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ABSTRACT: Small-angle X-ray scattering measurements were performed in order to estimate the interfacial
thickness of melt blended poly(styrene)/poly(methyl methacrylate) samples, with and without the corresponding
poly(styrene-b-methyl methacrylate) copolymer. The analysis of the scattering profile was based on deviations
from Porod’s law using the Koberstein/Morra/Stein (J. Appl. Crystallogr. 1980, 13, 34) graphical method
in which the desmearing procedure is avoided. The interfacial thickness was found to increase regularly with
the addition of the copolymer, up to 33% when 10 wt % copolymer was added to the homopolymer blend.

These results are in agreement with existing theories.

Introduction

Immiscible blends are generally obtained when two
homopolymers are mixed together.l2 Most often, the
resulting material exhibits poor mechanical properties as
a result of a weak adhesion between phases. Different
procedures have been proposed to stabilize these mor-
phologies. Firstly, an appropriate third homopolymer,
miscible with the two others, can be added to the
immiscible pair.3-€¢ For a sufficiently high content of the
third component, miscible ternary blends can be formed.
Secondly, a small amount of copolymer, preferentially
block or graft copolymer, can be added to the immiscible
binary blend. This procedure can be considered as a
nonreactive compatibilization method. Thirdly, covalent
bonds can be created between two homopolymer phases
(reactive compatibilization technique) in order to reinforce
the domain boundary.” In this paper, we are only
concerned with the nonreactive technique with the ad-
dition of a block copolymer to an immiscible blend.

Several methods have been used to characterize the
morphology of polymer mixtures containing a block
copolymer. In a pioneering work, Riess and colleagues8®
used the transparency of films cast from solutions as a
criterion to appreciate the efficiency of the emulsifying
agent. Other studies have focused on the observation of
phase size reduction, by scanning and transmission electron
microscopies,®14 and on the improvement of mechanical
properties.}>!4 Direct measurements of the lowering of
the interfacial tension were also performed by Anastasiadis
et al.15 Finally, the location of the copolymer at the
interface of the immiscible components was successfully
verified by Fayt, Jéréme, and Teyssié!® by dying selectively
a short sequence of poly(isoprene) inserted between the
two blocks of a poly(styrene-b-butadiene) copolymer.

More recently, forward recoil spectrometry was used by
Shull et al.17 to study the diffusion of a poly(styrene-b-
2-vinylpy¥idine) copolymer randomly dispersed in the
poly(styrene) layer of a poly(styrene)/poly(2-vinylpyridine)
bilayer sample. Free copolymer chains were detected at
the interface below the critical micelle concentration (¢cmc)
whereas, above this concentration, copolymer chains were
also found at the poly(styrene)/air surface, and micellar
segregation at the interface, as confirmed by a direct
visualization of the micelles.® The molecular arrangement
at the interface was studied for the poly(styrene)/poly-
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(methyl methacrylate) (PS/PMMA) system in the
absence!®?! and in the presence?? of a P(S-6-MMA)
copolymer. Hence, Foster and Wool?! have measured a
value of the interfacial thickness a1 = 6.0 nm from welding
cleavage experiments. Fernandez et al.20 have reported,
using the method of neutron reflectivity, a value of the
interfacial thickness (2r)1/2¢ = 5,0 nm (¢ is the standard
deviation of the Gaussian function used to generate the
interface gradient; see eq 10) for spin coated PS/PMMA
samples. Similar experiments were conducted by Anas-
tasiadis et al.1? and a value of (27)/2¢ = 5.4 nm (a; = 5.0
nm) was reported. Russell et al. have described the
composition profile at the interface of PS/PMMA/P(S-
b-MMA) samples?2? and suggested that the interface is
saturated with copolymer films of thickness exceeding half
thelong period of the copolymer. Increasing the thickness
of the P(S-b-MMA) layer between PS and PMMA to 23.9
nm (these values are smaller than half the copolymer long
period of 25.6 nm) causes a gradual increase in the width
of the interface from a; = 5.0 to 8.4 nm., Micellar
segregation at the interface of these samples was not
observed by elastic recoil detection.4

The above-mentioned studies give the interfacial thick-
ness of immiscible blends and have permitted a comparison
with some of the existing theories. However, asingle study
deals with mixtures containing a block copolymer at the
interface, and the sample investigated in that study was
aPS/PMMA bilayer.2222 Inthis article, we have performed
SAXS measurements of the width of the segmental profile
of PS/PMMA blends prepared from the melt, with and
without the corresponding P(S-b-MMA) diblock copol-

ymer.

Theoretical Background

a. Binary Homopolymer Morphology. To under-
stand the morphology behavior of amorphous ternary A/B/
P(A-b-B) blends, a brief overview of some of the advances
in the theory of multicomponent polymer systems is now
given. Helfand et al.2>2 have developed quantitative
theories which show that decreasing the number of A/B
contacts at the interface of an immiscible A/B blend in
the molten state involves a decrease of enthalpic and
entropic contributions that lead, respectively, to a decrease
and an increase of the free energy of the system. The best
energetic balance defines the arrangement of the segments
at the interface. This concept can easily be understood
from the lattice model used by Helfand?? and Roe? who
related the interfacial thickness to the interaction pa-
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rameter, notwithstanding the difficulty of choosing the
lattice parameters used in the calculations. The Gaussian
random walk model was used by Helfand et al.?-%7 to
calculate the interfacial properties inhomopolymer blends.
In this approach, the polymer chains satisfy a diffusion
equation which is modified to take into account the field
created by the surrounding chain segments. An analytical
solution of the interfacial composition profile, interfacial
thickness, a1, and interfacial tension, 7., is possible in
the limit of infinite chain length, the latter parameter
having been recently measured.30-32 By SAXS, the in-
terfacial thickness is the only measurable parameter and
it reads

24 8 2 q1/2
aIm = _PL_B_I/_zl (1)
2X(POAPOB)
with
B> = (1/6)pgKby’ @

where bx is the statistical Kuhn segment, pox is the
monomer density of component K, and x is the interaction
parameter.

