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The relation between the effective excluded volume parame-
ters waa, Wag, and w,p and the Flory parameters is as follows:
Let &,, &5, and ®g be the volume fractions of polymer A,
polymer B, and solvent, respectively. The Flory-Huggins
free-energy form F = F;, + F,,,, where (in the long chain limit)
Foix = Tdg In &g and

Fiu/ T = /hLxid:3
i
Expanding to quadratic order in &, and ®g (and using 3°;®;
= 1), we obtain
F/T = Y(®4 + &) - Zx;;®:%;
ij
where the sum is over species A and B only. The resulting
Flory-type parameters obey
xas = x38 - (e + xd8) /2

xss = xBE - (x8E + xd) /2
xap = (A8 + x88 - xdB - x8%) /2
On the other hand, in terms of the excluded volume parame-
ters, F is written as
F/T = Vz%wi@i‘l’j

Hence the excluded volume parameters are related to the Flory
x parameters as follows:

wap = 1 - 2xas
wpp = 1 - 2xas
wag = 1 - 2xap

(20) Note that the unit of length £, does depend on these param-
eters. On the other hand, the surface potential experienced by
the polymer is independent of the bulk parameters. Therefore,
we introduce the dimensionless surface parameters x,® = £,%,
and xg° = £,%g; we ask that the logarithmic derivative of f, and
fs with respect to x be equal to (£4/£,")x,% and (£4/£2%x5°,
respectively.

(21) Under the assumption that the free energy is dominated by
two-body repulsions, the bulk free energy per unit volume for
the mixture is

fmix = (Wasca® + wppep® + 2wapcacg) /2
while for a phase-separated state
fos = (waaca® + wpnes? + 2(waawpn)/%cacs) /2

from which (15) follows immediately.
(22) We are indebted to Prof. Daniel W. Hone for illuminating
comments on this point.
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ABSTRACT: The behavior of microphase-separated block copolymers has major contributions from the mixed
interphase existing between the two homogeneous phases. However, relatively little has been known about
the interphase itself and, in particular, its composition profile has never been measured directly. Here, we
have used quantitative transmission electron microscopy to acquire the shape of the volume-fraction composition
profile across this interphase. Measurements were made on four styrene (S)/butadiene (B) block copolymers
having structure SBS (three) and SB (one), with molecular weights 1.0-2.3 X 10° g/mol and overall volume
compositions of 0.24-0.38 styrene. Results, averaged over the four samples, depict an asymmetric interphase
profile, being rich in styrene (54 vol %) in agreement with new differential scanning calorimetry data and
with dynamic mechanical testing studies of others. This profile is then used in an equilibrium thermodynamic
theory (which extends earlier work by adding an enthalpic “Debye” term that accounts for molecular interactions
beyond nearest neighbors) to predict various microstructural and thermal properties of the bulk polymer.
Excellent agreement with reported data is obtained for the predicted interphase thickness and interphase
volume fraction and for predictions of the repeat distance for lamellar SB copolymers.

Introduction

Block copolymers are known to undergo microphase
separation under certain conditions (normally encountered
in practice) of composition, molecular weight, temperature,

*To whom correspondence should be addressed.

0024-9297/88/2221-1377$01.50/0

and molecular architecture. The result of this microphase
separation is the formation of either a cocontinuous com-
posite of lamellar elements or a dispersed phase of domains
distributed in a continuous matrix (Figure 1). Since these
microphase-separated block copolymers exhibit thermal
and mechanical properties unlike those of either homo-
polymer or a random copolymer of similar composition,

© 1988 American Chemical Society
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Table I
Macroscopic Properties of the SB/SBS Block Copolymers Used in This Study®

sample? architecture morphology M, x 1078 g/mol M /M, Mg % 1078, g/mol wg b
F411 SBS CYL 115.0 2.00 34.5 0.30 0.28
F414 SBS LAM 87.7 1.71 30.0 0.40 0.38
F416 SBS CYL 84.8 1.65 21.0 0.30 0.28
F1205 SB CYL/LAM 71.4 1.40 25.0 0.25 0.24

@ All bulk properties have been characterized by Cosden Qil and Chemical Co. °F is an abbreviation for Finaprene.
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Figure 1. Schematic representation of lamellar (top) and
spherical /cylindrical (bottom) microstructures resulting from
microphase separation in block copolymers. In this case, S rep-
resents styrene and B butadiene, and the triblock case is shown
explicitly.

many investigators have sought to establish and under-
stand the relationship between these bulk properties and
the microstructures. One conclusion reached in these
studies has been that the interphase, the region that re-
mains partially and inhomogeneously mixed between the
adjacent homogeneous phases, is a major factor in deter-
mining many bulk properties and moreover is solely re-
sponsible for a number of unique phenomena (e.g., the
plastic-to-rubber transition upon stretching® and the yield
stress in melts?). Across this interphase, whose thickness
is designated in Figure 1 as AR in spherical/cylindrical and
as AT in lamellar microstructures, the local composition
goes from primarily pure S (styrene) to pure B (butadiene).
Minimization of the free energy of the entire copolymer
system®7 causes a large-fraction interphase to be favored,
making its detailed description important.

