance, and M
is the molecular weight. To correct ro (for PBMA) to the
annealing temperature of 60 °C, we also employed the
Polymer Handbook datum** for thermal expansion: d(In
ro?)/dT = 2.5 x 1073 deg™L. This resulted in the mean-
square end-to-end distance 47.87 nm? at 60 °C for our
PBMA sample of M, = 16 700. We note that the ro/M*2
= 0.051 nm formula applies to poly(2-ethylbutyl meth-
acrylate) as well,* essentially at the same temperature
(25 °C) as quoted for PBMA. It appears that for
methacrylates, 2-ethyl substitution in the ester groups
affects the radius of gyration only through the monomer
molecular weight. Thus, we adopted the poly(hexyl
methacrylate) formula ro/MY2 = 0.053 nm at 30 °C, with
thermal expansion d(In ro2)/dT = 2.2 x 1078 (deg™1), for
PEHMA as well.** This yielded a mean-square end-to-
end distance of 80.93 nm? at 60 °C for our PEHMA
component of M, = 27 000.

Appendix B
From eq 6 the chemical potentials are given by
Aupgma _
kT
| Npgmalema 2
ne+(1—¢) 1‘# + xNpgma(l — ¢)
PEHMAYEHMA
(B1)
and
Altperima _
kT
Npermalenma Uenma
In(1 —¢) + 45(1 TN U + %NPEHMAU—¢2
remAUBMA BMA
(B2)

Equality of the chemical potentials then corresponds
to the solution of the (nonlinear) system of equations

Ing, —In bp= *Npgmal(l — (15/3)2 -(1- ¢a)2] -

(b - %)(1 - M) (83)

Npermalenma
IN(1 — ¢,) — IN(L — ¢p) = (¢ — Bg) X
Npermalenma UEHmA
(1 TN U + JC|\||>EH|\/|AU—(¢ﬁ2 - ¢’a2)
pemMaUBMA BMA

where ¢, and ¢z are the binodal compositions, given as
volume fraction PBMA. Precise solutions were obtained—
for various assumed y values—with the aid of the
Numerical Algorithms Group (NAG) routine CO5PBF.4”

Appendix C

We provide a partial confirmation here that our
interfacial profile (eq 15) and its interface thickness
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parameter 6, which are based on eq 10 (planar inter-
face), are not invalidated by the material balance
constraints that play an important part in our model.
In this we follow in Schubert’s?® footsteps; he showed
that the transition from planar to cubic symmetry had
little effect on 6 in most situations.

Our starting point is the expanded form (cf. eqs 3 and
6) of the free energy formula (eq 1):

G
KT L Npgwia IN ¢ + Npgpvia IN(L — ¢) +

mOZQBMA

O FEMA
36¢UgmaNpema

XNpemaNpema(l — @) +

mOZQEHMA
36(1 — P)UgumaNpeHMA

We neglect the combinatorial entropy (first two terms
of the integrand), replace npgmaNpema BY dpema/Usma (1
cm?® volume), introduce spherical symmetry, and ap-
proximate ROZBBMA/(UBMANPBMA) A~ 2.9429 x 10~ mol
cm~t and ROZBEHMA/(UEHMANPEHMA) ~ 2.9052 x 10717
mol cm~! (Appendix A) by their mean value, which we
denote by b?/ugua (b is the effective statistical segment
length). Thus, the free energy expression to be mini-
mized, subject to the constraint eq 19, becomes

b*>  (dg
%009 ¢)(dr)]dr (C2)

and substituting the radial Helfand—Tagami distribu-
tion (eq 17) for ¢

(V¢f]dV(01)

Maﬁﬂmu—@+

2
— 2%+ B {1 tann2ror —
M= [r [ 4+%2]{1 tanh?[2(r — RY/6]} dr (C3)
Now, we employ Schubert’s approximation of extend-
ing the lower limit of integration in eq C3 from 0 to

—o0,25 and introduce the transformation z = 2(r — Rg)/9,
obtaining

_ |20 Zxa b’ |, 2
M = f_w(z + RS) +1g5|(1 — tanh’z) dz (C4)

The quadrature formulas

Jo@—tanh?z)dz=1 (C5)
and
2
©_2 2 _ T
J. 241 — tanh ?2) dz = s (C6)
yield
7% ) b_z)
M= (48 +R)(4+95 S

To proceed with the constrained minimization, we
now have to examine the implications of eq 19. Numer-
ical integrations for various values of Rs and 6 have
shown that, at least for reasonable magnitudes of 6, the
integral of eq 19 is quite insensitive to §, but very
sensitive to Rs. Actually, it is difficult to establish Rs
with good accuracy without fitting fluorescence decay
data, because the material balance eq 19 itself is very
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dependent on small experimental uncertainties in PBMA
particle size (before equilibration) and the PEHMA:
PBMA weight ratio. Nevertheless, in minimizing M (eq
C7) itis reasonable to assume that R will be essentially
constant in this process, and that even for quite large
values of o, the 720%/48 term is entirely negligible
compared to R&. Thus, free energy minimization amounts
to minimizing the equation

M’ = x5/4 + b?/(99) (C8)
This yields
2b
0=—— (C9a)
Vo
for broad interfaces, and mutatis mutandi
2b
0=——= (C9b)
V6

for narrow interfaces. These are identical to the usual
formulas for the interface thickness between immiscible
polymers.2> We conclude that for large Rs/d ratios,
neither the spherical symmetry implied by core—shell-
type systems, nor the material balance constraints
applicable here, have a significant influence on 6,
compared to a planar geometry, for the Helfand—
Tagami components of our distributions. It now seems
reasonable to postulate that the complete distribution
function (eq 15), subject to the same material balance
constraint, is appropriate for our system.
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