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ABSTRACT: We have measured the Flory—Huggins interaction parameter (y) for blends of polystyrene
(PS) and poly(4-vinylpyridine) (P4VP) by three different methods. First, we measured the micelle spacings
in microphase-separated films of PS—P4VP diblock copolymers by secondary ion mass spectrometry and
atomic force microscopy. Second, we measured the contact angle of droplets of homopolymer PS on P4VP
homopolymer film. Finally we determined the interfacial width between homopolymer layers of dPS
and P4VP by neutron reflectometry. From each of these experiments y was calculated using mean field
theory in the strong segregation limit. These values of y are much larger than those of other nonionic
polymer pairs. We discuss the importance of this findings.

Introduction

The study of the microstructures formed by im-
miscible polymer blends and block copolymers has
attracted a large amount of theoretical and experimen-
tal interest in recent years (see for example refs 1-5).
These systems have properties which are not found in
simple melts of the individual components and which
depend crucially on the compatibility of the polymers.
For most polymer pairs there is a small unfavorable
interaction between monomers. This usually leads to
phase separation because of the large number of mono-
mers per macromolecule, so that the entropy of mixing
becomes small. The important quantity is yN where N
is the degree of polymerization and y is the Flory—
Huggins interaction parameter.

The thermodynamic principles which determine the
microstructures are well understood and are typically
described in terms of one of two regimes: the weak
segregation limit,! which is valid near the critical point
of microphase separation, and the strong segregation
limit, which is valid when there are well-separated
domains with narrow interfaces between them (yN >
1, ¥ < 1).2 Recently Nyrkova et al.® have theoretically
predicted a third regime, “super-strong segregation” for
very large y. While many systems are well described
by the weak and strong segregation regimes, there have
been no experimental observations of the super strong
segregation regime. Large values of y have been
observed in ionomers, where single ionic groups can
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cause phase separation. The largest values of y for
nonionic polymers reported to date are typically 0.1 (for
PS—polybutadiene,® PS—P2VP 7). We report a system
with a value of y at least an order of magnitude greater
than these, which may be a candidate for experimental
observation of the super-strong segregation regime.
The Flory—Huggins interaction parameter has been
determined by a number of methods. Among the most
common are small-angle light scattering® and neutron
scattering.8 However these methods require a degree
of miscibility in the system, and therefore, it is not
possible to use them for very strongly segregated
polymers. In this case it is possible to obtain y by
measuring other parameters, such as the contact angle®
and segregation isotherms.’® Mean field theory provides
expressions which relate the measured parameters to
x- We have used three such methods to obtain inde-
pendent measurements of y for the PS—P4VP system.

Method 1. Micelle Spacing in
Microphase-Separated Diblocks

The microstructures formed by AB block copolymers,
when the A and B blocks are incompatible, have been
widely studied in recent years.1112 The microstructure
is governed by the relative block lengths; for example,
symmetric diblocks are known to form a lamellar phase
in which each block forms a brush, where the junction
points are confined to a narrow region. As the diblock
becomes more asymmetric, the lamellae are replaced
first by cylindrical and then spherical micelles (in some
cases a bicontinuous phase also appears in a small
region of the phase diagram).

The dependence of the micelle spacing and interfacial
width on the properties of the polymers (such as
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molecular weight, segment length, and interaction
parameter) is well understood in terms of mean field
theory in the strong segregation limit. The principal
results for the lamellar, cylindrical and spherical micelle
spacings, h, are given by eqgs 1, 2, and 3.212 The

hlamellar 1. 10aN1/2 (XN)UG (1)
2.06
hcyllnder (1 645 — In f)l/gaNllz (XN)l/G (2)
1.78f'3
hsphere = aNl/z (XN)1/6 (3)

(1 — 05733

derivation assumes that the two polymers have similar
statistical segment lengths, a (which is the case for PS
and P4VP,136.7 A). N is the total number of monomers
in the diblock, and f = Na/(Na + Ng) = Na/N is the
fraction of monomers of type A. By measuring the
equilibrium micelle spacing for diblocks of PS and P4VP,
it is possible to determine a value for y. Four different
PS—P4VP diblock copolymers were used, PS(200)-b-
P4VP(200), PS(200)-b-P4VP(100), PS(260)-b-P4VP(71)
and PS(130)-b-P4VP(15), where the numbers in paren-
theses are the polymerization numbers of each block.
They were prepared by anionic polymerization and have
narrow molecular weight distributions (M/M,, < 1.1).
Thin films (approximately 1000 A thick) were spin
coated from DMF solution onto silicon wafers. Two
different film thicknesses were used for each copolymer.
The samples were annealed at 165 °C (for the 200—200
copolymer) and 180 °C (other copolymers) for 3 weeks.
An ultra-high-vacuum oven was used to prevent deg-
radation of the samples by oxidation during annealing.
Samples were removed after 1, 2, and 3 weeks, and the
surface topography was examined by atomic force
microscopy (AFM), using a Digital Nanoscope 111 instru-
ment in contact mode with a silicon nitride tip. It is
known that if the thickness of the film is not an integral
multiple of the equilibrium micelle spacing, islands and
holes are formed on the surface, so that at any point on
the film, the thickness is equal to an integral multiple
of the spacing (mh for the holes and (m + 1) h for the
islands, where m is an integer). This phenomenon has
previously been observed for PS—P2VP diblocks with a
cylindrical microstructure.’> Thus when we see no
further change in the surface topology, we can be certain
that the sample has reached equilibrium.