Both the extent of the interphase and its composition
profile, however, have not always been recognized as es-
sential features of these complex microcomposites. For
instance, the equilibrium thermodynamic theories pro-
posed by Meier® and by Krause® initially assumed the
existence of a sharp interphase. The earliest theory de-
veloped by Leary and Williams,>® however, proposed a
finite interphase with the composition profile handled, for
simplicity, as a constant equal to the average (0.5) of the
end points (0,1). Developments in the theories of Hel-
fand,'%!2 Meier,'® and Henderson and Williams* eventu-
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Figure 2. Symmetric interphase composition profiles used in
the sensitivity analysis of Henderson and Williams.!* The ana-
lytical functions are as follows: step (¢’s = 0.5), linear (¢p5 =1
— x*), sinusoidal (¢’s = cos? (rx*/2)), and hyperbolic tangent (¢
= 0.5 - 0.5 tanh [g(x* - 0.5)], with ¢ = 5 or 12).

ally incorporated more realistic symmetric composition
profiles. Henderson and Williams!* analyzed the effects
of profile shape variation (see Figure 2) on the micros-
tructural and thermal properties predicted by their theory.
The five profiles they chose were expressed in terms of
¢'s(x*), the local volume fraction of S, where

x* = 3/1 1)

with £ the position in the interphase measured from the
S-phase side and I the interphase thickness (AR or AT).
Recent advances in experimental techniques—for example,
small-angle X-ray scattering (SAXS),'%1® small-angle
neutron scattering (SANS),?% differential scanning ca-
lorimetry (DSC),”® and dynamic mechanical testing
(DMT)L?¥"-31—have complemented the theoretical studies
by providing more data on interphase thicknesses and
compositions. As reviewed recently, the preponderance
of evidence (all indirect) supports the existence of asym-
metric interphase compositions in general. Some DMT
and DSC studies, for example, indirectly revealed that the
interphases were rich in the hard-segment component; that
is, ¢’5(x*) was asymmetric. [Similar asymmetries have
been reported by Wu et al.3® for the interphases existing
in incompatible poly(methyl methacrylate) and poly(vi-
nylidene fluoride) blends.] Prompted by this evidence,
Henderson and Williams?* incorporated asymmetric com-
position profiles into their theory and studied the resulting
effects on predicted microstructural and bulk properties.
However, the actual composition profiles across the in-
terphase in block copolymers have heretofore not been
directly ascertained. In the present work, we employ
quantitative transmission electron microscopy to obtain
these profiles and then use them in the Henderson-Wil-
liams theory to predict microstructural properties.

Experimental Section

Four block copolymer samples of styrene-butadiene character
were provided by Cosden Oil and Chemical Co. (Deer Park, TX
77536) and are characterized in Table I. In order to use low-
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Figure 3. Typical electron micrographs taken with a JEOL JEM
100CX of samples (a) F414, showing lamellar morphology, and
(b) F1205, with mixed cylindrical and lamellar domains. The B
blocks, stained with OsO, to enhance contrast, constitute the dark
matrices.

voltage TEM, ultrathin polymeric sections or films less than 1000
A thick must be obtained. Even more constraining was the goal
of gaining information from a region (the interphase) only 20-30
A in width; for this, the film thickness had to be less than about
400 A3 In this study, we utilized a new direct-casting technique
(presented elsewhere®) to produce ultrathin films from solutions
in toluene. These films were 300-400 A in thickness as determined
from a three-dimensional reconstruction of the film.*” The sample
films were stained at room temperature with the vapor of a 1%
osmium tetraoxide aqueous solution for 85 min to enhance contrast
between phases. These staining conditions were chosen to be
consistent with those found'® to produce a stain intensity pro-
portional to the concentration of double bonds in the rubbery
phase. Exposure of a polystyrene film to OsO, vapors under these
conditions produced no detectable staining. Electron micrographs
were obtained by using a JEOL JEM 100CX (JEOL Ltd., Pea-
body, MA 01960) at various magnifications from 33000X to
100000X at an accelerating voltage of 80 kV.

Image Analysis

Electron micrographs, examples of which are shown in
Figure 3, were digitized by using an Eikonixscan Model
785 image digitizer (Eikonix Corp., Bedford, MA 01730)
and a Perkin-Elmer (Garden Grove, CA 92641) PDS mi-
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Figure 4. Locations used for obtaining optical-density profiles
across the interphase regions of (1) cylindrical and (2) lamellar
microstructures. Note that the profile sections are taken radially
and perpendicularly to the interphases of the cylinders and la-
mellae, respectively.

crodensitometer set at a 17-um spot size. The images,
measuring 512 pixels X 512 pixels, were then utilized in
studying ¢’s(x*). This analysis was based on evidence!'®*
that the dark regions of the image corresponded to the
0s0,-stained double bonds of the butadiene and the light
regions corresponded to styrene.

The analysis began by selection of domain images that
corresponded to the idealizations shown in Figure 4 —i.e.,
circular cylinders and lamellae oriented normal to the film
surface. This avoided the necessity of making geometrical
corrections due to distortions and imperfections (e.g., tilt)
in the image of the domain being studied. Domains ex-
tended through the thickness of the ultrathin film, with
the polystyrene core exposed at the surface and not
shielded by any polybutadiene layer. All these geometrical
features of the domains were confirmed by our extended
study®” of the microstructure with tomagraphic techniques
that produced a three-dimensional “reconstruction” of the
film.. The phenomenon of domains extending entirely
through such films has been reported by investigators®4°
using X-ray photoelectron spectroscopy (XPS) to study
surfaces of styrene—(ethylene oxide) block copolymers.

After selection of suitable domain subjects, the analysis
proceeded by obtaining the optical-density profiles across
the domains at specific locations, as diagrammed in Figure
4. In the case of the cylindrical morphology (e.g., portions
of Figure 3b), the profile sections were the diameters of
the two-dimensional circular cross-sections of the cylinders
(see Figures 4 and 5). Four profiles were obtained from
each domain studied, and upon comparison of these pro-
files (some of which were at 90° to each other), little
variation was detected, further substantiating the absence
of domain tilt. In the case of the lamellae (e.g., Figure 3a),
the profile sections were obtained in a fashion similar to
that described by Annighofer and Gronski!® (see Figure
4). After optical-density profiles were acquired for each
of the microstructures in the four samples, the noise level
was reduced by averaging the selected profile sections (1
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pixel in width) with the two adjacent profile sections (each
also being 1 pixel in width). This method of image en-
hancement causes some smearing of the images*! but keeps
intact the optical-density variation from light region to
dark region.