In the square gradient approach initially developed for
small molecules,33 the free energy of a fluctuating system
is assumed to depend not only on the local concentration
but also on the fluctuations that give an excess free energy.
In general, this is expressed as the sum of the Flory-
Huggins free energy and a square gradient term. An
expression of «, the coefficient of the square gradient term,
was derived by de Gennes33 in the case of polymer
molecules using the random phase approximation theory
and the linear response theory. Infact, twolimiting forms
of x must be considered. The first case corresponds to
large wavelength fluctuations in comparison with the chain
dimensions and, thus, to a relatively diffuse interface
whereas the second case corresponds to short wavelength
fluctuations and, hence, to a sharper interface. In both
cases, one can write

b2
K= —
Qp(1-¢)

where Q = 36 in the first case and Q = 24 in the second
one. Ineq 3, identical chain parameters are assumed and
¢ ia the composition of the blend. The interfacial profile
is then derived by minimizing the free energy.63" In
particular, Broseta et al.3” have written an expression for
ar:

3

a; =0 [14+ (1w, + 1/wg) In 2] “

where wg = xZK, the degree of incompatibility, is assumed
to be larger than 5 for eq 4 to be valid. ZK is the degree
of polymerization of component K. This expression goes
beyond the usual approximation of infinite molecular
weight. As can be seen from eq 4, a1 is corrected for
entropic effects. Polydisperse systems were also consid-
ered by assuming the same bimodal distribution of chain
lengths for both the A and B components. As expected,
chains of higher molecular weights tend to localize in the
bulk phases rather than near the interfacial region. The
loss of translational entropy associated with the confine-
ment of the chain into half the space is more easily accepted
by large chains than by small ones. A similar behavior
was observed for surfaces.3®

Hong and Noolandi®® have developed a theory, similar
to that of Helfand, for polymer interfaces in A/B blends
in the presence of small molecules of solvent which
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participate to the potential exerted on the K segments (k
= A, B) via the polymer-solvent interaction parameters.
Finite molecular weights were considered, but excluded
volume effects were not addressed by the derivation, this
aspect being treated later by Broseta et al.# The resulting
system of equations can be solved numerically to calculate
the interfacial composition profile. As mentioned above,
domain boundary thicknesses were measured in PS/
PMMA blends.02 Only a few other measurements of
the interfacial thickness of A/B blends can be found in the
literature, 4143

b. Block Copolymer/Homopolymer Morphology.
Thermodynamic theories have also been proposed for the
morphology of block copolymers. Inthe disordered state,
the thermal concentration fluctuations were characterized
whereas, in the ordered state, the size, shape, and interfacial
thickness between the microdomains were investigated.
Leibler* has developed a general theory in the weak
segregation regime where the deformation of polymer coils
is not significant. In the disordered state, the scattering
function was calculated in the context of the random phase
approximation, giving a method to measure the interaction
parameter between unlike species and to identify the
morphology of block copolymers.#-% In addition, the
microphase separation temperature was predicted and a
phase diagram near the transition temperature was
determined. Two fundamental parameters were
identified: the composition of the copolymer chains, f,
and the product of the interaction parameter between
species A and B with the total number of repeat units per
copolymer chain, xZc. For f = 0.5, a transition from the
disordered state to a lamellar morphology is predicted at
(xZc)teansition = 10.5. If f # 0.5, a transition from the
disordered state to spherical morphology is expected at
values of (xZC)transition > 10.5. Also, at given (xZ¢) > 10.5
values, the morphology changes from disordered to spher-
ical to cylindrical to lamellar ordered structures as f
increases from 0to 0.5. These different morphologies were
observed as early as 1969.5! Fredrickson and Helfand52
have extended Leibler’s theory and shown that a direct
transition from the disordered state to each of the three
ordered morphologies is possible by simply changing xZ¢.

In the strong segregation regime, Helfand and Wasser-
man533 have introduced a theory based on confined chain
statistics, where, for a given microdomain geometry (i.e.,
spherical, cylindrical, or lamellar), the free energy is
calculated and minimized. Forlarge xZ. values, the narrow
interface approximation is valid and the microdomain
boundary thickness becomes similar to the domain
boundary thickness of an A/B mixture (eq 1).5 Contrary
to a1, the microdomain repeat distance, D, was found to
be molecular weight dependent since D ~ (molecular
weight)0643, This result is in agreement with the theory
of Otha and Kawasaki®® who found a 2/3 power law
dependency. Experimental measurements of D were
performed, and the theoretical predictions were generally
confirmed.%-58 The effect of temperature,*® molecular
weight,19.8657.58-62 and sample preparation® on the domain
boundary thickness was alsostudied. Ingeneral,ayisfound
to remain constant upon changing these parameters.