Figure 1 shows atomic force micrographs of the
surface topology of three samples (200—200, 200—100,
and 260—71) which have been annealed for 3 weeks,
from which we obtain the micelle spacing. The mor-
phology of each sample was checked by transmission
electron microscopy. Contrast was obtained by staining
the P4VP regions with iodine. The 200—200 polymer
was lamellar as expected. The 200—100 diblock, which
lies close to the boundary between cylindrical and
lamellar phases, showed cylindrical morphology, the
260—71 diblock was seen to contain a mixture of
cylinders and spheres, and the 130—15 diblock had a
spherical micelle morphology. Figure 2 shows trans-
mission electron microscopy (TEM) images of the 200—
100 cylinders and the 260—71 mixed morphology. The
TEM of the 200—200 lamellar morphology is featureless
and is not shown. A value for the micelle spacing for
the 200—100 diblock can be directly obtained from the
TEM images. However, this value must be treated with
caution since the sample may swell when it is stained.
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Figure 1. AFM cross-sections of the surface of PS—P4VP
diblock films annealed for 3 weeks, showing islands and
holes: (a) 260—71, (b) 200—100 and (c) 200—200. An image is
also shown in a for the 260—71 diblock, which is typical of all
the polymers.

We can also measure the micelle spacing with second-
ary ion mass spectrometry (SIMS). SIMS is a sensitive,
direct depth profiling technigue which has been exten-
sively used to study polymer films.16 It averages
laterally over distances on the order 0.1 mm. We know
from TEM that the morphology is laterally uniform,
except for the 260—71 copolymer sample, so that this
averaging does not affect our results. The mixed
morphology of the 260—71 film makes it difficult to
obtain y reliably from the micelle spacing, so we do not
calculate a value for that diblock. Figure 3 shows the
P4VP volume fraction as a function of depth in the
sample for the 200—100 copolymer film. This shows
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Figure 2. TEM images of diblock films: (a) 200—100,
cylindrical morphology; (b) 260—71, mixture of cylinders and
spheres. The dark regions are P4VP.

alternate layers of PS- and P4VP-rich regions (the
volume fractions in these regions are not 0 and 1
because of the cylindrical morphology and the instru-
mental resolution). SIMS profiles for the other diblocks
display similar layering. The depth scale is determined
by the known total film thickness measured by ellip-
sometry and is linear because the sputtering rate is
constant (i.e. independent of whether the material is PS
or P4AVP at any particular depth).

It is known that, close to a hard surface, the morphol-
ogy may be different from the bulk. For example, a
cylindrical bulk morphology becomes lamellar in the
layer adjacent to a planar surface.’> Our samples
contain 4 or more layers, so when calculating the SIMS
spacing, we discount the value for the layer next to the
substrate. The spacings quoted are the mean values of
the remaining layers.

The results of the SIMS, TEM, and AFM measure-
ments are summarized in Table 1. The errors are
calculated statistically for the AFM measurements
(approximately 20 island and hole heights were mea-
sured for each diblock) and for SIMS, derived from the
experimental uncertainty. The error in y is relatively
large because y ~ h®. Errors in the other quantities in
egs 1—3 are small by comparison.

Method 2. Contact Angle

The contact angle that a liquid droplet makes on a
substrate can be used to obtain the interfacial energy
for the liquid at the substrate. The relationship be-
tween the contact angle and the interfacial energies was
derived long ago by Young'’

Vpave = Vps COS 0 + Ypgipayp 4)

where v; are the surface tensions and 6 is the equilib-
rium contact angle. Contact angle measurements of
macroscopic droplets have been used for many years to
study surfaces. Recently atomic force microscopy was
used recently by Vitt and Shull to measure the contact
angle of microscopic droplets of P2VP on PS?® from which
they obtained the surface energy of P2VP as a function
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Figure 3. SIMS data showing the P4VP volume fraction as
a function of depth for the 200—100 diblock.

of temperature. We measured the contact angle for
droplets of PS on a thin film of P4VP, using a similar
method. A layer of P4VP (M,, 50 000) 120 A thick was
spin coated onto a silicon wafer from solution in DMF.
A layer of PS (M, 50 000) 160 A thick was spin coated
onto a glass microscope slide and floated onto distilled
water. It was picked up with the silicon wafer coated
with P4VP to form a bilayer.