Polymer composition across the interphase was obtained
from the optical density by the following procedure. First,
electron absorption in the sample is characterized as de-
scribed by Grum and Becherer:*?

‘I’f(x,}',z) = ‘toe_Pz(xv)’)Z (2)

where ®; and ®; are the intensities of the electron beam
before and after penetrating the TEM film at location (x,y)
on the image, P,(x,y) is the linear absorption coefficient
at (x,y), and z is the depth of penetration. Since, however,
we are interested only in the flux exiting the film (z = t)
and the thickness of each TEM specimen examined is
constant,® ¢ can be incorporated into P, and ®&; = ®(x,y)
only. Assuming the film response to be linear with regard
to the electron dose, we can now define the optical density,
p°(x,y), as

q’f(x’y)
&

To account for p%(x,y) variations in the micrographs used
(due, for example, to differing exposure times), the optical
density of each micrograph is scaled with respect to that
of a reference micrograph. If X is the scaling parameter,
then

p’(x,y) = (3)

n n n n
}\j = [Z Z po(xi’ym)]ref/[z Z po(xi’ym)]j (4)
i=1 m=1 i=1 m=1
where p°(x;,y,,) is a single optical-density element of the
image matrix p° n (=512) is the size of the matrix, and the
subscripts j and ref denote the jth and reference micro-
graphs, respectively. Once determined, A; can be used to
scale each micrograph according to
B = N’ ®)
Here p;° is the matrix of optical densities for the jth mi-
crograph, and the 5 refers to the scaled matrix. By
substituting these scaled densities (eq 5) into eq 2 and 3,
we obtain

P,(x,y) = -In p%(x,y) (6)

Finally, the path of least electron absorption (P,™") cor-
responds to the pure-styrene core and the greatest ab-
sorption (P,™) to the pure-butadiene matrix, so these two
measured parameters are used to normalize data. From

this, the local interphase styrene weight fraction (w ) along
the axis of the profile section (£) is
N P,(%) - P,™™(%)
w’s(x) = P - (7)
sz:n(x) _ szax(x)
This normalization, in addition to the section averaging,
provides us with the interphase composition profile as a
function of interphase distance. Thus, the desired local
volume fraction across the interphase is

w's(®) / ps
w's(®)/ps + w's(®)/pp

Here, pg and pg are the mass densities of styrene (1.05
g/cm®) and butadiene (0.97 g/cm?), respectively.

Once converted to weight fractions, these profiles (ex-
pressed in terms of x*) were smoothed by using a cubic-
spline function,*® and the profiles for each sample mi-
crostructure were averaged. Since the profiles were av-
eraged over several micrographs (at least 10 for each co-
polymer), which varied in magnification and overall optical
density, any remaining artifacts due to nonlinearities in
the response of the photographic-film emulsion to the
electron exposure were completely eliminated. The
weight-fraction composition profiles were then converted
to volume-fraction profiles by eq 8. The results of this
analysis are presented in Figure 6 for each of the four
copolymer samples. In each case, the local composition
profile is asymmetric in favor of the interphase being rich
in styrene. The total styrene volumetric content within
the interphase is

¢'s(X) = (8)

1
bs=1-¢4= fo ¢'s(x*) dx* 9)

Values of ¢’s for all copolymer samples are tabulated in
Table II.

Comparison can be made between these TEM-obtained
values of ¢’ and those inferred from glass transition
measurements (Figure 7) obtained with a Mettler FP84
DSC (Mettler Instrument Corp., Highstown, NJ 08520).
The inference requires that the measured value (designated
T",) represents T, of a hypothetical uniform S/B blend at
a composition equal to ¢’s. Following the arguments of
Henderson and Williams,* we first estimate the T, (w %)
function in two ways: the linear weighting rule for T,

W= wsTS + wiTP (10)
and the inverted, or Fox, rule
1Ty =ws/TS + wh/TP (11)
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Table II
Microstructural and Related Properties of the SB/SBS Block Copolymer Used in This Study
profile’ linear? Fox*
sample T, K TSt K w'y &5 ws A Wy s D/ A
F411 338.2 367.4 0.57 0.55 0.83 0.82 0.90 0.90 422 + 21
F414 342.0 369.8 0.56 0.54 0.84 0.83 0.91 0.90 293 £+ 18
F416 339.1 368.4 0.54 0.52 0.83 0.82 0.90 0.90 398 + 30
F1205 340.4 365.2 0.57 0.55 0.86 0.85 0.92 0.91 393 + 18

¢ Measured by DSC using a Mettler FP84 DSC at a heating rate of 5 deg/min. °Calculated from 1 TS = T, - k/Ms, where k = 2 X 10° for
Ms > 10* g/mol and T, = 373.15 K.3 Determined from eq 9. ¢Determined by solving eq 10 for ws’ and using T,B = 193.15 K. ¢Computed

by rearranging eq 11 and using T,® as above. /Given as an average, with a standard deviation.
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Figure 6. Interphase composition profiles (volume fraction of
styrene as a function of interphase position) obtained for four
polymer grades from the digitized electron micrographs. In all
cases, the average profile passes above the (0.5,0.5) point, and the
overall interphase composition, given as the area under each curve,

yields -¢—'s > 0.5.
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T{°C)
Figure 7. Differential scanning calorimetry traces for the polymer
samples (a) F411, (b) F414, (c) F416, and (d) F1205 obtained with

a Mettler FP84 DSC and showing the locations of T/, (dashed
lines). In each case, the heating rate was 5 deg/min.

