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ABSTRACT: Maleic anhydride moieties on the backbone chains of poly(styrene maleic
anhydride) alternating copolymer (SMA) hydrolyzed in a THF solution containing
water and hydrochloric acid. Well-arrayed holes were obtained in spin-cast thin hydro-
lyzed SMA films on a single crystal silicon wafer, and the hole diameter and its
distribution were measured with AFM data. Results showed that the hole size was
almost uniform, and was influenced by water content when spin speed was kept
unchanged. The THF solution with a SMA concentration of about 1 g/mL and weight
ratio H,O/SMA of 1/3 produced holes having an average diameter of 0.60 um and depth
of 206.12 nm, when cast at a spin speed of 1400 rpm. It was noted that the formation
of the holes in thin hydrolyzed SMA film was different from the dewetting process in
thin homopolymer films, but was associated with the intrinsic properties of the copol-
ymer forming the films. The surfactant effect of hydrolyzed SMA was suggested to
interpret the formation of the holes. The holes were described to be the traces of water
droplets that were emulsified by the hydrolyzed SMA during casting. © 2000 John Wiley
& Sons, Inc. J Appl Polym Sci 75: 267-274, 2000
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INTRODUCTION

Generally speaking, films of thickness less than
1000 angstroms (A) are classified as ultrathin films,
and of thickness between 1000 and 10000 A are
regarded to as thin films.! More recently, many
studies on surface pattern of spin-cast thin and
ultrathin films are carried out in polymer/polymer
blends by using a three-composition or ternary sys-
tem: two polymers in a common solvent.>"® When
the thin blend films are annealed at a temperature
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above T, (critical temperature of polymer blend), a
hole or bicontinuous spinodal decomposition surface
pattern can be formed. The formation of these sur-
face patterns is often regarded as a tracking-phase
separation process within these films under the in-
duction of temperature. Ermi et al.® showed that
droplets having a higher surface tension than the
surrounding medium are expected to cause evalua-
tions in the polymer—air boundary, while droplets of
a lower surface tension should lead to depressions
in the film surface, resulting in a hole structure.
However, the holes in these thin blend films are
often irregularly arrayed and not uniform in diam-
eter.?%7

Hole structures in the thin films were also ob-
served in polystyrene homopolymer films on silica
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Figure 1 '3C-NMR spectrum for the styrene—maleic
anhydride alternating copolymer (SMA).

substrates by Reiter,® when the films were an-
nealed at a temperature above the glass transi-
tion temperature, T,, of polystyrene. The forma-
tion of these holes was interpreted in terms of
dewetting substrate. Thin and smooth polysty-
rene films become unstable when annealed at a
temperature above its 7',. Modulations of the sur-
face induced by thermal fluctuations may in-
crease in amplitude and eventually hit the sub-
strate. Hence, such films are expected to break up
and to minimize the area where the liquid has
contact with the substrate by a dewetting process.

In studies, we found that thin hydrolyzed SMA
films spin-cast on inorganic substrates, such as
silicon wafer, quartz, and glass slide, can exhibit
well-arrayed and almost uniform holes without
temperature induction. The holes in the thin films
are expected to be potential for submicrometer or
nanometer fabrications. These films may act as
templates for the formation of well-arrayed sub-
micro/nanocrystal domains, as in the cases of ce-
ramic templates, for example, an alumina tem-
plate,>!® or of a polymethylmethacrylate hole
template made with electron beam lithography.!!
In present article, the hole structure in hydro-
lyzed SMA thin films on single crystal silicon
wafers is described, and a formation process of
the holes is suggested.

EXPERIMENTAL

Synthesis and Chain Structure of SMA

Styrene and maleic anhydride usually produce
equimolar copolymers for a major part of the

monomer feed composition range. Only at high
styrene concentrations in the feed are styrene
sequences of a length greater than one pro-
duced.'*'* SMA used in this study was synthe-
sized in benzene using a 1 : 1 molar monomer feed
and benzoyl peroxide (recrystallized before use)
as initiator, as described elsewhere.!®

The mol fraction, y, of styrene in the copolymer
is 0.51, determined from an integrated "H-NMR
spectrum of SMA, as described elsewhere.'® Fig-
ure 1 is a ®*C-NMR spectrum of the copolymer.
The assignments of carbon resonances in '3C-
NMR spectra for the copolymers of styrene and
maleic anhydride have been well made by other
authors'*'7; the resonance signal at 35.50 ppm is
regarded as the characteristic resonance of MSM
(M: maleic anhydride; S: styrene) triad sequence
on the backbone chain.!* NMR results revealed
that the copolymer as-synthesized is an alternat-
ing one, and the structure of SMA can be shown
by Scheme 1.

Preparation of Thin Films on Si Substrate

SMA was dissolved in THF (purified and distilled
over sodium) overnight at room temperature to
form the SMA solutions with SMA concentrations
of 1-2% g/mL. The pH value of the SMA solution
was adjusted to the range of 1-1.5 with concen-
trated hydrochloric acid (37%), then deionized
water of a suitable weight was charged in and
stirred for 2 h to hydrolyze SMA at room temper-
ature, and obtain the sample solution (labeled as
HSMA). On the other hand, only an appropriate
quantity of deionized water was added into the
SMA solution and stirred for 2 h at room temper-
ature to obtain the sample without addition of
HCI (labeled as SMA-H,0).