The sample was annealed at 183 °C for several days.
Each day it was removed and examined by AFM. The
PS film was observed to dewet and form droplets. After
the sample was annealed for 7 days, most of the droplets
were circular. Figure 4 shows an AFM image of a
droplet. The contact angle can be measured by selecting
two points on the surface of a droplet, one at the line of
three-phase contact and the other a short distance away
on the surface of the droplet. The contact angle is then
calculated from the heights and horizontal separation
of these points. However, it has been suggested that
the detailed shape of the droplet in the vicinity of the
contact line can be distorted by local forces.!® In this
case it is better to obtain the contact angle from the
macroscopic height (H) and radius (R) of the droplet

tan(g) = E (5)

for & < 90°. This requires only that the edge of the
droplet is well defined so that R can be measured
accurately. H and R were measured for several circular
droplets. 6 was observed to increase gradually on
annealing, reaching a value of (9.2 £+ 1.0)° after 7 days.
This was obtained by averaging 20 different measure-
ments.

If the lower (P4VP) layer were liquid, the dewetting
drop could reduce its free energy by becoming lens
shaped,'® which would lead to an incorrect measure-
ment of the contact angle. The P4VP layer was chosen
to be very thin in our experiment so that the proximity
of the PS droplet to the rigid substrate should ensure
that it is flat on the bottom. This was checked by
washing off the PS with toluene (a nonsolvent for P4VP)
after the experiment had been completed. The remain-
ing P4VP film was examined with AFM and found to
be flat, confirming that the Young construction is
appropriate.

The values are obtained in the glassy state, whereas
the quantity we wish to measure is the contact angle of
the melt polymers. Thus we must allow for the volume
contraction of the PS on cooling from 183 °C to room
temperature. This has been measured as 7—8% for
PS.20 We followed the procedure of Vitt and Shull®
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Table 1. Micelle Spacings and Calculated y for the Four Diblocks

polymer temp (°C) film thickness (A) AFM island eight (A) SIMS micelle spacing (A) X
200—200 165 830 600 + 40 540 + 30 7.5(+3, —2)
200—200 165 1034 560 + 30
200—100 180 1255 430 £+ 40 460 + 30 3.5(+1.5, -1.0)
200—100 180 1780 535 + 50 (TEM) 475 £+ 40
260—71 180 990 325 £ 55 360 + 35
260—71 180 1435 320 + 40
130—15 180 1435 180 + 20 1.4 (+1.1, -0.7)
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Figure 4. AFM image and cross section of a PS droplet on a layer of P4VP, from which the contact angle is measured.

when correcting our data for this effect. Using this
method we obtain an equilibrium contact angle of (10.9
+ 1.0)°. We can calculate the surface energy for PS/
P4VP from Young's equation. The surface energy of PS
at 183 °C is 29.1 mN m~1.2! We are not aware of any
measurements of the surface tension of P4VP in the
literature. However the surface energy of P2VP has
been measured as 35 mN m~! at 183 °C.922 We
attempted to measure the surface tension of P4VP (by
a modified Wilhelmy method), but this was impossible
because the available homopolymer was too viscous. We
would expect the value to be no less than, and possibly
somewhat larger than, P2VP.22 Using the P2VP value,
we obtain an interfacial energy of 6.4 mN m~! for PS/
P4VP.

Helfand and Tagami* used mean field theory to relate
the interfacial tension to y

1/2
Y= apkBT(’é) (6)

where 1/p is the monomer volume. From this we obtain
¥ = 0.38. It should be noted however that a 10%
increase in the value used for the surface tension of
P4VP increases y by a factor of 2.4. Thus, since we have
only estimated the surface tension of P4VP from the
value for P2VP, we should not consider this result to
be very precise. It seems unlikely that the surface
tension of P4VP is less than 35 mN m~1, so we consider
that from the contact angle measurement we can only
obtain a lower limit for y.

Method 3. Interfacial Width

The width (a,) of the interfacial region between two
immiscible homopolymers is determined by a balance
of enthalpic and entropic terms: a sharp interfacial
width results in a loss of configurational entropy while
a broad one introduces unfavorable interactions between
unlike monomers. In the limit of high molecular weight,
and where the polymers have similar step lengths?*

a, = 2a/(6y)"” 7

Small corrections to this arise when the polymers have
different step lengths?® and arise for finite molecular
weights.24
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Figure 5. Reflectivity data (symbols) and best fit simulation

(solid line) for the PS—P4VP bilayer. The dashed line shows a
simulation with a width of 10 A.