Then, w’s (and ¢’g) can be inferred from the DSC data.
Table II shows that the linear rule produces compositions
more closely in agreement with those of the TEM profiles,
although both rules overestimate the styrene content sig-
nificantly. The T, analysis tends to set the average styrene
composition at either 83 vol % (linear) or 90 vol % (Fox),
while the profiles yield an averge of 54 vol %. Clearly, the
DSC data cannot be interpreted quantitatively in the

1.0 T T
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*

Figure 8. Average experimental interphase composition profile
determined by superimposing the four average profiles found in
Figure 6. As seen from the shaded region, little deviation occurs
between the upper and lower limits of variation. The symmetric
cos? (rx*/2) profile is also presented to demonstrate the asym-
metry in the experimental profile.

manner invoked here (the interphase is not a homogeneous
region), but the trends of styrene-rich interphases are still
evident. Both TEM and DSC data provide direct evidence
that the interphase feeds preferentially on the S block to
yield the observed T, shift.

If all four experimental profiles are superimposed
(Figure 8), it is clear that little variation is shown. In
Figure 8, an average profile (arithmetic average of the four
measured curves) is presented along with the symmetric
cos? (mx*/2) function. The reason for choosing the cos?
function for comparison is that Henderson and Williams!*
demonstrated good agreement between theory incorpo-
rating this ¢’5(x*) and SAXS data'” on total interphase
thickness. In addition, the rheological studies of Kraus
and Rollmann?® indicated that, in order to satisfy the G(T)
and G’(T) data on their SBS and SIS block copolymers,
the interphase composition profile must be asymmetric but
must not deviate very much from a sinusoidal function
such as the one above.

It is worthwhile to assess the presence of the OsO, stain
molecule as a possible source of artifacts here. At worst,
it would contribute extra volume to regions where PB
chains exist and thus swell those regions in proportion to
the local PB concentration. This would mean, in the in-
terphase, that the ¢ g(x*) profiles would be biased in the
direction of butadiene richness—i.e., the finding that the
profiles are styrene-rich would be an understatement of
exactly how rich they really are (in the absence of 0sO,).

While this possibility cannot be completely dismissed,
we do not believe it is likely or important. We believe that
the OsO, molecule occupies primarily the free volume of
the rubbery regions, not stretching those regions signifi-
cantly. There are three observations that support this
contention. First, a study of time-dependent staining'®
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showed that the micrographs over a period of 1-100 min
maintained a constant ratio of dark to light areas, indi-
cating that increasing OsO, uptake was not contributing
measurably to the rubber volume. Second, our own work®
demonstrated that the dark/light area ratio in micrographs
corresponds very closely to the known PB/PS volume
ratios in these copolymers; this would not be true if the
PB regions were expanded by OsO,. Third, there was no
macroscopic evidence that these samples or others made
from the same material were swollen by the staining pro-
cess.

Thermodynamic Theory

The details of this model have been presented at length
elsewhere,>8143 and therefore only a brief summary is
presented here. As a system strives toward equilibrium,
it tends to seek a minimum in its free energy. That is,

AG — AGy;, = (AH - TAS) pin (12)

where AG is the difference in Gibbs free energy between
the structured (i.e., microphase-separated) copolymer and
its homogeneous analogue at the same conditions of tem-
perature, composition, molecular weight, and molecular
architecture.

The entropic term, AS, which is sensitive to molecular
architecture, is the result of three contributions,

AS = ASq + ASg + AS; (13)

Here, AS; reflects the confinement of the block junction
to the interphase region, and AS; (k = S or B) is the change
in entropy, with respect to the homogeneous analogue, that
occurs by forcing the kth block to reside in T, where T},
is the demixed k region and its two adjacent interphases
(see Figure 1). Williams and co-workers®!* have shown that

AS# =R In () (14a)
ASfi = R1n (2f - ) (14b)

where R is the gas constant and f represents the fraction
of material found within the interphase; superscripts di
and tri refer to diblock and triblock architectures, re-
spectively. Expressions for f can be derived from material
balances and depend on the morphology:

cylindrical domains of styrene

[1-(1- 8¢
= — 15
= e+ ol -o7 (152

lamellar domains

_ 28¢s
1-28¢%

Here, 3 is the dimensionless interphase thickness defined
as

(15b)

g=1/L (16)

where L is the characteristic dimension of the micros-
tructural element (R or Tg in Figure 1).

The AS, terms are derived from random-flight chain
statistics and probability functions discussed elsewhere.?!*
Here, the molecular architecture must again be considered.
In a diblock (SB) copolymer having dispersed styrene
microstructures, the S block is restricted to the domain
while the rubbery B block is able to diffuse freely in the
matrix. In a triblock (SBS) having similar microstructures,
both ends of the chain are confined to reside in domains.
In this latter architecture, the motion of the B block is
limited significantly. These physical pictures, when in-
terpreted statistically for monodisperse chains, lead di-
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rectly to the functional forms
A8, = ¥, di(e,Py) (17a)
Asktri = \I/ktri(ak,Pk) (17b)

where ¥, depends on the architecture and morphology of
the system and P, is the probability function.>®!* The
chain expansion coefficient «, reflects the perturbation in
the end-to-end distance of the confined k block with re-
spect to the unconfined kth homopolymer. That is,

ap? = (r?) /{r?)o (18)

This parameter is used to account for elastic entropic
contributions and is related to the dimensionless domain
size

ra T2/ (re) (19)

which appears explicitly in the theory.

