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Introduction
Since the early 1980s, studies on surface composition

and structure in multicomponent polymer systems have
been extensively conducted because of the significant
effect of the surface composition on a variety of techni-
cally important properties of polymer blends with
respect to applications in numerous fields.1,2 One of the
most outstanding conclusions in this field of research
is that the polymer constituent having the lower surface
energy will migrate to the surface leading to its surface
enrichment. As a result of minimizing the air-polymer
interfacial free energy, this phenomenon has been found
for either immiscible3 or miscible4 polymer blends. For
example, by using X-ray photoelectron spectroscopy
(XPS) and low-energy ion scattering spectroscopy (ISS)
in the immiscible blends polycarbonate (PC) and poly-
(dimethylsiloxane) (PDMS) with concentration of PDMS
less than 11% in bulk, the surface concentration of
PDMS was found to reach as high as 85% over the
topmost 5 nm.3a Generally, miscibility does not alter this
preferential placement of one component at the surface.
The well-known miscible blend of PS and poly(vinyl
methyl ether) (PVME) was found to exhibit a pro-
nounced surface enrichment of PVME as the surface
tension of PVME is lower compared to that of PS. In
addition, block copolymers, in which the constituent
chains are connected by chemical bonds, were reported
to possess such surface-excess behavior as well.3,5

However, some studies3a found that the block copolymer
showed less surface preference than the corresponding
homopolymer blends, and some3b,5 found the opposite.
In short, regarding the surface enrichment, no matter
whether a polymer pair is miscible or immiscible and
no matter whether it is a simple blend or block copoly-
mer, the pair does show surface segregation provided a
certain difference in surface free energy exists between
the two constituents. In this note we report our recent
study on surface composition of a series of polymer
blends with controllable hydrogen bonding between the
constituents showing completely different behavior from
those reported in polymer blends so far.

It is well-known that, by introducing hydrogen bond-
ing into an otherwise immiscible polymer blend via

modifying one of the polymer component with some
interaction groups, the blend is likely to become
miscible.6-8 In our long-term study on this subject we
found that, by gradually increasing the density of the
specific interaction groups, the miscible blend could
further form interpolymer complexes.8 Complexation in
blend solutions can be judged by the appearance of a
negative deviation in the curves of the reduced viscosity
vs blend composition from the additivity law and the
formation of interpolymer aggregates observed by light
scattering, etc. Usually, complexation in solutions is
accompanied by precipitation. It is believed that two
different types of polymer chains are randomly mixed
in a miscible blend while the segments of the component
polymers are paired in complexes.8,9 This striking
difference in chain arrangement between miscible blends
and complex blends is expected to cause quite different
surface properties.

A series of polymer pairs consisting of poly(4-vinylpy-
ridine) (PVPy) serving as proton acceptor and modified
polystyrene, i.e., poly(styrene-co-p-(hexafluoro-2-hy-
droxyisopropyl)-R-methlystyrene) (PSOH) (Scheme 1),
as proton donor were chosen for this study according to
the following reasons. (1) The content of hydroxyl groups
in PS(OH) and the consequent hydrogen-bond density
in the blends can be easily controlled by changing feed
composition in copolymerization of the two monomers.
(2) Only PVPy contains nitrogen which makes it easy
to measure the surface composition of the blends by
XPS. (3) As we can see below, the surface energy of PS-
(OH) shows actually no change with its hydroxyl
content. On the basis of this valuable character, we are
able to attribute the changes observed in the surface
behavior of the PS(OH)/PVPy blends with the hydroxyl
content in PS(OH) to the complexation.

Experimental Section
The hydroxyl-containing monomer p-(hexafluoro-2-hydroxy-

isopropyl)-R-methylstyrene (HFMS) was synthesized from
p-chloromethylstyrene via the Gringnard reaction with hexaflu-
oroacetone. Copolymers of styrene and HFMS were prepared
by copolymerization in benzene at 60 °C using 2,2′-azobis-
(isobutyronitrile) (AIBN) as initiator and purified.10 By varying
the feed composition, a series of PS(OH) with different HFMS
contents in the range 1.0-49 mol % were obtained. The HFMS
content in the copolymers was determined by fluorine analysis.

PVPy was produced through radical polymerization of
4-vinylpyridine and purified. The related characterization data
of PVPy and PS(OH) are listed in Table 1.

The samples for XPS measurements were prepared as
follows. A blend solution of PS(OH) copolymer and PVPy was
obtained by mixing the same amount of each polymer solution
in chloroform (CHCl3) at a concentration of 10 g/L under
stirring. Depending on the HFMS contents in PS(OH), the
mixed solutions might remain clear or form interpolymer
complex precipitate. For PS(OH)-1/PVPy, PS(OH)-3/PVPy, and
PS(OH)-5/PVPy, the clear solutions were spin-cast at 3800 rpm
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Scheme 1. Chemical Structure of PS(OH)
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onto silicon wafers to obtain films with thickness of about 200-
230 nm. At room temperature when the HFMS contents
reached or exceeded 8 mol %, the solutions became turbid as
interpolymer complex formed. The precipitate was then sepa-
rated by centrifugation, washed with CHCl3 three times, and
kept in CHCl3. The slightly swelled precipitates were pressed
onto a silicon wafer for producing thin and smooth films. The
films were then dried under vacuum at room temperature
overnight. The bulk compositions of the complexes were
determined from fluorine elemental analysis. DSC measure-
ments were conducted with a differential scanning calorimeter
(DSC-50, Shimadzu) at a heating rate of 10 °C/min.