Neutron reflectometry is a powerful tool for investi-
gating surface and interface phenomena in thin polymer
films2® because of its sensitivity and resolution. It has
been used by several groups to determine interfacial
widths between immiscible polymers.>26=28 A bilayer
sample was prepared on a 3 in. diameter silicon wafer.
The bottom layer of dPS (M,, = 713K; thickness = 562
A) was spin coated onto a silicon wafer. A layer of P4VP
(Myw 100K; thickness 400 A) was spin coated onto glass
and floated onto the surface of a bath of distilled water.
This was then picked up on top of the PS-coated silicon
wafer and annealed for 2 h at 160 °C under vacuum.
The reflectivity experiment was performed on the HOA'
reflectometer at the High Flux Beam Reactor at
Brookhaven National Laboratory. Figure 5 shows the
reflectivity data (symbols) and best fit, obtained using
the known layer thicknesses (solid line). The roughness
at the air surface was measured for similar samples by
X-ray reflectivity, and a value of 5 A is typical. This
was assumed when fitting the reflectivity data, although
since the top layer is the P4VP (low neutron scattering
length density) it does not have a large effect on the fit.

When interfacial widths measured by neutron reflec-
tometry are compared with the prediction from mean
field theory, it is necessary to account for capillary wave
fluctuations in the position of the interface. These
fluctuations, which are averaged by the reflectivity
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Table 2. Summary of the Measurements of y

temp
technique polymer “C) x error
micelle spacing (SIMS, 200-—-200 165 7.5 +3.0,-2.0
AFM)
micelle spacing (SIMS, 200—100 180 3.5 +1.5,-1.0
AFM, TEM)
micelle spacing (AFM) 130—-15 180 14 +1.1,-0.7

contact angle (AFM)
interface width (NR)

homopolymers 183 0.4 lower limit
homopolymers 160 1.0 lower limit

experiment, cause the measured interfacial width to be
larger than the intrinsic width. The measured width
is the convolution of the two contributions (intrinsic
width and capillary waves). We can calculate the
expected contribution of the capillary waves if the
interfacial tension is known. The mean square dis-
placement of the interface from its average position due
to capillary waves, [Az)?0is?%30

kT (A
AZ) = iln( max) 8
m ) 2-7-['}/ imin ( )

The cutoff wavelengths, Amin and Amax, are the shortest
and longest wavelength fluctuations which contribute
to the measured interfacial widths. The upper limit is
given by the in plane coherence length of the neutrons
in the experiment (~10 000 A on H9A') and the lower
is usually estimated as the intrinsic interfacial width
(we use 5 A). However because of the logarithmic
dependence on these wavelengths, the choice of these
values is not crucial. This expression has been used
previously to estimate the capillary wave contribution
to the measured interfacial width from NR experiments
on immiscible homopolymer bilayers and was found to
account for the discrepancy between the measured
width and the mean field prediction.2®

From egs 7 and 8, we obtain the measured interfacial
width in terms of y.

432 1 \/6 (Amax) 12

—+ =In 9)
6y 2mapV 1 \Amin

The interface was modeled with a hyperbolic tangent
profile for which the only unknown quantity is the
interfacial width. As this is increased from 0 to 7 A,
the quality of the fit to the data (measured by the least-
squares parameter) changes little. This reflects the fact
that we are at the limit of resolution of the reflectivity
technique. Above 7 A the fit quality becomes worse. We
conclude that the interface width is less than 10 A
because above this value y? increases significantly.3! The
fit for a 10 A interfacial width is shown as the dashed
line in Figure 5. From eq 9, a measured width of 10 A
gives y ~ 1.0. We note that there are several possible
inaccuracies in this approach. First, eq 8 does not
necessarily account for all contributions to the rough-
ness at the interface; for example the film may become
buckled as a result of the floating process, which could
also trap water, or other impurities, at the interface.
However these contributions would increase the mea-
sured interfacial width, and this would lead to an
overestimate of the intrinsic width. In addition, the
accuracy of the mean field expression for the intrinsic
interfacial width may be questionable for widths smaller
than a monomer size. Therefore we cannot use this
method to obtain an exact value of y, but we may obtain
an upper limit on the interface width and therefore a
lower limit on y of 1.0.

W:
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Conclusion

Table 2 summarizes the measurements of y from all
the experiments. We conclude that the value of the
Flory—Huggins interaction parameter for PS/P4VP
blends is very large. We obtain values of 7.5, 3.5 and
1.4, and >1.0. Thus, although we are not able to obtain
a precise value, even the lower limit is an order of
magnitude greater than the largest values of y reported
in other nonionic systems. It is likely that y is temper-
ature and/or composition dependent, and this may
partially account for the variation in our measurements.
It is also possible that the use of the strong segregation
mean field theory is not valid, as we approach the super-
strong regime. The large value of y makes the PS/P4VP
system a candidate for experimental observations of this
regime.
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