A major complication in evaluating the theory has al-
ways existed in the enthalpic term, which assumes a reg-
ular-solution form for demixing:

AH = -AH,;, = -V(b5 - 85)2[dsop — f¢'s08] (20)

where V is the total molar volume, 65 and 85 are the sol-

ubility parameters, and the quantity ¢'g¢’s incorporates
detailed information about the interphase composition:

d
f [¢s(x)d>s(x) + ?(—‘p (x)) ]dx

(21)

Here, tp is the Debye molecular interaction parameter and
is equal to approximately 6 A.#¢ [This corrects a typo-
graphical error in a previous publication® wherein the
Debye term was displayed without the exponent 2 (in eq
23 of that paper).] If £ is normalized according to eq 1,
then eq 21 becomes

Psdp =

! do 5(x*)
‘f; [¢s(x*)¢ Blx*) + 6_12( ds " ) ] dx* (22)

in which ¢’5(x*) information from Figure 6 can be used.

By varying the parameters 8 and I', a minimum is found
in AG. If AG,;, < 0, then the equilibrium state is
phase-separated and B, and T',;, correspond to this
condition. From the values of 8, and T',;,,, we can directly
determine the magnitudes of all microstructural
properties—e.g., the interphase thickness, the core thick-
ness, and the repeat distance (D).

Model Predictions and Discussion

We first examine the effect of the Debye term [(¢p?/
6I%)(d¢’5(x*)/dx*)?] in eq 22 on microstructural properties;
its influence is not immediately evident because of the
magnifying effect of potentially steep gradients in ¢ .
Model calculations of AT were made by using the sinu-
soidal profile, a lamellar morphology, and the same
physical parameters reported by Henderson and Wil-
liams,* while varying ¢y, from 0 to 6 A; results are displayed
in Figure 9. At 298 K, the temperature at which all
predictions in this work are made, the Debye term appears
simply to shift the thickness of the SBS interphase by +0.5
A, a 2.5% increase. In the SB case, the effect is qualita-
tively different, varying from a 1.5 A increase at ¢g = 0.35
to almost nothing at ¢g = 0.65. Since this term does affect
each architecture differently, we have retained it here for
the sake of completeness. Calculations hereafter will em-
ploy the experimental ¢’5 as well as the cos? model.
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Table 111
Range of Average Experimental Interphase Composxtmns and Corresponding Coefficients of the Expressions ¢/g(x*) =
Li=oAi(x*)’
b 050" A, Ag A A, Ay Ay 4, A
0.558 0.114 7.5864  -58.905 125.29 ~109.78 42.903  -8.5163 0.42509 1.0000
0.524 0.111 7.5864 -44.853 83.129 -63.200 20.008 -3.6051 -0.06426 1.0000

aCalculated from eq 9. ?Calculated for eq 22 with tp = 0 A. (In the case of tp = 6 A, /565 =

weight, bulk composition, and molecular architecture.)
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Figure 9. Influence of the Debye molecular interaction parameter
on the calculated interphase thickness (AT) for lamellar SB/SBS
copolymers. Here, V is constant and the cos? profile is used. The
addition of the Debye term simply shifts the SBS curve upward
by a constant amount (about 0.5 A). In the SB case, the degree
of the thickness increase is dependent upon the bulk composxtlon
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Figure 10. Interphase thickness (AR) as a function of bulk
composition for cylindrical SB morphologies. Predictions made
by incorporating the experimental 1nterphase composition profile
(shaded) exceed those made by usmg the cos? function (dashed).
The shaded region is explained in the text.

The crosshatched region of Figure 8 shows that some
variation does exist in ¢’5(x*) measured for different
polymers, so both the upper and lower bounds of this
region were used in many of the following calculations.
Both boundary lines were fitted by a seventh-order poly-
nomial expression, using a standard least-squares routine.
The coefficients of these expressions are presented in Table

111, along with the corresponding values of ¢'g and ¢'s¢’p.

1. Interphase Thickness. In Figure 10, AR for an SB
copolymer exhibiting cylindrical morphology (0.20 < ¢g
< 0.35) is presented as a function of bulk composition.
Here, we see that AR predicted from the experimental
¢’s(x*) exceeds that predicted from the sinusoidal (cos?)
profile by 3.5-5.0 A. A similar trend for lamellar mor-
phologies (0.35 < ¢g < 0.65) is noted in Figure 11, which

¢'s¢s(]), where I is a function of molecular

50 T
Vs IO5 cms/g-mol
asl 4

LIS R e SR S B T

40
&) 35k

30

Figure 11., Interphase thickness (AT) predicted for lamellar
SB/SBS copolymers by using the expenmental ¢'s(x*) (shaded)
is wider than that predlcted with the cos? profile (dashed). For
the SBS case, AT is translated upward by an almost constant
value, but the SB case behaves differently.
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Figure 12. Interphase thickness for lamellar SB/SBS copolymers
as a function of molar volume or approximate molecular weight.

In each case, the thickness predicted from the experimental profile
(shaded) is greater than that from the cos® profile (dashed).

represents SB and SBS copolymers. The triblock case
using the experimental ¢’5(x*) deviates from the case using
the cos? profile by an almost constant 1.0-2.0 A. The
diblock, however, shows greater deviation (3.5-4.5 A at ¢g
= 0.65). In both Figures 10 and 11, the upper limit of the
shaded regions corresponds to the upper bound of the
experimental ¢’g(x*). This means that S enrichment of
the interphase is achieved by stretching the phase
boundaries to allow for the extra styrene volume, which
in turn reduces the volume of the homogeneous S phase.