A/P(A-b-B) mixtures have also been considered from a
theoretical point of view.83 This system can be described
as a block copolymer solution in which the solvent is a
preferential macromolecule. The theory allows the cal-
culation of phase diagrams which present interesting
features, in particular the observation of an increasing
order—disorder transition temperature as the amount of
homopolymer increases when Zy/Z¢ > /4, where Zy is the
degree of polymerization of the homopolymer. Phase
diagrams were also investigated experimentally845 as was
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the homopolymer-induced mesophase formation.#¢ The
calculation of the interfacial thickness of A/P(A-b-B)
mixtures was not performed theoretically, but experi-
mental measurements indicate that the presence of the
homopolymer leaves unchanged the domain boundary
thickness,59,64.67-69

The part of the phase diagram where the concentration
of the block copolymer in the mixture is low was studied
indetail inseparate papers.’-72 The twomodels presented
by Whitmore and Noolandi,”® and by Leibler et al.”>72 are
similar in many respects. In both models, the conditions
under which spherical micelles can form were investigated
and expressions of the critical micelle concentration,
deme*Prerical were derived. Leibler,’? for example, gives

pipherical = oyp[1.72(xZo) 32174~ )P -1 +
ZC/ZHA - XZCB] (5

with Zya the degree of polymerization of the homopolymer
A and Zcp the degree of polymerization of the B block of
the copolymer. The predictions of ¢cmc Were recently
extended by Shull et al.l” to the cases of cylindrical and
lamellar micelles. In all cases, geometric parameters like
the core radius and the corona thickness can be determined
from numerical calculations by assuming that the inter-
facial thickness between the core and the corona is set
equal to ar.. Micelles were experimentally studied by
scattering methods,’>® and the theoretical simulations
of the resulting scattering curves were successfully per-
formed by assuming either an infinitely sharp boundary
thickness or a diffuse interfacial thickness equal to ¢j..

Theories have finally been developed to explain the
behavior of A/B/P(X-b-Y)/solvent mixtures. Forinstance,
Banaszak and Whitmore’@ have calculated phase diagrams
of ternary A/B/P(A-b-B) blends. On the other hand, the
interfacial thickness of PS/PMMA/P(S-b-MMA) blends
of high contents of block copolymer and with an equal
amount of the two homopolymers was obtained from
neutron reflectivity measurements. The microdomain
boundary thickness was found to increase by 25% from
the pure copolymer to a mixture containing 17% ho-
mopolymer.?? This result is in contrast with previous
experiments conducted on A/P(A-b-B) blends596467-69
where the interfacial thickness did not change upon adding
the homopolymer. Other studies have focused on the
emulsifying effect of block copolymers.”277-80 It results
from these models that the addition of a block copolymer
causes a decrease of the interfacial tension and alters the
molecular structure at the interface since a significant
penetration of the block copolymer into the homopolymer
phases was observed, which results in an enhancement of
the adhesion between phases.8182 The localization of block
copolymer molecules at the interface is responsible for
the broadening of the segmental profile, which can be
measured experimentally from scattering methods, as
shown in this paper. Finally, we should keep in mind that
the efficiency of a block copolymer as an emulsifying agent
is limited by the formation of micelles in bulk phases and
by kinetic factors. Consequently, the block copolymer
used as a compatibilizer should be designed by taking many
parameters into account (i.e., thermodynamic and kinetic)
in order to achieve the desired properties for the mixtures.

c¢. SAXS Theory. The method used in this paper to
determine the interfacial thickness was presented in detail
by Koberstein, Morra, and Stein.®3 It involves a graphical
analysis of the deviations from Porod’s law in which the
desmearing procedure is avoided. The limiting behavior
of the intensity (J;geai(s)) scattered in the Porod region by
an ideal two-phase system with sharp boundaries, is
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described by the Porod relation:8

s L (8)

lim ideat'®) 4 _ Q _

o s'= =K 6)
§ I,(s) 21ralc P (

where s = (2 sin 6)/\ is the magnitude of the scattering
vector, I,(s) is the intensity scattered by an electron, Q is
the Porod invariant, [, is the Porod inhomogeneity length,
and K, is the Porod constant. However, in real polymer
systems, the product Is(s)s* does not reach a constant
value. In the limit s — «, a modified Porod equation is
derived:

15(5) = Ly H* () + Ippiigronna(®) M

where the limit symbol is omitted for the sake of simplicity.
The two terms in eq 7 can be briefly described as follows.

Iyackground(S): The presence of thermal density fluc-
tuations within phases causes positive deviations from
Porod’slaw. Various methods have been presented in the
literature to evaluate this contribution.85% In our ex-
periments, the best approach was obtained with the
empirical equation developed by Vonk:8®

where A and B are constants and n = 2, 4, 6, ... is an
adjustable parameter.

LaeaH2(s): The diffuse phase boundary is responsible
for negative deviations from Porod’s law. Vonk%® and
Ruland® have shown that Porod’s law may be modified
to take into account the effect of these deviations with an
appropriate model for the electron density gradient across
theinterface. Inthisstudy, asigmoidal profile was chosen,
since it has been justified from thermodynamic consid-
erations,?>"7 where the diffuse electron density profile is
suitably described by a convolution product between an
ideal electron density profile and a Gaussian smoothing
function, h(r). The Fourier transform of the autoconvo-
lution of this electron density profile is given by Iigea*-
(s), and hence, H(s) is the Fourier transform of the Gaussian
function h(r) which reads

h(r) = 2r6®) V2 exp(-r*/26%) )

where r is a space variable and o is the standard deviation.
o will be used as a measurement of the diffuse boundary
thickness.

