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ABSTRACT: The surface compositions of a series of poly-
styrene-b-polydimethylsiloxane (PS-b-PDMS) and polysty-
rene-g-polydimethylsiloxane (PS-g-PDMS) copolymers were
investigated using ATR-FTIR and XPS technique. The re-
sults showed that enrichment of PDMS soft segments oc-
curred on the surface of the block copolymers as well as on
that of graft copolymers. And the magnitude order of the
enrichment was as follows: PS-b-PDMS > PS-¢-PDMS,

which was attributed to the facilitating of the movement of
the PDMS segments in PS-b-PDMS copolymer. Meanwhile,
the solvent type and the contact medium had influence on
the accumulation of PDMS on the surfaces. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 99: 29362942, 2006

Key words: block copolymer; graft copolymer; surface prop-
erty

INTRODUCTION

Much attention has been recently paid to the analysis
of polymer surfaces and to the tailored modification of
their properties. In fact, a variety of applications are
directly related to the surface characteristics of poly-
meric materials, such as friction, permeability, adhe-
sion, and biocompatibility.

The block or graft copolymers, which are comprised
of covalent-bonded incompatible polymer segments,
generally result in microphase separation structure,
and their surfaces tend to be covered with one com-
ponent with the lower surface energy over the sub-
layer of another component with the higher surface
energy. The low surface tension part of such copoly-
mers is responsible for the surface accumulation of the
copolymer, whereas the matrix compatible component
acts as an anchoring block and ensures the perma-
nency of the surface modification. This anchoring ef-
fect accounts for the superiority of these copolymers
over low-molecular-weight surfactants, which are eas-
ily migrated, excluded, or washed out from the sur-
face.'™®

Preliminary papers have focused on the surface
activity of poly(styrene-b-dimethylsiloxane) (PS-b-
PDMS) and different copolymers containing polydim-
ethylsiloxane (PDMS).®™'? The surface segregation of
PDMS of copolymer films in AB diblock and ABA and
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BAB triblock types has been investigated with the
electron spectroscopy for chemical analysis (ESCA) or
X-ray photoelectron spectroscopy (XPS)">™*> and at-
tenuated total reflectance (ATR-FTIR)." However, sys-
tematic studies on the effects of cast substrate and cast
solvents on surface morphology and composition of
copolymers have been seldom reported.

The main objective of this work was to perform a
systematic investigation on the PDMS accumulation of
on the surface and near surface regions in both PS-b-
PDMS and PS-¢g-PDMS copolymers, based on the mea-
surements of ATR-FTIR, contact angles, and XPS. The
PS-b-PDMS block copolymers were synthesized by a
sequential anionic polymerization, whereas the PS-g-
PDMS graft copolymers were prepared through a
macromonomer approach. The impact of contact sub-
strates and the solvent types (i.e., those with different
solubility) on the accumulation of PDMS were also
investigated.

EXPERIMENTAL
Materials

Styrene (CP. Jinshan Petrochemical Co., Shanghai,
China) was washed with dilute sodium hydroxide to
remove any inhibitors, dried over calcium hydride,
and distilled under reduced pressure just prior to use.
Cyclohexane, tetrahydrofuran, and DMF (AR. Shang-
hai Feida Industry Trade Co., Ltd., Shanghai, China)
were refluxed over sodium and distilled just before
use. Hexamethylcyclotrisiloxane (D;) (CP. Huaxin
Chemical Co., Xiamen, China) was dried over calcium
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hydride and freshly baked using 4A molecular sieves.
n-BulLi initiator (1.0M) in cyclohexane was made with
reference to literature.'® Azobis(isobutyronitrile) (AR)
was purchased from Shanghai Feida Industry, with-
out further purification.

PDMS macromonomer was prepared through an-
ionic polymerization of D, with vinylchlorosiloxane
as terminator, to afford double functional bond.

The synthesis of PS-b-PDMS copolymer

PS-b-PDMS copolymer was synthesized by the se-
quential anionic polymerization of styrene and D,.
Styrene polymerization was first induced with n-BuLi
initiator in cyclohexane at room temperature. The re-
action was carried out for 0.5 h. D; and DMF were
successively added to living polystyrene (PS) chains as
a promoter. Afterward, the polymerization proceeded
continuously at 60°C for 6 h. The block copolymer
chains were deactivated by methanol and precipitated
in methanol, filtered, and dried in vacuum at 80°C for
24 h, followed by removing the homopolymers with
solvents. To remove PDMS homopolymer, hexane
was used. And to eliminate PS homopolymer, a sol-
vent mixture (cyclohexane:hexane = 25:1.2 wt/wt)
was used.