The surface chemical composition and the binding energy
were obtained from XPS spectra with a PHI 5600 multitech-
nique system equipped with a monochromatic Al KR X-ray
source. A pass energy of 23.4 eV was used. All core-level
spectra were referenced to the C 1s neutral carbon peak at
285.0 eV. The emission angle (the angle between the surface
normal and the axis of the analyzer) of the photoelectron was
45°, corresponding to a sampling depth of approximately 47
Å.

Results and Discussion
As mentioned in the Experimental Section, PS(OH)-

1/PVPy, PS(OH)-3/PVPy, and PS(OH)-5/PVPy blend
solutions were clear. However, the corresponding blends
showed different phase behavior; i.e., PS(OH)-1/PVPy
and PS(OH)-3/PVPy blends were immiscible, showing
two distinct Tg’s. PS(OH)-5/PVPy was miscible which
shows only one Tg. Mixing the chloroform solutions of
PS(OH)-8 and PVPy led to light precipitation, indicating
that complexation at least partially occurred. As the
hydroxyl content increased further to 12 mol % or more,
severe precipitation took place. Such complexes, as
expected, showed one Tg, which was higher than the
calculated value by the additivity law.

The XPS results on all PS(OH)/PVPy blend films
showed the presence of only four elements: carbon,
oxygen, fluorine, and nitrogen. No signal from the silicon
substrate and other contaminants were detected. Figure
1 shows the C 1s spectra of PS(OH)-3/PVPy, PS(OH)-
21/PVPy, and PS(OH)-49/PVPy blends. The C 1s spectra
can be resolved into five component peaks, namely, a
hydrocarbon peak at 285.0 eV, the C-(CF3)2OH peak
at 288.6 eV, the π-π* shake-up satellite peak at 291.6
eV, the CF3 peak at 293.4 eV, and the C-N peak at
286.0 eV.11,12

The N 1s spectrum of PVPy shows a single nitrogen
environment with a bond energy (BE) of 399.0 eV.13 The
N 1s spectrum of immiscible PS(OH)-3/PVPy is nearly
the same as pure PVPy. When the HFMS in PS(OH)
content reaches 5 mol %, the peak shifts slightly to the
higher-BE ends, indicating that the nitrogen in the
blends becomes slightly more electropositive. The N 1s
peak of the PS(OH)/PVPy blends with HFMS content

higher than 5 mol % can be deconvoluted into two
component peaks, i.e., the original one remaining at
399.0 eV and the new one at 400.0 eV. This indicates
that there is almost no proton transfer between hydroxyl
and pyridyl, as the peak associated with positively
charged pyridinium ions is around 401.5 eV.13 When
HFMS content of PS(OH) increases further, the fraction
of high-BE peak in the N 1s spectrum goes up consider-
ably, indicating that more pyridyl groups in PVPy are
hydrogen bonded to hydroxyl of PS(OH).

Table 2 compared the bulk and surface compositions
of the blends of PVPy and PS(OH) with different
hydroxyl contents but similar bulk composition. The
surface and bulk compositions were calculated from
fluorine analysis and the XPS N/C peak area ratio,
respectively. First, remarkable surface enrichment was
found for the immiscible blends; namely, in PS/PVPy,
the surface is completely covered by PS(OH), and in PS-
(OH)-1/PVPy and PS(OH)-3/PVPy, the concentration of
PS(OH) on the surface is as high as 80-90%. This is
expected since PS has much lower surface free energy
(40.2 mJ m-2) compared with PVPy (68.2 mJ m-2).14 For
miscible PS(OH)-5/PVPy blends, the surface is also
significantly enriched with PS(OH). As the hydroxyl
content in PS(OH) increases further, the degree of the
surface segregation pronouncedly decreases. We are
particularly interested in finding that for the last three

Table 1. Characteristic Data of PS(OH) and PVPy
Samples

sample
code

HFMS
content/(mol %)

Mn/104

(g/mol) Mw/Mn Tg (°C)

PS 1.9 1.05 98.5
PS(OH)-1 1 3.68 1.51 97.2
PS(OH)-3 3.2 4.65 1.31 99.1
PS(OH)-5 5.1 3.22 1.48 100.0
PS(OH)-8 8.3 3.87 1.52 101.3
PS(OH)-12 12.4 3.41 1.27 105.3
PS(OH)-21 20.6 2.54 1.83 112.5
PS(OH)-34 33.8 1.33 1.52 129.4
PS(OH)-49 49.2 1.05 1.61 122.2
PVPy 3.52a 146

a Determined from intrinsic viscosity in ethanol using [η] ) 2.5
× 10-2Mη

0.68.