Therefore, the scattered intensity if given by

Kp 2 2.2
I5(s) - Ibackmund(s) = —;4— exp(-4r“s°s“) 10)

This relation is valid with the assumption of a perfect
pointlike incident beam. This conditionisbest approached
with pinhole collimation. However, scattering measure-
ments are often carried out using slit collimation of the
incident radiation in order to get higher intensity, which
leads to the disadvantage that the measured intensity is
smeared out and, thus, cannot be compared with eq 10.
This problem may be solved by desmearing the scattering
intensity. Various desmearing procedures can be found
in the literature,1-% but the accuracy of these treatments
is questionable.®2 Consequently, we have preferred to use
the method developed by Koberstein et al.® which consists
of deriving approximate smeared theoretical relations of
the scattered intensity and of analyzing them to determine
the interfacial thickness. Guinier and Fournet® have
calculated an expression for the smeared intensity, Iimeared:
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Lnearst(®) = [~ [T WO W, 4157 - ) +
tHY% dt du (1)

which may be simplified by assuming a negligible con-
tribution of the slit width so that

Tomewrea(® = 2f, W 4[s* + ud 1 du  (12)

Wea(u) and W(u) are, respectively, the slit-width and the
slit-length weighting function and u and ¢ are arbitrary
variables of integration. In the context of the Gaussian
approximation, Wi(u) (k =1, w) can be written

W, () = W,(0) exp(-p,u?) (13)

where Wy (0) is a normalization constant and py is related
to the standard deviation oy of the Gaussian function
through the relation py? = 1/(20?). Without considering
positive deviations and applying eq 12, we have

Isme“ed(s) = 2Wl(0)Kp X

-exp[-(p + 4726%)(s® + ud)]

du (14)

Various approximations have been reported to transform
this equation into a ready-to-analyze relation. Here we
give some of these expressions without discussing the
assumptions involved in the calculations.®® The solution
of Ruland®97 (extended to the case of a Gaussian weighting
function), the exponential solution,3 the relation of Bonart
and Muller,8 and the empirical solution of Koberstein et
al.88 that fits eq 14, read as follows:

K I
[Ruland (o) = S—;’ exp(p,ZsH)(1 - 8xa’s?) (15)

. K’
Jexeonential(g) = —: exp(p,’s?) exp(-8x2a’s?)  (16)
s

K !
IBenant (s) = —2 exp(p’s?) exp(-4n%a’s?)  (17)
8

iy K/
() = 2 exp(py'sh exp(-38(e)) (19

In these expressions, K’ = 2K,/ (#Wj(0)) and ¢ = [a? -
(pr/ (27))2]1/2, Suitable plots of these equations allow the
determination of ¢. In this paper, E = 121/2¢ will be taken
as a measurement of the domain boundary thickness. This
relation was obtained by comparing the Ruland truncated
equation with the Vonk expanded form valid for a box
smoothing function h(r) (not presented here). This
method also requires a self-consistency test for the
measurements of the domain boundary thickness, as we
will discuss in the Result.

Experimental Section

Table 1 presents the polymers used in this study. All the
polymers are amorphous. Molecular weights of PS and PMMA
were determined by size exclusion chromatography using u-Styra-
gel columns and a Waters chromatograph. The measurements
were conducted at room temperature in tetrahydrofuran, and
the apparatus was calibrated with poly(styrene) standards. The
block copolymer P(S-b-MMA), synthesized and characterized in
the laboratory of Professor Teyssié at the Université de Lidge
(Belgium), was used as received. The polydispersity of all of
these materials is close to unity.
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Table 1. Polymers Used

polymer T °C) 10°My My/M, source
poly(methyl 124 56 1.14 Polysciences
methacrylate)
poly(styrene) 97 57 1.12 Polysar
poly(styrene-b-methyl 105and 169 <1.09 Lidge University
methacrylate) 132 (Belgium)

(61wt % PMMA)

Samples (0.4 g) of polymer (PS, PMMA, and copolymer) were
blended from the melt using a Mini Max Molder (Custom
Scientific Instruments). The temperature of the mixing chamber
was adjusted to 190 °C and the mixing time was 30 min. An
injection system allows the extrusion of the melt from a circular
aperture of about 2-mm diameter. The samples were molded at
180 °C on a Carver laboratory press and quenched to room
temperature while the pressure was maintained to avoid the
formation of air bubbles. The samples dimensions were ap-
proximately 0.3 X 7 X 32 mm.

Differential scanning calorimetry (DSC) measurements were
conducted with a Perkin-Elmer DSC-4 apparatus equipped with
a TADS microcomputer. Ultrapure indium was used for DSC
calibration. The glass transition temperature, T, was recorded
at half-height of the corresponding heat capacity jump. After
their insertion in the DSC apparatus, all samples were first heated
to 433 K for 90 s, quenched to 313 K, and maintained at that
temperature for 5 min. A first scan was made at a heating rate
of 20 K/min up to 433 K. After quenching, a second scan was
performed to assess the reproducibility of the T, measured values.
A third scan was also recorded on some selected samples.

Scanning electron microscopy experiments were conducted
with a JEOL Model 840A microscope. This apparatus allows a
good resolution at low voltage (5 kV) so that it was possible to
study PMMA samples that tend to degrade rapidly under the
electron beam. The surface of the sample was smoothed with a
Reichert-Jung microtome (Model 2050), and the dispersed phase
was extracted by immersion of the sample in a solvent. Cyclo-
hexane was used to extract the PS whereas PMMA was extracted
with acetic acid.