The relationship between AT and V (which approxi-
mates the total molecular weight) is depicted in Figure 12
for the case ¢g = 0.5 (lamellar microstructure). Use of the
experimental ¢ 5(x*) gives AT values which exceed the cos?
profile results by about 4.0-5.0 A over the entire V range
(to V = 10%). Contrary to the theory of Helfand,* both SB
and SBS interphases exhibit a significant decrease at high
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Figure 13. Fraction of material in the interphase region (f) as
a function of molar volume for lamellar SB/SBS cases. For each,
[ is greater when predicted from the experimental profile (shaded)
than from the sinusoidal profile (dashed), and the triblock has
larger f than the diblock (as expected, since it has more junctions
per molecule). Also, this function approaches f = 1 at low mo-
lecular weights, thereby indicating that no microphase separatlon
would occur for V below a certain value (as seen also in Figure
12).

V (as was shown earlier for the cos? case!*). The triblock
AT shows a maximum at ¥ ~ 90000 ¢cm®/mol; the diblock
exhibits a similar tendency at lower V, but the maximum
is masked by the onset of homogeneity for V < 25000

cm?/mol. At ¥V = 25000 cm8/mol, the interphase thick-
nesses between the SB and SBS cases differ by about 20
A; as V increases, though, this difference decreases to about
14 at V = 10° cm®/mol.

At V ~ 10° cm?®/mol, the values of AT when ¢g = 0.5 are
predicted to be about 40 and 30 A for the SB and SBS
cases, respectively. Hashimoto and co-workers!’* report
interphase thicknesses for SI block copolymers ranging
from 17 to 28 A at the same molecular weight and similar
¢s; their values are comparable to the present predictions,
being slightly smaller as expected! from chemical differ-
ences between isoprene and butadiene that influence §
values (see eq 20). Stadler and Gronski* provide evidence
that AR ranges from 28 to 34 A for SBS copolymers (M,
= 140000 g/ mol) having lower ¢g and spherical mor-
phology; this is very close to the present prediction at the
higher ¢g. At V ~ 7 X 105 cm3/mol the AT predictions
for the SB and SBS cases in Figure 12 are about 22 and
20 A, respectively; SAXS investigations'® report AR = 15
A for SI copolymers with similar M,, but lower ¢g (spherical
morphology). Overall, if we consider that the chemical
characteristics of the styrene-butadiene and styrene—
isoprene systems are different and the bulk compositions
of experimental samples vary somewhat, these comparisons
reveal that reasonably good agreement exists between
experimental and predicted interphase thicknesses. The
data, as well as the predictions (Figure 12 and ref 14), show
a V-dependence at variance with the narrow-interphase
approximation (NIA) developed by Helfand and Wasser-
mann.'® In addition to this work, some DMT measure-
ments* on SBS copolymers having spherical morphology
have also demonstrated that the NIA approximation is not
valid at low molecular weights (M, ~ 40000 g/mol).

2. Interphase Fraction. According to SAXS stud-
ies,!"193! f decreases with molecular weight. This behavior
is successfully predicted in Flgure 13, which also shows
variations in f from asymmetries in ¢’5(x*). At high V, the
prediction that f becomes vanishingly small is identical to
macroscopically phase-separated system behavior, since
the two homogeneous phase volumes become dominant.
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Figure 14. Enlarged section of Figure 13. Data points for sty-
rene-isoprene diblock (SI) copolymers, having spherical and la-
mellar morphologies, and styrene-butadiene triblock (SBS) co-
polymers, exhibiting spherical morphology, acquired from

SAXS!81981 and DMT* measurements are in excellent agreement
with the lamellar (¢s = 0.50) SB predictions for f.

In the low-V realm, the drastic increase in f signifies the
approach of conditions under which the entire sample will
be in some kind of mixed state and distinct phase
boundaries will not exist. From extrapolating the curves
in Figure 13 to f = 1.0, we might suspect that microphase
separation will not occur in these particular copolymers
at 298 K when the molecular weight is less than 18 000-
20000 g/mol. This result, in the case of lamellar SI block
copolymers, is in excellent agreement with the SAXS study
of Hadziioannou and Skoulios,* where transitions from
a disordered state to lamellar microstructures were cited
at a molecular weight of 20000 g/mol; fair agreement ap-
pears also with their study of SIS copolymers, which gave
a transition at about 40000 g/mol.

More detail is presented in Figure 14, where f(V) pre-
dicted by the model using the experimental ¢'g(x*) is
shown for the lamellar (¢ = 0.5) morphology in both SB
and SBS copolymers. Also shown in Figure 14 are some
SAXS and DMT data taken on systems exhibiting
spherical and lamellar morphologies. Even though some
of these data cannot be directly compared with the model
predictions in Figure 14, since they represent SI co-
polymers, the behavior of these experimentally determined
f(V) supports the model results by showing identical
trends. Excellent agreement is seen between f predicted
for the SB copolymer (lamellar morphology) and measured
by (a) SAXS for SI copolymers with spherical morpholo-
gy,'® where f decreased from 0.21 (M, = 80000 g/mol) to
0.04 (M, = 657000 g/mol) (b) SAXS and DMT for SI
lamellar morphologies,’®3! in which f was approximately
0.17 (M,, = 230000 g/mol); and (c) DMT for SBS spherical
morphologies,* where f decreased from 0.28 (M, = 40000
g/mol) to 0.03 (M, = 400000 g/mol).