The synthesis of PS-g-PDMS copolymer

The free-radical copolymerization of the PDMS mac-
romonomer with styrene was performed in bulk at
60°C for 24 h, using 0.1 wt % azobis(isobutyronitrile)
as an initiator, under a nitrogen atmosphere. The
product was precipitated with ethanol. The ho-
mopolymers, PDMS and PS, were removed by a
mixed solvent. The graft copolymer was dried under
vacuum at 80°C to a constant weight.

Film preparation

Films were prepared by casting 10 wt % solutions of
PS-b-PDMS or PS-g-PDMS in toluene, cyclohexane, or
bromobenzene, respectively. Several substrates were
selected, including clean glass slides and polytetra-
fluoroethylene (PTFE) plates. Deposited films were
dried under vacuum for 48 h before analysis. Solvent-
cast films were carefully peeled from the substrate,
allowing the measurements of contact angles and the
recording of ATR-FTIR spectra and XPS spectra to be
performed, not only at the polymer/air interfaces but
also on the substrate sides.

Charaterization of copolymer structures
Contact angles

The contact angles of PS-g-PDMS and PS-g-PDMS co-
polymer films were determined using a static drop
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TABLE I
Surface Energy of H,O and CH,I,[12]

Liquid r, (107*N/m) (10°°N/m) (10> N/m)
H,O 72.8 22.1 50.7
CH,I, 50.8 485 23
contact angle/interface tension meter (Model

-JC2000A, Zhongchen Digital Ltd., Shanghai). Surface
tension was calculated, based on the contact angle of
water and diiodomethane droplets on polymer films
at 20°C (Table I). The Owens and Wendt’s method®
was adopted, and the formula for calculation is as
follows:

— 1, c080 =1, — 2(rr)V? — 2(r'rh) V2

where 0 is the contact angle; 7, i, represent free
surface energy, dispersive, and polar interactions of
liquids, whereas 7, 7 represents free surface en-
ergy, dispersive, and polar interactions of solids or
polymer films, respectively.

ATR-FTIR experiments were performed using a
Nicolet AVATAR360 FTIR spectrometer equipped
with a DTRS detector. To collect ATR-FTIR spectra,
512 scans were run. Being mounted on a Harrick
TPMRA attachment, a Harrick parallelogram Ge
prism with 45° face cut was used as the internal re-
flectance element for all ATR-FTIR collections.

The ATR-FTIR spectra of PS and PDMS and PS-b-
PDMS copolymer are shown in Figure 1. PS has a
characteristic absorption peak at 1495 cm ™', while
PDMS at same wave numbers has scarcely any char-
acteristic absorption, and PDMS has a very strong
absorption peak at 1495 cm ™!, while PS has scarcely
any characteristic absorption at same wave numbers.
So quantitative calculations of the PDMS and PS molar
fraction were based on the peak area ratio A4/ A1496
obtained ATR-FTIR measurements. After our calibra-
tion, the following equation has been well received
and also adopted in our calculation.

Avag1/ Ases = 0.520(X /1 — X)

where A, is the area of absorption peak at 1261
cm ™! of PDMS, A, 495 is the area of absorption peak of
PS at 1495 cm ™}, and X is the PDMS molar fraction.
'"H NMR spectroscopy was performed on a 500
MHz AVANCES500 spectrometer, with CDCl; as the
solvent and TMS as the calibration. '"H NMR Spectra
of PS-b-PDMS coplymers show the characteristic
peaks of both segments; for example, ortho protons of
the phenyl ring at 6.65, meta and para protons at 7.15
due to a PS segment, and a sharp single at 0.15 due to
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Figure 1 The ATR-FTIR spectra of polymers.

Me,Si protons of PDMS. The molar fraction of PS-b-
PDMS or PS-g-PDMS copolymer in bulk can be calcu-
lated from the proton areas of PS segments and PDMS
segments.

