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more rigorous calculation of the transport properties of
model macromolecules.
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ABSTRACT: A theory is presented of the interfacial properties between two immiscible polymers in the
presence of a solvent. We use diffusion equations for the probability densities characterizing the polymer
configurations, derived on the basis of the mean-field approximation for the intermolecular interactions. We
-consider systems with a small compressibility and, for specific calculations, we assume the Flory-Huggins
form for the free energy. In the limit of infinite molecular weight for the polymers we solve the mean-field
equations numerically to obtain the interfacial tension and density profiles for typical values of the interaction
parameters. Calculations for the system poly(dimethylsiloxane)-benzene—polystyrene are also carried out.

In recent years there has been considerable interest in
the theory of the interfacial properties of heterogeneous
polymeric systems. This interest has been motivated to
a great extent by the increasingly important role that
polymer blends, grafts, and blocks are playing in modern
technology. The use of block copolymers in the develop-
ment of thermoplastic elastomers, hot melt extrudable
adhesives, and protective coatings are but some of the
important commercial applications currently in use.!

Recently Helfand?® has focused on the details of the
microdomain structure of block copolymers and has de-
veloped a theory, based on mean-field ideas, for predicting
domain sizes for various geometries. However, relatively
little work has been done to extend the theory of inho-
mogeneous polymers to include the effects of solvents,
which can have a marked influence on the phase separation
and physical properties of block copolymer systems.® In
this paper we present a theory for predicting interfacial
properties between two immiscible homopolymers in the
presence of a solvent. Our theoretical formulation con-
stitutes an extension of some recent work by Helfand and
Sapse’ on the saturated homopolymer—solvent interface.
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In section I we present the theory, based on the mean-
field approximation, and discuss the effect of including
nonlocal interactions in the free energy. Although our
formulation is quite general, we make use of the Flory-
Huggins form of the free energy for specific calculations.
Section II contains the calculation of the asymptotic (bulk)
properties of the polymer—solvent phases away from the
interface and leads to a discussion of the equilibrium phase
diagrams for the ternary system. Our free energy density
contains a term to suppress local fluctuations in the density
which would otherwise accompany phase separation, con-
trary to observation. The determination of this term, in
the limit of zero compressibility, is given in section IIB.
The numerical method used to solve the mean-field
equations is given in section III, along with calculations
of the interfacial density profiles and interfacial tensions
for typical interaction parameters. Results for the system
PDMS/benzene/PS are given in section IV,

I. Formulation of Theory

A. Mean-Field Approximation. We begin by intro-
ducing some standard nomenclature for the quantities of
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interest in this problem.” The densities of pure material,
in monomer segments per unit volume, will be denoted by
pok, Where K refers to the polymer (subscripts A or B) or
to the solvent (subscript S). The corresponding reduced
densities are defined by

Px = P/ Pox (1)

The asymptotic reduced densities in the homogeneous
polymer—solvent mixtures away from the interface will be
denoted by p,(—=) and p(«) with the convention that the
polymer A—solvent mixture is to the left of the interface.
The degree of polymerization of a part of a larger molecule
is denoted by ¢, and t can vary between 0 and Zx, the
degree of polymerization of the whole molecule, The Kuhn
statistical length of a single segment of K is by.

The mean-field equations determine a quantity gx(r, t)
which is proportional to the probability density that the
end of a molecule of type K and degree of polymerization
t is at r and take the form?

dgx [ b’ _, 1 4Af
W—(?V—ma gK (2)
with the initial condition
qg(r,0) =1 (3)

and the boundary conditions that gk(r, ¢) approach a
constant in the bulk K phase and its gradient vanish in
the other phase. The second term in parentheses in eq 2
represents the “effective” or mean field, and the quantity
Af is the free energy density of a mixture of densities g4,
0B, and pg less the free energy density in the bulk away
from the interface. The form of Af will be discussed later.
In order to solve the set of equations (2), we must use
the relation between gk(r, t) and the density pg(r):2

PK(IRZ=
Zx
—Z—: . at axlr, Zx - Dax(r, B/ [ & axlr, Zg) @)