SAXS intensity measurements were made with a rotating
anode X-ray generator (Rotaflex RU-200 BH, Rigaku-Denki), at
a power of 55 kV and 190 mA, with a Ni-filtered Cu Ka radiation
used as the incident point focus X-ray source. The wavelength
of the radiation is A = 0.154 nm. The intensity distribution was
measured by a low-angle X-ray camera (Model 2203 E1, Rigaku-
Denki) with a step scanning device and a scintillation counter
(Model SC-30, Rigaku-Denki). The geometrical parameters of
the camera will be given in detail in the paragraph relative to the
measurement of the incident beam profile. The intensity was
first recorded as a function of the scattering angle (26) from 26
= -0.4 to +0.4°, with a step interval of 0.01° and a step time of
1s. It was attenuated by using a set of absorbers so that the
scans could be run without damaging the detector. The measured
intensity, Imessured, Was corrected to take into account the detector
linearity by applying the relation

I 4= I ;/(1 - TI ") (19)

where 7 = 3 X 106 s is the response time of the detector. A
normalization of the resulting function Imected = f(20) was done
before comparison with the calculations of Hendricks and
Schmidt. The intensityscattered by asample was recorded from
0.4 to 6°, with a step interval of 0.01 ° and a step time of 120 s.
Absorption corrections were not necessary, but the measured
intensity distributions were corrected for air scattering before
further analysis.

Results

Scanning electron microscopy photographs of PS/
PMMA blends containing 30 and 70 wt % PS, with and
without the P(S-b-MMA) copolymer, were examined, and
in both cases, the addition of P(S-b-MMA) reduces the
size of the phases.®® In addition, since smaller phases are
obtained in blends of high PMMA content, and since it
is difficult to analyze the Porod region in blends having
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Figure 1. Small-angle X-ray scattering curves: (A) PS/PMMA
sample; (B) air; (C) the difference between (A) and (B).

large phases because the scattered intensity drops off too
fast, 30/70 blends only will be considered in what follows,
without repeating this composition.

The DSC measurements of PS/PMMA samples con-
taining 0, 2, 5, 10, and 15% copolymer are quite similar.
Two T,'s are recorded for each endotherm, and they
compare very well with the Ty’s of PS and PMMA. These
blends are obviously immiscible.%

The analysis of the scattering intensity curves requires
the determination of the parameter p; (eq 14) that cannot
be directly measured with the Rigaku-Denki collimating
system. Nevertheless, Wy(u) was computed from the
theoretical method of Hendricks and Schmidt® using a
Fortran program!%® kindly provided by P. W. Schmidt. In
the calculations, the intensity of the focal spot and the
sensitivity of the detector were assumed to be uniform.
Most of the parameters required to run the program are
reported in Appendix 1. The validity of the calculated
weighting function Wi(u) was verified indirectly in using
the same computer program for the calculations of both
the slit-length and the slit-width weighting functions: the
measured and calculated Wy (u) functions are in good
agreement. Also, the experimental and calculated W (u)
functions were both fitted with a Gaussian function (eq
13). In both cases, the two curves compare very well to
each other.% Since the function Wg(u) was measured
several times and fitted to a Gaussian function, a mean
value of Dy experimentst = 091 £ 0.01 mrad-!, with a
confidence limit of 95%, is obtained. The fitting of the
calculated function Wy(u) leads to a value of py theoretical
= 090 mrad-!. The determination of the interfacial
thickness will be performed by taking p; = 0 mrad-}, as
explained in the Appendix, but it will be interesting to
check the effect of assuming a value of p; = 0.02 mrad-1,
this value representing the total height of the error bar
calculated from the py experimental values. The validity of
the computed slit-length weighting function was also tested
by comparing the measured and calculated slit-width
weighting functions corresponding to a modified version
of the camera. In this experiment, the configuration of
the camera was similar except that the widths of the first
and second slits were, respectively, equal to 0.08 and 0.06
mm, instead of 0.16 and 0.12 mm in the first case. Again,
the agreement between the measured and calculated curves
was excellent,%8

Scattering Curves. Figure 1 shows the intensity
scattered by the blend as a function of 26 (curve A). Curve
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Figure 2. Determination of the background intensity by the

empirical Vonk method. The analysis is performed for the PS/
PMMA mixture.
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Figure3. Background intensity determined by the Vonk method
for the PS/PMMA mixture without (curve A) and with 10%
copolymer (curve B). The scattering curves were not smoothed
and curve B was shifted down for clarity.

C, which represents the difference between curve A and
the air scattering curve (curve B), was further analyzed to
determine the interfacial thickness. The method of
Savitsky-Golay (11 points) was retained to smooth out
the various scattering intensity distributions; other smooth-
ing methods were tested but no significant change in the
value of the domain boundary thickness was found. In
addition, the number of iterations in the smoothing
procedure of Savitsky-Golay was varied but, again, very
slight changes only in the value of the interfacial thickness
were observed from the analysis of curves smoothed 0, 1,
5,10,50,and 500 times.% Nevertheless, 50 times smoothed
curves, in addition to unsmoothed curves, will be given
because the smoothing is useful in comparison of the data.