XPS

Photoelectron spectra were recorded using a PHI
5000C ESCA spectrometer (Philip Company), to deter-
mine surface atomic ratios and the depth distribution
of polymers. The instrument was equipped with a
monochromatized Al K X-ray source (hv = 14.0 keV).
Depth distribution of the PS-b-PDMS and PS-g-PDMS
from the film surface was analyzed by recording the
XPS spectra at various electron erosion times. The
quantitative analysis of silicon and oxygen and carbon
was performed with the aid of PHI-MATLAB soft-
ware.

RESULTS AND DISCUSSION

The characterization of PS-b-PDMS and PS-g-
PDMS copolymers

PS-b-PDMS copolymers were synthesized by a se-
quential anionic polymerization, whereas, PS-g-PDMS
copolymers were prepared using a macromonomer
approach, through which a graft copolymer with well-
defined structures (i.e., PDMS segment length and
graft density) could be produced. Table II shows the
PDMS molar fractions and molecular mass of the co-
polymers measured by GPC; samples 1-3 were AB-
type diblock copolymers, and sample 4 was a graft
copolymer.

Surface composition of PS-b-PDMS and PS-g-
PDMS copolymer films at different interfaces

The ATR-FTIR spectra of a PS-b-PDMS copolymer
(PDMS feed fraction: 37.6%) in toluene, at the different

interfaces, are shown in Figure 2. Based on A4/ A 496
peak ratios, PDMS fractions at various interfaces can
be estimated, as addressed previously. The film was
sliced in parallel with the surface for the bulk ATR-
FTIR measurement. The results are presented in the
second row in Table III. Similar ATR-FTIR measure-
ments were performed for the other three copolymers,
and the results are also presented in Table III. It
should be noted that the bulk PDMS fraction was
measured by '"H NMR. The results in Table III sug-
gested that PDMS fractions, obtained from ATR-FTIR
measurements, were higher at the air surface than
those in bulk, both for AB diblock and graft copoly-
mers. Moreover, the lower the bulk PDMS fraction,
the higher the PDMS enriched at interfaces. For exam-
ple, when the bulk PDMS fraction was 0.199, the cor-
responding fraction at the air surface was 0.736-3.7
times as much as that in the bulk. When the bulk
PDMS fraction was 0.376, the PDMS fraction at the air
surface was 0.775, only twice as much as that in the
bulk. Surprisingly, a similar behavior was observed on
the glass slide, which has a higher surface energy than
that of copolymer matrix. However, the ATR-FTIR
measurement still showed that the PDMS enrichment
at the glass interface was lower than that at the air
interface.

TABLE II
The Characterization Data for PS-b-PDMS and PS-g-
PDMS Copolymers by GPC

PDMS Mn (10 - 3)

content

(molar PS PDMS

Sample Type fraction) Copolymer block block

1 PS-b-PDMS 0.448 146.2 80.7 65.5
2 PS-b-PDMS  0.376 90.3 56.3  34.0
3 PS-b-RDMS  0.199 88.2 706 176
4 PS-g-PDMS 0.199 86.1 69.0 17.1
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Figure 2 ATR-FTIR spectra of PS-b-PDMS at different interfaces (Xppys = 0.376).

A PDMS segment has a very low surface energy
(20.4 mN/m at 20°C). In contrast, a PS segment has a
much higher surface energy (40.7 mN/m at 20°C).
Such a difference in surface energy as well as the high
mixing enthalpy for the two different segments in the
PS-PDMS copolymers drives the PDMS segment to
segregate to the free surface. This is a thermodynamic-
favor process, minimizing the total free energy of the
copolymer systems.

The PDMS segment migrates to the interface selec-
tively, and tends to accumulate at the air interface or
the substrate interface, with a low surface energy.
Because PTFE has a low surface energy, the PDMS
segments are readily accumulated at the PTFE inter-
face, leading to a higher PDMS fraction at the PTFE
interface than that at the glass interface. Overall, the
contact substrate indeed affects the accumulation of
PDMS at the interface. It is an advantage for the PDMS
segment to migrate at the substrate of lower energy.