In eq 4 Nk is the number of K monomer units. For Zg
— o, as we assume in this paper, eq 4 reduces to simply
pa(r) = pal=)g,*(r)

pg(r) = pp(=)ggi(r) (5)

and we need only to find the “steady-state” solutions of
eq 2, which reduce to

ba 1 0af
6 ga keT apAQA
bg® 1 aAf

g I8 = PR, EQB (6)
where we have made use of the one-dimensional nature of
the single interface problem. In addition to eq 6, the
constancy of the chemical potential of the solvent requires

0 = 9Af/dps (7)

The solution of eq 6 and 7 for the Flory—Huggins form
of the free energy density is discussed in section III. An
important quantity which characterizes the interface is the
int;arfacial tension, given in the mean-field approximation
by

y=2f :mdx Af )

Calculations of the concentration profiles of the polymers
as well as the interfacial tension are given in sections III
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and IV for varying amounts of solvent in the ternary
system.
B. Flory-Huggins Free Energy Density. The Flo-
ry-Huggins (FH) form of the free energy density is®
Af = paluoa — pa) + ppluos — k) + pslos — 1) +
aABPAPB T dasPaPs + apsPrPs +
pat Bt Ps

kT

- Ps
Posps I § = = -
Pat bt Bs

Ly
) + 2KkBT(pA +pg+ps— 1)
9

where we have assumed infinite molecular weight for the
polymers; hence we need not discuss the so-called “kinetic”
terms, which depend inversely on the degree of polymer-
ization. The free energy density is written with respect
to its value in the asymptotic phases, with the convention
that polymer A is to the left of the interface, as specified
earlier. The differences of the chemical potentials from
the values in the pure materials will be determined from
the theoretical calculations.

The first term inside the braces in eq 9 corresponds to
the usual FH energy of uniform mixing of the three com-
ponents, written in terms of mixing parameters axg, which
will later be related to the xxx parameters. The second
term in the braces gives the entropy of mixing of the
solvent small molecules, and the last term restricts the size
of density fluctuations in the system. Since the com-
pressibility « is usually very small, the partial derivative
of this term becomes indeterminate in the limit of negli-
gible volume change upon mixing, and it must be obtained
self-consistently from the theory, as described in section
IIB. As discussed in the literature, effects such as a com-
position dependence of « and small volume changes of
mixing can also be included in the theory.® However, we
will neglect these refinements in our calculations.

C. Nonlocal Effects.

A minor modification which is relatively easy to include
in the theory is the addition of nonlocal effects. Briefly,
nonlocal terms arise from the finite range of a general
interaction potential between different molecules, assumed
to be of the form

j‘ &% &% Br(®)axg(r - ¥)ogr) (10)

Assuming that the potential is slowly varying, a gradient
expansion of eq 10 gives for the corresponding effective
field?

1 aaf 1
— — = — | d% axxlr - )px(r)
kT dpk Poxf K Px
(83 ’ o2 /201 ’
~ =K (0) + g ) .,
PoK 600k

(11)

where
Ak = fd3s &KKz(s)
oxx’ = fd3s SZ&KK/(S)/fd:’s akx(s) (12)

and the nonlocal contribution to the free energy is of the
form

kT o (" a3
Montocst = 35 = axxoxx? f 4 V) V() (13)
KK’
In practice, the quantity oky- is taken to be of the order

of the average of bi and by for the macromolecules.
Including the nonlocal terms, eq 6 and 7 become
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b, _ 1 3af
6 da k T GpAqA
1

GPOA(C\‘ABUAszBH + 0as0as2Ps” )0

bg® _ 1 aaf

re +
6 9B kBT apB 98
1
6 (aaBoAs™PA” + apsops®Ps”)qp (14)
POB
and .
1 aAf 1
0= ksT dps + 600 (aAsffAs pa” + apsos’Pp”) (15)

II. Asymptotic Phases
A. Phase Diagrams. From the FH free energy density,
eq 9, we obtain the expressions for the effective fields

dAf kT
B, Hoa T Ha + ——{oapdn® + apsds? + (aap + aag -
PA PoA

aps)dpds — Posts + «l (186)
where we have defined the volume fractions
Pa
= 17
oA (Pa + g t+ ps) an
etc., and
1
w= kaT(ﬁA +pgtps—1) (18)