Positive Deviations. In our experiments, the back-
ground intensity is best described by using the Vonk
method with n = 6 (eq 8), whatever the amount of
copolymer in the blends. The plot of I(s) versus s® gives
astraight line, as shown in Figure 2 for the mixture, without
copolymer. Itallowsthecomputation of eq 8, and it clearly
appears that the Vonk empirical method fits efficiently
the high angle region of the scattering curves (Figure 3).
Similar behaviors were found for mixtures containing 2,
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Figure 4. Determination of the interfacial thickness of the PS/
PMMA mixture without (curve A) and with 10% copolymer
(curve B) by the method of Bonart and by the exponential method.
(A) The midpointis s = 0.226 nm-!, Eponart = 1.9 nm and Eexponential
= 1.3 nm. (B) The midpoint is s = 0.209 nm-!, Eponar; = 2.8 and
Eexponentias = 1.9 nm.

5, 10, and 15% copolymer.®® The subtraction of the
background intensity can therefore be performed, and the
resulting scattered intensity can be used to evaluate the
domain boundary thickness.

Estimation of the Interfacial Thickness. The anal-
ysis of the mixtures, with and without 10% copolymer,
was made with the Bonart, empirical, and Ruland meth-
0ds.?8 The determination of the domain boundary thick-
ness requires the same graphical analysis for both the
Bonart and the exponential methods (eqs 17 and 16).
Consequently, a single plot is presented in Figure 4 for
these two methods. A linear regression is performed on
the linear angular range from which the slope and, thus,
the interfacial thickness, E, are finally calculated. The
graphical method of Bonart yields a value Epgnart = 1.9
nm, whereas the exponential approach leads to Eexponential
= 1.3 nm for blends without copolymer (Figure 4). The
mixture with 10% copolymer gives Epgrart = 2.8 nm and
Eesponentias = 1.9nm. For the empirical (eq 18) and Ruland
(eq 15) plots, the corresponding E values are E¢mpirical =
1.6 nm, Eryand = 1.1 nm, Eenpirical (10%) = 2.5 nm, and
ERuend (10%) = 1.3 nm.%® As expected, the inequality
ERuang < Eexponential < Eempirica] < ERonart is satisfied. The
same analysis was successfully performed on blends
containing 2, 5, and 15% copolymer.”® As an illustrative
example, Figure 5 gives the empirical analysis of un-
smoothed scattering curves of blends containing 0 and
5% copolymer. It clearly shows that the differences
observed in the slopes are not due to smoothing artifacts
and are well beyond the experimental errors.

As mentioned in a previous section, several approxi-
mations are involved in the derivations of eqs 15-17 and,
therefore, the values of the interfacial thickness computed
by these various methods are different from the true value,
Eire, obtained from eq 14. The domain boundary thick-
ness value calculated by the empirical method (eq 18) is
obviously the closest to the true value, since as shown by
Koberstein et al.,® the two values are similar within 5%
error on a broad range of os. Therefore, we have assumed
that Eempiricat = Etree This approximation has avoided
the use of the “cubic spline function derivative estimator
routine”, 10! since the first derivative of exp(-38s18!) with
respect to s2 can be calculated analytically. Consequently,
the calculation of the self-consistency test diagram, shown
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Figure 5. Determination of the interfacial thickness from
unsmoothed scattering curves by the empirical method: (A) PS/
PMMA mixture without copolymer, Eqppirical = 1.6 nm; (B) PS/
PMMA mixture containing 5% copolymer, Eqnpiricat = 2.5 nm,
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Figure 6. Self-consistency test diagram for the determination
of the interfacial thickness by graphical methods in PS/PMMA
mixtures containing various amounts of copolymer: () 0%; (A)
2%; () 5%; (O) 10%; (®) 15%.

in Figure 6, was considerably simplified. It shows a good
agreement between all measurements, except for slight
deviations recorded for the method of Ruland, confirming
the validity of the analysis.

For all the samples, the values of the interfacial thickness
obtained from the empirical method are reported in Table
2. Two samples were prepared for each composition, and
each sample was scanned three times. From the six
measurements, an average value, Eqyerage, Was calculated
and is reported in Figure 7 and in Table 2. However, for
the mixture containing 15% copolymer, only two mea-
surements on the same sample were performed, leading
to a similar value of 3.2 nm. Consequently, no error bar
is indicated on Figure 7 for this particular sample. For
the other ones, a confidence limit of 95% is given for the
calculation of the error. The effect of the parameter p, on
the domain boundary thickness was also studied. For
example, the empirical analysis of the blend was performed
by taking p; = 0.02 mrad-! instead of 0.00 mrad-, as
explained above. A value of Eempiricas = 1.5 nm is then
extrapolated as compared to the value of 1.6 nm calculated
previously, the difference being smaller than the error bar
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Table 2. Empirical Measurements of the Interfacial Thickness, E, in PS/PMMA (30/70) Mixtures Containing Various
Amounts of Copolymer

sample E (0%) (nm) E (2%) (nm)

E (5%) (nm)

E (10%) (nm) E (15%) (nm)

1 15 1.6 1.8 2.0 2.1 1.9
2 1.9 1.7 2.1 2.2 1.9 2.0

Ey,=1.8nm E, =20nm
3.5 T T T
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Figure 7. Variation of E with the copolymer composition in
PS/PMMA mixtures.

indicated on Figure 7. In addition, the various measure-
ments of the interfacial thickness are shifted by the same
number when a different p; parameter is used, such that
the comparison of the measured values of E of blends of
different compositions remains unchanged. As a conclu-
sion, the width of the segmental density profile at the
interface broadens as the copolymer is added to the PS/
PMMA blend.