3. Repeat Distance. The repeat distance, dencted by
D in Figure 1, is determined in terms of other micros-
tructural parameters:

spherical/cylindrical domains of styrene

D =2R + Ty - 2AR (23a)
lamellar domains

D =T+ Ty - 2AT (23b)
Measured values of D, tabulated in Table II for the sam-
ples used here, were taken directly from the electron mi-

crographs. In Figure 15, a comparison is made of these
D(M ) values with model predictions for the diblock and
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Figure 15. Repeat distances (D) presented as a function of
number-average molecular weight. Data in this study (®) have
been obtained from electron micrographs exhibiting regions of
fully developed structure and agree well with those of other
investigators.s™® Theoretical predictions are shown for the
cylindrical (dashed line) and lamellar (solid line) morphologies,
using the average experimental ¢/g(x*).

triblock copolymers possessing cylindrical (dashed line)
and lamellar (solid line) morphologies. Also shown there
are similar TEM data from other investigators*~4 who
worked with styrene-butadiene triblock copolymers. The
prediction for the diblock lamellar case best fits the entire
set of data, which represent cylindrical and lamellar SB,
SBS, and BSB copolymers. The reasons for this close
agreement of all samples in defining a single D(M,)
function are not known, nor is it known why model pre-
dictions fail in a general sense (e.g., the SBS predictions
lie below the SBS data by a factor of 2.5). It is possible
that polydispersity plays a role in the new data reported
here, but other data displayed in Figure 15 represent
nominally monodisperse samples.

According to the theory proposed by Helfand and
Wassermann,'®'2 D for lamellar morphologies should de-
pend on molecular weight as

D« M2 (24)

where a = 0.67. Block copolymer samples having spherical,
cylindrical, and lamellar morphologies studied by
SAXS'"® normally have M, on the order of 10® g/mol; in
this molecular weight regime, a ~ 0.67 has been shown to
be usually valid for all morphologies. Hadziioannou and
Skoulios,*® however, have reported a = 0.79 £ 0.02 for
styrene—isoprene copolymers with M, < 150000 g/mol and
lamellar morphology. Moreover, Henderson and Wil-
liams'* have shown that their theory predicts a should vary
approximately from 0.75 at low molecular weights to 0.50
at high molecular weights. Our modification of that theory
(using the Debye term and the experimentally determined
average ¢ 5(x*) cited earlier) leads to the predictions shown
in Figure 16. There, in the experimental range of M,
(1.0-2.3 X 105 g/mol), the model predicts a =~ 0.68 for
cylindrical (dot—dash lines) and lamellar (solid lines) di-
blocks and a ~ 0.69-0.70 for cylindrical and lamellar tri-
blocks, so a determination of a alone is not sufficient to
draw distinctions between theories in this regime. The
variation in D corresponding to various ¢ g(x*), including
the experimental band, is seen in the expanded insert. The
upper ¢ 5 bound yields the lower limit of the shaded region;
that is, an increase in S content within the interphase tends
to reduce the magnitude of the repeat distance.

All predictions of D(M,) cited here are for monodisperse
polymers. Because experimental evidence exists that po-
lydispersity does have a major impact on the repeat dis-
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Figure 16. Dependence of repeat distances on molar volume,
or approximate molecular weight (M;). At the molecular weights
of the samples studied (V' ~ 10° crm®/mol), the slope of each curve
is approx1mately 0.69, which agrees well with 0.67 of other the-
ories.’™'2 At higher molecular weights (~107 cm®/mol), this slope
decreases to about 0.60. The insert deplcts the effect of the
experimental profile (shaded) versus the cos?® profile (dashed) for
the range of V corresponding to experimental samples.

tance,'®% care must be taken when claiming support for
existing theories when data represent polymers having any
polydispersity. Work is currently in progress® to develop
a theoretical description of D(M,) and other properties in
the presence of polydispersity.

4. Free Energy. In view of the common result (in our
data and others) that asymmetric ¢5(x*)’s arise naturally,
it is important to seek an explanation. One hypothesis is
that the TEM sample preparation methods (e.g., solvent
casting) produce nonequlhbrlum structures. Another is
that the asymmetric case is thermodynamically favored.
The latter explanation was examined theoretically by
Henderson and Williams® for SBS copolymers with la-
mellar morphologies, their result being that AG,;, de-

creased as 5_’; became richer in styrene (up to a point) for
almost all possible ¢ 5(x*) curve shapes. Also, for a given

@’sy AGy, was lowest for ¢/5(x*) shapes with the least steep
slope. The interplay of these factors is complex. The
display of AG;,(¢'s,d) by Henderson and Williams® in
their Figure 5—where d characterizes the profile
steepness—can be used to show that a profile with ¢’5 =
0.54 and d = 0 (close to the present data) is favored by
about 250 cal/mol over a symmetric profile with sinusoidal
shape (¢’s = 0.50, d = 6).

We extend the earlier investigation® by adding the
Debye term to the theory and by examining the cylindrical
morphology. As seen in Figure 17, AG,,;, from the asym-
metric ¢’5(x*)—measured—is lower than that from the
symmetrical cos? profile. This is true for both SBS and
SB copolymers and at all molecular compositions. The
advantage is greatest in the SBS case, the difference being
about 1000 cal/mol and representing up to 10% of AG .
These results suggest that asymmetric ¢’5(x*) are ther-
modynamically favored in cylindrical morphologies, es-
pecially for triblock copolymers. Analogous results exist
for the lamellar SB and SBS morphologies,’! except that
AG i, reductions due to interphase S-enrichment are not
as dramatic (i.e., approximately 200 and 400 cal/mol more
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Figure 17. Minimum in Gibbs free energy presented as a function
of bulk composition for cylindrical SB/SBS copolymers. The
results from the experimental profile (shaded) are seen to be more
negative than those from the cos? profile (dashed) and are, con-
sequently, favored.
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Figure 18. Separation temperature (T},) for lamellar diblock and
triblock cases, predicted as a function of bulk composition by using
the experimental profile (shaded) and the cos? profile (dashed
line).

negative for the SB and SBS cases, respectively).