In the limit « — 0, we have > px = 1, since there is no
volume change upon mixing, and the expression for «, eq
18, becomes indeterminate. The calculation of w in this
case is given in section IIB. The expression for dAf/dpg
is similar to eq 16, and

oAf _ BT 2
ops  Hos T Bs + p_{aAS¢A + apgpr’® + (aast ags —

aaB)Padp t+ pos In g + pos(l — dg) + w} (19)

In the asymptotic phases the effective fields as well as
the function w(x) vanish, and noting that the chemical
potential is constant we obtain from eq 19

kgT
Hg — Hos = —
Pos

laasga?(-=) + pos In ggl-e2) +
posl1 — ¢g(==)1}
kgT
= p_faBs¢B2(°°) + pog In ¢g() +
posl1 — ds(=)]} (20)

giving the following relation between the volume fractions
of polymer in the two asymptotic phases

Xas®a?(-2) + ¢a(-2) + In [1 - ga(-=)] =
xps®Bi (=) + ¢p(@) + In [1 - ¢p(=)] (21)

where we have defined

Xas = @as/ Pos; XBs = aBs/ Pos (22)
Equation 21, along with the relation
¢a° ¢g°
Ay =1 23
pal-=)  ¢p(=) (23)

which follows from the division of the mixed system into
an A-solvent volume fraction and a B-solvent volume
fraction, where ¢,° and ¢g’ are the unmixed volume
fractions of A and B, allows for the construction of the
standard phase diagrams shown in Figures 1 and 2. For
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x/b

Figure 1. Interfacial concentration profiles of polymers (A, B)
and solvent (S) corresponding to point X on the phase diagram
shown above. The values of the x parameters are indicated on
the phase diagram, and the three-phase region is shown by the
inner triangle. The distance from the interface is measured in
units of the Kuhn length b, which is taken to be the same for the
two polymers in this model calculation. The solvent volume
fraction is measured from the top down.

x/b

Figure 2. Interfacial concentration profiles of polymers (A, B)
and solvent (S) corresponding to point X on the phase diagram
shown above. The x values are the same as in Figure 1, and the
three-phase region is shown by the inner triangle. The inflection
points of the polymer concentration profiles are used to define
a solvent-rich region (width dg), and the polymer-A- and -B-rich
regions (widths ds and dg) are bounded by the intersections of
the tangents at the inflection points with the lines corresponding
to the asymptotic polymer concentrations. The solvent volume
fraction is measured from the top down.

any choice of unmixed volume fractions, we can calculate
by eq 21 and 23 the tie lines and the composition of the
mixed homogeneous phases. The tie line bounding the
three-phase region is obtained from eq 20 by setting ug =

Hos-
The shift of the chemical potentials for polymers A and
B in the asymptotic phases can be derived in the same way
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as eq 20; eliminating these quantities from the equations
for the effective fields of the polymers gives
1 09A 1 ,
Lo ;‘{aAB¢B2 + aps[ds® — ds*(-2)] + (app +
0A

kT dpa
ops — apg)dpds + poslog(—*) — ¢g] + w}
1 09A 1
L8 —faapda’ + apslds® — ds*(®)] + (aap +
ksT dps  poB

aps — aas)Pads + poslds(®) — dg] + w} (24)

Finally we need an expression for the indeterminate
function w before we can use the above results for the
effective fields and proceed with the solution of eq 14.

B. Elimination of Indeterminate Form. Using eq
15, 19, and 20, we find the following expressions for w:

w = ~Yelaasoas®®a” + opsops’es”) +
faas[@aZ(-=) — $42] — [apspp® + (aas + aps ~
aap)dads] T pos In [ps(—=) /dg] + pogfoog — ¢s(—<(’°)])l
25

or
w = —Ye(aprsoas®ds” + apsopsieép”) +

{ops[#p%(2) — ¢p?] — [aaspa® + (as + aps —
aap)PadB] T pos In [¢g() /ds] + poslds — ds()]} (26)

Using either of these expressions and eq 14 and 24, as
well as the relations g2 = ¢/ da(—=) and ga® = ¢g/dp(=),
we can proceed to solve for the concentration profiles of
the three components in the interfacial region.