Figure 1. High-resolution C 1s XPS spectra of PS(OH)-3/
PVPy, PS(OH)-21/PVPy, and PS(OH)-49/PVPy blends.

Table 2. Characteristic Data of PS(OH)/PVPy Blends

sample code Tg (°C)

bulk comp
(PS(OH),
mol %)

surf. comp
(PS(OH),
mol %)

PS/PVPy 99.0/145.5 50.2 99.55
PS(OH)-1/PVPy 104.1/143.2 49.8 89.26
PS(OH)-3/PVPy 106.5/132.4 48.89 80.82
PS(OH)-5/PVPy 117.8 48.13 70.74
PS(OH)-8/PVPy 132.2 55.15 70.40
PS(OH)-12/PVPy 149.3 52.84 60.81
PS(OH)-21/PVPy 160.4 49.87 50.90
PS(OH)-34/PVPy 166.1 46.81 44.33
PS(OH)-49/PVPy 176.5 42.62 40.47
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blends with respective hydroxyl content of 21, 34, and
49 mol %, forming interpolymer complexes; the chemical
compositions of surface and bulk turn to be almost the
same. Figure 2 shows the relationship between the
degree of surface segregation and hydroxyl content in
PS(OH) more clearly. The data clearly reveal that if the
density of hydrogen-bonding interaction of a polymer
blend reached a certain level leading to the unlike
chains being combined together, the surface enrichment
of the lower surface energy component can be greatly
reduced or even completely eliminated. As far as we
know, this is the first series of free surface-segregation
blends found experimentally which are composed of
component polymers with substantial surface energy
difference In addition, the results reflect the inherent
dissimilarities in the physical states between complexes
and conventional miscible blends.

As mentioned above, there is a significant difference
in surface energy between PS and PVPy which drives
the surface segregation of PS in the blends. It is
important to know how the surface energy of PS(OH)
varies with the copolymer composition. As we reported
previously,12 by measuring the surface composition of
the PS(OH) with hydroxyl content ranging from 3 to 50
mol % by XPS, it was found that the surface composition
is the same as that of the bulk. It means that there is
no fluorine segregation in PS(OH) over the wide range
of the copolymer composition. More importantly, only
little variation of the water contact angle of PS(OH) with
hydroxyl content was found. It means that actually the
possible decrease of the surface energy caused by the
fluorinated groups was offset by the polar hydroxyl
groups. This makes our discussion on the surface
behavior of PS(OH)/PVPy much simpler; i.e., ,the dif-
ference in the surface energy between PVPy and PS-
(OH) is actually independent of the hydroxyl content
in PS(OH). It implies that the dramatic decrease of the
surface excess of PS(OH) to about zero when the
hydroxyl content in PS(OH) reaches about 21 mol % can
be exclusively attributed to the interpolymer complex-
ation. It is understandable because in the complexes,
migration of the low surface energy chains of PS(OH)
to the surface is severely restricted by their counter-
parts, i.e., segment-paired chains of PVPy.

It is worth noting that all the samples for XPS
measurements were prepared at room temperature
without further annealing. Generally, annealing at a
temperature below but close to Tg for a long time would

benefit approach to equilibrium. However, in the present
case, as the Tg for the complex blends is as high as 160-
180 °C, annealing at such high temperature may cause
disruption of the interpolymer hydrogen bonding as
observed in our previous work.15

Finally, we would like to mention that Goh et al.16

recently studied blends of poly(N-acryloyl-N′-phenylpip-
erazine) (PAPA) with respective proton-donating poly-
mers, i.e., poly(styrenesulfonic acid) (PSSA), poly-
(vinylphosphonic acid) (PVPA), and poly(acrylic acid)
(PAA). The three pairs were found to be able to form
interpolymer complexes. The work concentrated on the
nature of the specific interactions but without evaluat-
ing their data on surface compositions further. On the
basis of the data of surface and bulk compositions
reported in the paper, we found that there is a little
surface segregation in the three groups of complexes.
Particularly, for PAPA/PAA complexes , the surface
composition was very close to the bulk composition as
shown by the following data. For the blends of PAPA/
PAA (22/78, 27/73, and 33/67) the bulk/surface composi-
tions of PAPA are 0.22/0.23, 0.27/0.30, and 0.33/0.33,
respectively. The data support our conclusion that
interpolymer complexation can depress or even elimi-
nate the surface segregation of the low surface energy
component in polymer blends. However, this argument
does not appear to be really conclusive as no data of
the surface energy or surface tension for the constituent
polymers are available in the paper.
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Figure 2. Ratio of PS(OH) concentrations of the surface to
the bulk in PS(OH)/PVPy blends vs the HFMS content in PS-
(OH).
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