Discussion

In this study, the addition of 5% copolymer was
necessary in order to observe a significant reduction of
the size of the dispersed phase. In addition, the 30/70
blend containing 5% copolymer exhibits an interfacial
thickness significantly larger than that of the mixture of
the homopolymers, These observations are consistent with
the lowering of the interfacial tension as the copolymer
goes to the interface. The interfacial thickness is found
to increase by 33% when 10 wt % copolymer is added to
the blend (and by 78 % with 15% copolymer). This result
is qualitatively in agreement with that of Russell et al.2223
where a maximum increase of 68% (ar = 5.0 nm without
copolymer and a1 = 8.4 nm with copolymer) was measured
by neutron reflectivity of spin coated samples. However,
the values of the interfacial thickness found in this study,
varying between 1.8 and 3.2 nm, indicate a relatively sharp
domain boundary zone whereas the measurements of
Russell et al.2223 and those of Fernandez et al.2® indicate
a more diffuse interface. There is not necessarily a
contradiction between the two sets of values since the two
approaches, and particularly the methods of sample
preparation, are very different. For example, thermody-
namic equilibrium conditions may not have been reached
in any of these two cases, but the two samples may have
evolved differently in that direction. We also note that
a wide range of interfacial thickness values have been
reported recently for various immiscible systems. Ellip-
sometric measurements of PS/PMMA blends give values
ranging between 2 and 8 nm in one case'%2 and values close
to 3 nm, at 140 °C, in asecond one.1%% Two series of results

Esw=23nm

2.4 2.1 25 2.5 2.4 3.2 32
2.5 2.5 2.4 23 2.3

Eow=24nm Ee=32nm

have also been published for mixtures of PS with poly-
(p-bromostyrene). Values of 1.3 nm were found in a first
study by X-ray reflectometry,!% whereas a comparison
between X-ray and neutron reflectometry leads to 3.9
0.5 nm in the first case and 4.1 + 0.5 in the second one.!0

As reviewed in the Introduction, the broadening of the
interfacial segment density profile in the presence of a
copolymer can only be determined by solving numerically
a set of equations. These calculations were not made in
this study but eqs 1 and 4 were used to obtain the domain
boundary thickness in the absence of a copolymer. A
similar value of the statistical Kuhn segment was taken
for both PS and PMMA, as suggested by Russell et al.,2
such that bpg = bpyma = 0.685 nm.196-108 The monomer
densities of PMMA and PS were respectively calculated
from the density of PMMA at 190 °C, ppmma (190 °C) =
1.08 g/cm3, and from the density of PS at 190 °C, pps (190
°C) = 0.97 g/cm3. These values were obtained by using
the relationship vgp(T) = vep(T0)e*DAT where vap(T) and
a(T) are respectively the specific volume and the thermal
expansion coefficient at temperature T. apg(135°C) and
Usp ps(135 °C) were reported by McMaster, % while apmma-
(120 °C) and ve, pMma(120 °C) were given by Rogers and
Mandelkern.1?? The degrees of polymerization are Zy pg
= 548 and Zy pmma = 560. The variation of xps/pmma a8
a function of the temperature was studied by Russell et
al.% and a value of 0.0364 was used in our calculations.
Hence, we obtained a1 = 2.9 nm and a; = 3.1 nm, i.e., E..
= 4.4 nm and E = 4.7 nm. These theoretical values are
larger than those measured herein (but smaller than those
reported by Russell et al.).

Let us consider now the limits of validity of our analysis.
Firstly, the empirical evaluation of the positive deviations
may certainly be regarded as a critical step. In order to
estimate the background intensity, a range of angles up
to 20, = 6° was chosen because we have observed that
the fitting in the high angle region of the scattering curves
is better with 20, = 6° than with other values. If the full
analysis is carried out with 26, = 7°, the interfacial
thickness Eempirical €quals 2.2 nm instead of 1.6 nm (see
Table 2, sample 1, second scan) without copolymer and
3.8 nm instead of 2.5 nm (Table 2, sample 1, first and
second scans) with 10% copolymer. The same analysis
with 20mae = 5° gives 1.4 nm without copolymer and 2.2
nm with 10% copolymer. Consequently, the interfacial
thickness is found to depend on the estimation of the
background intensity but in all cases a larger value of E
is measured for mixtures containing copolymer. The
careful analysis of Jpackground Was practically conducted as
follows. The largest possible value of 20,,,; was chosen so
that the best fit by the Vonk method could be obtained
in the region of high angles, i.e. in Figure 3, as well as the
most appropriate self-consistency test diagram (Figure
6).
In our analysis, the possible formation of micelles was
implicitly neglected. Using various micellar theories,1770-72
the critical micelle concentration of copolymer in the PS
matrix was determined, leading to ¢emc(spheres) = 3.61 X
10-11 (eqs 5)72 to ¢emc(cylinders) = 2.562 X 10-11,17 and to
Pemc(lamellae) = 1.65 X 10-11.17 Agsuming an ideal behavior
of the PS block (micelle corona), a value of ¢cmc(8pheres)
= 3.65 X 10~1 was calculated with the theory of Whitmore
and Noolandi.’ The critical micelle concentration of
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copolymer in the PMMA matrix was similarly computed
giving ¢eme = 10719, whatever the theory and the geometry
of the micelles. These values are rigourously valid for the
binary P(S-b-MMA)/PS and P(S-b-MMA)/PMMA sys-
tems. In ternary PS/PMMA/P(S-5-MMA) blends, the
copolymer chains have the possibility of localizing at the
interface, such that a larger amount of copolymer would
probably be tolerated before the formation of the micelles
occurs. However, it appears from the calculations that
the micelles can form even at a low copolymer concen-
tration.