III. Interfacial Properties

A. Numerical Method. For the numerical solution of
eq 14 we introduced b = (b, + bg)/2 as'the unit of length
and divided the interfacial region into discrete sections
such that x /b = né, where 6 is a constant. In our calcu-
lations we took n to be in the range —50 to +50, and we
chose § ~ 0.4 typically for a broad interface corresponding
to a small xagp or a high solvent concentration (Figure 1)
and § ~ 0.2 for a narrow interface (Figure 2). For the
calculation of the concentration profiles the asymptotic
values of ¢ were fixed; e.g., gg(-50) = 0, gg(50) = 1, with
pp(n) = pg(=)gp?(n). The asymptotic volume fractions of
polymers A and B and hence the asymptotic densities were
determined as outlined in section IIA. The initial trial
function for the numerical solution was chosen to be

gg(n) = {%[1 + tanh {(6xap)'/%x /b}]}!/2 (27)

for n in the range —49 to +49, with a similar expression for
ga(n). Equation 27 represents the analytic solution for the
interfacial profile of an immiscible (symmetric) homo-
polymer system,® without solvent, and serves as a good
starting approximation for numerical calculations on the
ternary system.

Equations 14, which are of the form

gs” = F(ga, q8) (28)

were solved by the generalized Newton method.!® In this
numerical scheme the differences

Agg(n) =
A§? [gs(n + 1) - 2qg(n) + gg(n - 1)]/6% - F(qa, gp)
2 1+ 82 oF

2 dgg(n)
(29)

were calculated, starting with n = 49, say, and using the
new value of gg(n=49) defined by

(new)qgp(n=49) = (old)gg(n=49) + Aqg(n=49) (30)
in the equation for Agg(n=48), and so on. This operation
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Figure 3. Total width of interface (solid line) and components
(dotted lines) in reduced units as a function of the volune fraction
of solvent, for the phase diagrams shown in Figures 1 and 2. The
volume fractions of the two polymers are assumed to be equal,
corresponding to a trajectory on the phase diagram along the
perpendicular from the vertex S to the line AB. The dashed line
indicates the volume fraction at which the polymers become
saturated with solvent and a three-phase region appears. Also
shown is the calculated total width taking into account nonlocal
interactions.

was continued until the interfacial region was traversed
and then repeated in its entirety until convergence was
obtained. The overrelaxation factor A was chosen to im-
prove the covergence of this procedure. For broad inter-
faces, A ~ 1.5, while for narrow interfaces, A ~ 1. The
results of these calculations are discussed in the remainder
of this section.

B. Concentration Profiles. Figure 1 shows the cal-
culated interfacial concentration profiles of the different
components of the ternary system, corresponding to the
point indicated on the phase diagram. For this model
calculation we have assumed by = bg = b and pgs = o

= pog = po- The polymer—polymer interaction parameter
is defined by

XAB = @AB/ Pos (31)

For the case of small ¢¢° shown in Figure 1, there is very
little accumulation of the solvent in the interfacial region.
This diagram should be compared to Figure 2, where we
show the interfacial profiles for a point on the phase dia-
gram bordering the three-phase region. In this case we see
that the presence of the solvent results in considerable
broadening of the interface.