The effect of the architecture of copolymers on
PDMS surface segregation can also be seen from the
results in Tables II and III. The PDMS chain length and
the number-avearge molecular weight of copolymer

TABLE III
The Composition of PS-b-PDMS and PS-g-PDMS
Copolymers at Different Interfaces

Content of PDMS segment (molar fraction)

Air Glass PTFE

Sample Bulk surface interface interface
PS-b-PDMS 0.448 0.974 0.856 0.958
PS-b-PDMS 0.376 0.775 0.703 0.764
PS-b-PDMS 0.199 0.736 0.498 0.672
PS-¢g-PDMS 0.199 0.537 0.458 0.497

sample 4 were close to those of copolymer sample 3.
Two samples had comparable bulk PDMS fractions.
However, sample 4 had a lower PDMS surface con-
centration. This is attributed to the fact that the PDMS
segments in the block architecture had one free end
and another end connected to PS segments. The free
ends of the PDMS blocks facilitated the migration of
PDMS segment to the surface region, while the situa-
tion for PS-g-PDMS copolymer with several PDMS as
branched segments was different. Although the
branched PDMS segments were still relatively free,
having the PS backbone constraint applied on them,
the PDMS segments could not migrate as freely as the
one in diblock polymer. As a result, the surface con-
centration in PS-g-PDMS copolymer was substantially
lower than that in PS-b-PDMS copolymer.

Surface composition of PS-PDMS copolymer films
cast from different solvents

Films were prepared by casting solutions of PS-b-
PDMS copolymer in toluene, cyclohexane, and bromo-
benzene, respectively. The ATR-FTIR spectra of PS-b-
PDMS copolymer films cast from different solvents at
air interface were shown in Figure 3, and the results
on molar fractions are presented in Table IV. As can be
seen from the table, the compositions of the films at air
interface varied, as different solvents were used, in
spite of the same bulk concentration being main-
tained. The PDMS concentration cast from bromoben-
zene was relatively lower than those cast from toluene
and cyclohexane.

When the PS-b-PDMS copolymer was cast from tol-
uene at a low polymer concentration, both PDMS and
PS components in the block copolymer were well sol-
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Figure 3 ATR-FTIR spectra of PS-b-PDMS films cast from the different solvents at air interface.

ubilized in the solution, as toluene was a good solvent
for both. According to the relationship between the
polymer—solvent interaction parameters and the poly-
mer concentration, the solubility parameter of PS
block was close to that of toluene, the PS blocks in the
block copolymers became more soluble, as the poly-
mer concentration increased. Meanwhile, the PDMS
blocks in the block copolymers became less soluble,
and so toluene preferentially solubilized the PS blocks
of the PS-PDMS block copolymers in high polymer
concentrations. As a result of the difference in solubil-
ity, PDMS blocks separated from the PS blocks and
spontaneously accumulated themselves at the air sur-
face. When PS-b-PDMS copolymer film was cast from
cyclohexane, which was a preferential solvent for
PDMS, the PDMS blocks in the copolymers became
more soluble than PS blocks, and the PDMS segment

TABLE 1V
The Surface Composition of PS-b-PDMS in Different
Solvents at Air Interface in Sample 1

PDMS segment
content (molar

conformation was completely extended, while the PS
segment conformation was coiled in the solution. Con-
sequently, the PDMS segment was easier to migrate to
the interface cast from the cyclohexane than from tol-
uene. Similarly, bromobenzene was a good solvent for
PS blocks, and the PDMS segment conformation was
coiled while the PS segment was totally extended in
the copolymer solution, and so the PDMS blocks were
less easier to migrate to the interface. Overall, the
order of degree of PDMS enrichment at the interface
was as follows: cyclohexane > toluene > bromoben-
zene.

The depth profile of PS-b-PDMS and PS-g-PDMS
was analyzed on the copolymer films using XPS. The
profiles of PDMS molar fraction versus sampling
depth for the PS-PDMS copolymers films, cast from
toluene, are shown in Table V. XPS provided the con-

fraction)
Solvent 5 (1073 J/m3)1/2 Bulk Air surface
cyclohexane 14.9 0.484 0.998
toluene 18.2 0.484 0.974
bromobenzene 194 0.484 0.489
8, solubility parameter; Sppyvs = 15.1; 8pg.= 18.6."7

TABLE V
Surface Composition of PDMS of PS-PDMS Copolymers
Erosion PDMS cont.e nt PS content
depth (molar fraction) of air
Sample (A) Bulk Air surface surface
PS-b-PDMS 15 0.199 0.813 0.187
35 0.809 0.191
55 0.793 0.207
PS-g-PDMS 15 0.199 0.647 0.353
35 0.648 0.352
55 0.623 0.377
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centration gradient of PDMS at the air surface from 15
to 55 A in depth, revealing the distribution profile of
the PDMS.