5. Separation Temperature. An extremely important
bulk property is the separation temperature (7)), the
temperature above which microscopic homogeneity is fa-
vored. This parameter is calculated by setting AG;, =
0, determining the values of 8;,* and T;$, and then
computing T, = (AH/AS),. Figure 18 depicts the results
of the present theory, for lamellar SB and SBS copolymers,
in terms of T(¢g) at fixed V. In the case of the diblock,
we see a maximum (1300-1350 K) occurring near ¢g = 0.55
and note that the shaded region is 60-80 K higher than
the cos? profile results. No maximum is observed for the
SBS case, within ¢g < 0.65, though the T,(¢g) function will
vield one!* at higher ¢g (where lamella are not found). This
trend for T to increase with the content of the hard seg-
ment (up to the maximum, anyway) resembles behavior
reported by Leung and Koberstein® for polyester-based
polyurethanes. The SBS case produces less pronounced
differences in T (¢,) for the various ¢’s(x*) than does the
SB. In both cases, though, T\ increases with increased ¢ s
for a fixed ¢g.

Conclusions

A method has been presented by which the composition
profile across the interphase existing in styrene-butadiene
block copolymers has been directly ascertained from
transmission electron microscopy. This is apparently the
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first time ¢’5(x*) has been measured directly for block
copolymers, with the result that the interphase is found
to be rich in styrene (=54 vol %) for both diblocks and
triblocks. This is in excellent agreement with evidence
obtained from DMT studies.?®

Because the measured ¢’5(x*)’s of the four samples ex-
amined are so similar, they are averaged to produce a
profile deemed valid for all block copolymers of this type.
This profile is then incorporated into the theory developed
by Williams and co-workers,>%!4% along with a modifica-
tion involving a Debye molecular interaction term. The-
oretical predictions of the interphase thickness are of the
correct magnitude and correctly show that AT and AR
generally decrease with increasing molecular weight. In
addition, the fraction of material in the interphase is
predicted (in excellent experimental agreement with the
lamellar SB case) to decrease with increasing molecular
weight, resembling trends reported for SI'"1%3! and SBS*
copolymers. The predicted repeat distance for the lamellar
SB case agrees very well with experimental data for SB
and SBS copolymers with varying morphologies. The SBS
predictions underestimate these distances by a factor of
about 2.5. In both cases, the value of a in the expression
D « M; is predicted to be 0.68-0.70 for the data range
studied. The separation temperature is predicted to be
higher for the experimental profile than for the symmetric

profile, corresponding to an increase of T, with ¢’s. Fi-
nally, some indication that asymmetric ¢ 5(x*) can rep-
resent a true equilibrium state emerges from the demon-
stration that the experimental ¢ g(x*) is favored over the
cos? symmetric profile, yielding lower predicted values of
AG,,;, for both SB and SBS cases.
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ABSTRACT: We present the analysis of a series of small-angle neutron scattering data of a comb-shaped
copolymer, poly(1-octadecene-co-(maleic anhydride)), dissolved at various concentrations in D,0O at room
temperature. The results show at full ionization the copolymers self-associate to form cylindrical micelles
with a radius of 27 A and a length of 99 A. At low concentrations, the number of repeating units of the copolymer
per micelle is determined to be 233 £ 5 and the hydration number per hydrophilic head group equals 10.
The number of repeating units gradually decreases to 98 with concomitant increase in the hydration number
to 30 at 20 wt % solution. This indicates that the system tends to lower its free energy by decreasing the
aggregation number of micelles at higher concentrations.

I. Introduction

Synthetic polyelectrolytes in aqueous solutions have
been the focus of many studies.!® These polymers are
important in many industrial applications because the
conformational states of these polymers in solution often
influence the solution behavior, such as the rheological
property. Especially interesting are some polyelectrolytes
with amphiphilic characteristics; they exhibit waxy prop-
erties and yet are soluble in water.

Our main interest in this work is the aggregational be-
havior of a comb-shaped alternating copolymer poly(1-
octadecene-co-(maleic anhydride)), abbreviated as POD-
MA, in water. The copolymers form clear solutions at
moderate concentrations when the diacid groups are fully
neutralized with the hydroxides of alkaline metal ions. The
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molecular structure of one repeating unit in the diacid form
is depicted in Figure 1. Earlier studies with a similar class
of copolymer, (alkyl vinyl ether)-co-(maleic anhydride), by
Dubin and Strauss®® using potentiometric titrations and
viscosity measurements have shown that the conforma-
tional states of these polymers are strongly influenced by
the degree of ionization of the diacid head group. Their
studies were centered around copolymers with shorter side
chains in comparison to PODMA. They proposed that the
copolymers form hypercoiled “intramolecular” micelles.
However, our recent solubilization measurements of
PODMA using Raman and FTIRS® have clearly shown the
partition of benzyl alcohol in the hydrocarbon and aqueous
phases. The results are indicative of the formation of
hydrocarbon domains in water.

Carbon-13 NMR measurements’ of PODMA solutions
have shown that the chemical shifts of the side-chain
methylene groups (Cs—C,,) are unchanged in solutions with
concentrations ranging from 50 to 2000 ppm. Similar
measurements with sodium alkylsulfates and other sur-
factants®® have demonstrated that the chemical shift
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