In Figure 2 we have singled out the inflection points of
the polymer profiles in order to define solvent- and poly-
mer-rich regions. Figure 3 shows the variation of the in-
terfacial thickness, divided into three components, for
increasing amounts of solvent in the system. It is inter-
esting to note that the widths of the polymer-rich regions
remain approximately the same, while the width of the
solvent-rich region increases with increasing solvent con-
centration. The dashed line indicates the point at which
the polymers become saturated with solvent and the sys-
tem separates into three phases. The interfacial profiles
shown in Figures 1 and 2 were calculated by using the
model with only local interaction parameters. The effect
of the nonlocal interactions, calculated with ¢ ~ b (section
IC), is to increase the total width of the interface slightly,
leaving the details of the profiles almost unaffected. Figure
4 shows the variation of the interfacial tension with in-
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Figure 4. Interfacial tension v as a function of solvent volume
fraction for the same conditions as in Figure 3. The left-hand
scale is in reduced units; for the right-hand scale, pobk%T ~ 15
dyn/crlr}(, using b = 6 A, pos = pog = pos = 0.01 mol/cm®, and T
= 298 K.

creasing solvent concentration. The effect of the nonlocal
interactions in this case is to increase the calculated values
by 15-20%.

IV. Calculations for PDMS/Benzene/PS

The calculations for this interface were carried out for
T = 25 °C, using ppg = 1.0711 g em™3,!! pppys = 0.9699 g
cm"3,12 Pbenzene — 0.8738 g cm"3,13 bps =6.6 A, and bPDMS
= 5.8 A.3 In the absence of more complete experimental
information, we used Xps penzene = 0.455,14 obtained in the
infinite-dilution limit, for the whole range of benzene
concentration. A range of values has been measured for
X PDMS-benzene» L70M 0.82 to 0.48, depending on the volume
fraction of benzene.'® xps.ppms Was calculated from the
expression involving the Hildebrand solubility parameters!®

xag = (V,/kgT) (8, — 6p)* (32)

using dpg = 9.0 cal'/? cm?/3,'7 and dppyg = 7.5 cal’/2 cm?/318
and taking the reference volume V, (in cm3/mol) to be that
of benzene at T = 25 °C, giving xps_ppms = 0.34.

The calculated width of the interface as a function of
benzene concentration is shown in Figure 5. With the
quoted values of the x parameters, this system does not
have a three-phase region. The effect of the nonlocal terms
in the free energy on the total width is found to be very
small. Figure 6 shows the calculated interfacial tension
corresponding to Figure 5. There are a number of prob-
lems in comparing this curve to experiment. First, the
reliability of some of the x parameters we have used could
be improved. Second, the temperature for which we have
carried out our calculations, T = 25 °C, is below the glass
transition temperature for polystyrene, T,FS ~ 100 °C,®
so that for small concentrations of benzene the system
solidifies and the present theory is no longer valid. The
problem with carrying out calculations at higher temper-
atures, where the polymers are molten, is that the x pa-
rameters are even more poorly known. Measurements at
T = 100 °C give vps ppms = 6.1 dyn/cm,? in the absence
of benzene, with a very small temperature coefficient from
T =100 to T = 180 °C. In spite of the limitations of the
extrapolation procedure, our values for ¢%enzene = 0 at T
= 25 °C give Yipea = 4.13 dyn/cm and v oniecar = 4.55
dyn/cm, close to the measured value at T = 100 °C.

Although the point has been made earlier, it is worth
repeating that progress in the theory of interfaces of
polymeric systems can only be made on the basis of careful
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Figure 5. Total width of interface for the system PDMS/
benzene/PS as a function of benzene volume fraction, showing
results for both local and nonlocal theories. A range of x values

gor PDMS/benzene was used, depending on the benzene volume
raction.
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Figure 6. Interfacial tension v for same conditions as in Figure

measurements of the fundamental interaction parameters,
carried out over a wide range of temperature and compo-
sition.
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Characterization of Polymer Compatibility by Nonradiative
Energy Transfer. Application to Binary Mixtures Containing
Anionically Prepared Polystyrene, Anionically Prepared
Poly(a-methylstyrene), or Poly(2,6-dimethyl-1,4-phenylene ether)
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ABSTRACT: Polystyrene (PS) and poly(a-methylstyrene) (PMS), prepared by anionic polymerization, and
poly(2,6-dimethyl-1,4-phenylene ether) (PPO) were labeled with carbazole or anthracene residues. The
compatibility of polymer pairs labeled with the donor and acceptor chromophores, respectively, was characterized
by nonradiative energy transfer in blends of PS with PMS, PPO with PS, and PPO with PMS. The technique
demonstrates a slight departure from random mixing even in the PPO-PS system, which has been previously

described as perfectly compatible.