It may also be interesting to consider the surface
occupied by a copolymer chain at the interface, =, by using
a relationship suggested by Paul:111

3 = ¢psM/(Dy1ng WR(6.023 X 10%)) (20)

where M is the molecular weight of the copolymer, ¢pg is
the volume fraction of the dispersed phase, R is the radius
of the PS spheres, phiend is the density of the blend, and
W is the weight fraction of copolymer required to saturate
the interface. From scanning electron microscopy pic-
tures,% the largest radius of the spheres was measured for
the 30/70 blend containing 156% copolymer which has a
value of R = 0.136 um. Using eq 20 leads to 2 = 10.6 nm?,
which is larger than the minimum possible value, Z = 0.50
nm?, given by Paul!l! and close to the value, T = 9.95 nm?,
determined experimentally by Russell et al.23 from the
measurement of the copolymer density profile at the PS/
PMMA interface. It can then be concluded from steric
considerations that all the copolymer chains can be located
at the interface whereas micelles have certainly formed
from a thermodynamic point of view. However, in a real
situation where the kinetic effects occur, the copolymer
chains can remain free in the bulk phases or they can
aggregate to form micelles or diffuse at the interface, such
that the resulting morphology can be quite complex. The
segregation of the micelles at the interface is also possible.
Information regarding the micellar structure can be
obtained at angles smaller than those of the Porod region,
without perturbing the analysis of the interfacial thickness,
but the presence of micelles could not be detected in this
study from X-ray scattering, even at low angles by using
smaller slits. On the other hand, if we assume that the
scattering contribution in the Porod region of the core-
corona interfaceis not too weak to be detected, the reported
values of E must be considered as an average of all the
diffuse domain boundary thicknesses in the mixture. Since,
as mentioned in the Introduction, the diffuse boundary
thickness of micelles is normally taken equal to ay.,’3""
the interfacial thickness measured in this paper for
mixtures containing copolymer chains could be conse-
quently smaller than the real thickness of the PS/PMMA
interface. Hence, the addition of 10% copolymer in the
30/70 blend might have caused an increase of the interfacial
thickness larger than the measured increase of 33%.

Conclusion

The variation of the interfacial thickness of PS/PMMA
mixtures as a function of the added amount of P(S-b-
MMA) copolymer was studied by SAXS measurements.
As expected from the theory, an increase in the width of
the segmental density profile and a reduction in the size
of the dispersed phase was observed with the addition of
the copolymer. An increase of 33% was recorded for the
30/70 mixture with the addition of 10% copolymer, from
an initial value of 1.8 nm to a final value of 2.4 nm. As
shown in this paper, the measurement of the interfacial
thickness by SAXS can be made on samples prepared by
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melt blending or under any other industrial process.
However, it requires the determination of the weighting
functions and an accurate estimation of the positive
deviations from Porod’s law. Finally, as is the case in all
scattering methods, the interpretation of the results
requires some assumptions regarding the morphology of
the samples.
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Appendix 1

In calculating the weighting functions W)(u) and Wq(u)
using the method of Hendricks and Schmidt,%:1% the
geometry of the SAXS camera needs to be specified
precisely. With respect to the nomenclature used in the
computer method, the following data were used for the
slit width weighting function Wy(u): D(1) = D(2) = 12.5
mm, D(8) = D(4) = 58 mm, D(5) = D(6) = 160 mm, D(7)
= D(8) = 260 mm, H(1) = H(2) = 0.12 mm, H(3) = H(4)
= 0.06 mm, H(5) = H(6) = 0.08 mm, and H(7) = H(8) =
0.5 mm, for the slits located between the sample and the
source planes (labeled by the subscript { in the program),
where the D(i)’s are distances from the sample plane to
the plane perpendicular to the incident beam and con-
taining the edge of the slits and the H(i)’s represents the
half-widths of the slits. Similary, for the slits between the
sample and the detector planes (labeled by the index j in
the program) D(1) = D(2) = 245 mm, D(3) = D(4) = 329
mm,D( 25) =0,H(1) = H?2) =0.1 mm, H(3) = H4) =
2 mm, and H(j = 5) = 0. Finally, the sample to detector
distance is 355 mm, the sample to focal spot distance is
260 mm, and the receiving slit width is 2 X 0.1 mm. For
the calculation of the slit length weighting function W)-
(u), the values of D(i) and D(j) are similar to those used
for the determination of Wy(u) but the H(k) values (k =
i, j) are different. The H(i)’s are given by H(1) = H(2) =
17.5mm, H(3) = H(4) = 10 mm, H(5) = H(6) = 8 mm, H(7)
= H(8) = 0.25 mm, and for H(j): H(1) = H(2) = 11 mm,
H@3) = H(4) = 10 mm, and H(j = 5) = 0. Finally, the
receiving slit length is 2 X 9 mm. The output data also
give the maximum angle for which the infinite beam
approximation is valid, 20, zimum = 60.78 mrad. Therefore,
a value of p; = 0 mrad-! is used in the analysis of the
scattering curves and eqs 16-19 reduce to their corre-
sponding infinite slit height equations.
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