Evidently, the PDMS segments of PS-PDMS copol-
ymer films cast from toluene accumulated at the sur-
face and subsurface. At the similar bulk composition,
the PDMS segments in the PS-b-PDMS diblock copol-
ymer were more prone to segregating in the free sur-
face region, whereas the PDMS segments in the PS-g-
PDMS copolymer were less prone to migrating to the
free surface region. These findings were consistent
with the results addressed previously. The profile dis-
tribution also indicated that a small amount of PS was
detected at the air interface, along with the PDMS
components. The surface morphologies of the PS-
PDMS copolymers appeared to be lamellar if the
PDMS molar fraction in the bulk was high (>0.6). The
outermost surface region of copolymers was com-
posed of the nearly pure PDMS component.’ For the
copolymers with a low PDMS molar fraction in the
bulk (<0.5), the segregation of PDMS in the same
surface region was still high. However, a substantial
amount of the PS component was also present in this
layer, so that the surface morphologies of the copoly-
mer tended to be spherical, where the PDMS segments
were of continuous phase, while PS was of dispersed
phase.

In a wider surface region, there existed either PDMS
segments or both PDMS and PS segments, depending
on the segment architecture, bulk fraction, and surface
morphology. Among these three features, the segment
architecture and surface morphology had more pro-
found effects on the surface compositions of the co-
polymers. PS-b-PDMS diblock copolymers tended to
have higher surface segregation of the PDMS blocks
than PS-g-PDMS graft copolymers at similar bulk
composition.
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Figure 4 The surface energy of PS-PDMS copolymers.
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Figure 5. The surface energy of the PS-PDMS copolymers
and the PS blend.

The surface tension of PS-PDMS copolymer and
the copolymer and PS blend

Figure 4 shows that the surface tension of solvent-cast
PS-PDMS diblock and graft copolymer films, at the air
surface, dramatically decreased upon increasing the
PDMS bulk content of PS-PDMS copolymers. How-
ever, beyond a “critical concentration” of 20 wt % of
diblock copolymer, the surface tension of PS-PDMS
copolymer films tended to level-off at a value, which
was very close to the surface tension of PDMS. The
experimental data reflected the significant immiscibil-
ity of PDMS and PS, and the strong propensity of
PDMS to accumulate at the air surface uniformly.
Meanwhile, a similar behavior was observed for the
PS-PDMS graft copolymer at the air surface. However,
as discussed previously, the PDMS segments in the
block copolymers were much easier to accumulate at
the surface than those in the graft copolymers. Conse-
quently, the surface tension of the block copolymer
was lower than that of the corresponding graft copol-
ymer. Figure 5 shows the surface tension of PS-PDMS
copolymer/PS blends at the air surface, as a function
of PS-PDMS copolymer contents. As can be seen, the
surface tension of PS films at the air surface decreased
considerably upon the addition of increasing amounts
of PS-PDMS copolymers. The surface tension of PS-b-
PDMS/PS homopolymer blends was lower than that
of the corresponding PS-g-PDMS/PS homopolymer
blends. This phenomenon is attributed to the same
reason as explained earlier.

CONCLUSIONS
The conclusions from this work are as follows:
» The enrichment of PDMS segments occurred on

the surface of the block copolymers as well as on
that of graft copolymers.
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The magnitude order of enrichment was as fol-
lows: PS-b-PDMS > PS-¢g-PDMS, due to the move-
ment of the PDMS segments of PS-b-PDMS being
facilitated.

The PDMS segments migrated to the interface
selectively; the accumulation of PDMS on the in-
terface was also influenced by different solvents
and substrates.

The difference between the copolymers and sol-
vents in solubility parameters also promoted the
enrichment of PDMS segments on the surfaces.
The PDMS distribution profiles further confirmed
that the diblock copolymers tended to have
higher surface segregation of the PDMS segments
than that of the graft copolymers. This was also
reflected in surface tension measurement.
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