In a previous report from this laboratory? a new method
was demonstrated by which the compatibility of two
polymers can be characterized. In this technique the first
polymer was labeled with a fluorescent residue (the
“donor”) whose emission spectrum overlapped the ab-
sorption spectrum of another fluorescent moiety (the
“acceptor”) attached to the second polymeric species.
Energy absorbed by the donor can then be transferred by
a nonradiative process to the acceptor over distances of
the order of 2 nm so that the relative donor and acceptor
emission intensities of a sample irradiated in the donor
absorption band is a measure of the spacing of donor and
acceptor groups and thus dependent on the mutual in-
terpenetration of the two polymeric species.

In this previous work the fluorescent labels were intro-
duced into the polymers by copolymerization. In the
present study we have developed techniques by which such
labels may be attached to preexisting aromatic polymers.
This allowed us to use polystyrene and poly(«-methyl-
styrene) with narrow molecular weight distributions pre-
pared by the “living polymer” polymerization technique.
It allowed us also to investigate the compatibility char-
acteristics of poly(2,6-dimethyl-1,4-phenylene ether), which
had been studied previously by a variety of methods.**

Experimental Section

Polymers. Polystyrene (PS) and poly(a-methylstyrene) (PMS)
were prepared by anionic polymerization, using potassium
naphthalene as the initiator. The molecular-weight distribution
was characterized by GPC, yielding for PS M, = 11.3 X 10* and
M, = 17.1 X 10* and for PMS M, = 9.49 X 10* and M,, = 11.9
X 10% The polymers were twice dissolved and reprecipitated to
remove residual naphthalene. Poly(2,6-dimethyl-1,4-phenylene
ether) (PPO) was a gift from Dr. D. Fox of the General Electric
Co. It had [5] = 0.49 dL/g in chloroform at 25 °C.

Attachment of Fluorescent Labels. PS and PMS were
chloromethylated as described by Jones.? With 1 wt % of ZnCl,
added to a 10% polymer solution in chloromethyl methyl ether,
chlorine contents of 0.85 wt % in PS and 0.53 wt % in PMS were
obtained after 10 min at room temperature. To ensure complete
removal of the ZnCl,, the modified polymers were dissolved in
dioxane and reprecipitated in water.

The chloromethylated PS and PMS were condensed with po-
tassium carbazole as described by Gibson and Bailey.’® The
polymer was dissolved and reprecipitated five times with inter-
mittent washing by the precipitant until the absorption in the
270-320-nm range, characteristic of carbazole, stopped decreasing.

Anthracene-labeled PS and PMS were prepared by treating
the chloromethylated polymers with (9-anthryl)methanol (Aldrich)
and sodium hydride by the procedure used for the benzylation
of carbohydrates.!! This method is based on the observation!?
that benzy! chloride does not react with sodium hydride below
170 °C.

The fluorescent labels were attached to poly(2,6-dimethyl-
1,4-phenylene ether) (PPO) by first slightly chlorinating the
polymer in refluxing chloroform and then reacting the chloro-
methyl groups with potassium carbazole or (9-anthryl)methanol
as described above.

The content of carbazole and anthracene moieties in the
polymers was determined by UV spectroscopy, using dioxane
solutions for labeled PS and PMS and chloroform solutions for
labeled PPO. The extinction coefficients were assumed to be the
same as those of 9-benzylcarbazole (¢ 16070 and ¢ 16 210 cm™ M!
at 294 nm in dioxane and chloroform, respectively) and (9-
anthryl)methanol (¢ 8460 and ¢ 8530 cm™ M™! at 365 nm in dioxane
and chloroform, respectively). The absorption spectra of the
labeled polymers in the region characteristic of the carbazole and
anthracene moieties were identical with those of the low molecular
weight derivatives.

Sample Preparation and Fluorescence Measurements.
Films were cast from tetrahydrofuran solutions containing PS—
PMS blends and from methylene chloride solutions containing
PPO-PS or PPO-PMS blends. In all cases the labeled polymers
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