Thin films were spin coated onto precleaned
single-crystal silicon wafers with a root mean
square (RMS) roughness of 2.90 Aata spin speed
of 1400 rpm (8 s). This procedure resulted in films
with a mean thickness of about 230-235 nm
when the SMA concentration was 1% g/mL, eval-
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uated from ellipsometric measurements. Prior
to spin coating, the single crystal silicon wafers
were treated at 80°C for 1.5 h with “piranha
solution,” a 30 : 70 mixture of 30% hydrogen
peroxide and concentrated sulfuric acid, fol-
lowed by extensive rinsing with deionized wa-
ter, and a final rinsing with absolute ethanol,
and drying.

Instruments and Measurements

The number-average molecular weight (M) of
the as-synthesized copolymer (SMA) was 2560,
and the M, /M, = 1.04, determined with a Wa-
ters 150-C gel permeation chromatography (GPC)
with acetone as the solvent and monodispersed
polystyrene as the standard sample. The '3C-
NMR spectrum of the copolymer was recorded on
a FX-90Q NMR spectrometer (22.5 MHz 3C) at
50°C with acetone-dgz as the solvent and internal
standard (signals at 30.30 and 206.70 ppm) using
a ¢ = 10-mm NMR tube, and the concentration of
the acetone-dg solution was approximately 10%
g/mL.

FTIR spectra were recorded on a Nicolet Magna-
IR™ 750 spectrometer with a maximum resolu-
tion of 0.1 cm ™ !. Samples for FTIR were in the
form of films obtained from THF solutions and
dried at 80°C under vacuum for 2 days before test.

The glass transition temperature (T,) of SMA
was 217°C. The T, was measured on a Perkin-
Elmer DSC-2C apparatus as follows, with the
DSC calibrated with ultrapure indium: the SMA
sample (7—8 mg) was heated at 570 K for 3 min to
eliminate the thermal history, and quenched to
240 K, then scanned from 240 to 550 K with a
heating rate of 20 K/min. The T, was taken as the
midpoint of the heat capacity change.

Thin films were placed in a desiccator with
silica-gel drier until atomic force microscopy
(AFM) measurements (ca. for 2-3 days). An Au-
toProbe® CP Proven Performance, Research SPM
(Park Scientific Instruments) was used to acquire
the topographical AFM images in a noncontact
mode using silicon cantilevers with a conical tip,
which has a typical radius of 100 A supplied by
the manufacturer. The tip cantilevers in the di-
mension of 85 X 28 X 1.8 um?® have a force con-
stant of 18 N cm ™! and resonant frequency of 360
kHz. AFM observations were executed in the air
condition.
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Figure 2 AFM images of thin films cast from differ-
ent THF solutions with a SMA concentration of 1%
g/mL, and the weight ratio of H,O/SMA for sample
SMA-H,0 and HSMA was 1/3. (A) SMA in dried THF,
RMS roughness = 232 A; B) SMA-H,0, RMS rough-
ness = 246 A; (C) HSMA.



270 WANG, ZHU, AND ZHANG

RESULTS AND DISCUSSION

Observation of the Hole Structure

Figure 2 shows typical AFM images of spin-cast
thin SMA, SMA-H,0, and HSMA films. It is
known that a bicontinuous pattern similar to spi-
nodal decomposition is the characteristics of thin
SMA and SMA-H,O films [Fig. 2(A) and (B)],>*
but the bicontinuous pattern changes into well-
arrayed “holes” in the HSMA film [Fig. 2(C)], and
these holes are almost uniform in diameter. Sur-
face patterns in Figure 2(A) and (B) are mainly
attributed to the difference in the surface free
energy v between end groups and units on the
backbone chains of SMA.'® The discussions of this
article focus on the hole structure.

Figure 3 shows the 2D image of Figure 2(C)
and the cross-sectional view along the line in the
AFM image. The hole structure was also observed
by SEM (SEM not provided here). Low-magnifi-
cation views of the specimen surface by SEM re-
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Figure 3 Two-dimensional AFM image (above) and
sectional view alone the line in the image (below) for
the sample HSMA in Figure 2.
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Figure 4 Histogram showing the distribution of the
hole diameters in the image area of 10 X 10 um? for
sample HSMA in Figure 2, and data were obtained
from Figure 3.

vealed the hole pattern is in a large area. The 2D
AFM image was analyzed to obtain the diameter
and its distribution of holes in the image area, i.e.,
10 X 10 um? Here, the diameter of a hole is
defined as the distance between two vertical
boundary lines in the cross-sectional view, for
example, 0—0, as shown by Figure 3; while the
depth as the height from the bottom to the upper
part of the hole, as shown by the right vertical
line 1 and the horizontal line b in Figure 3.

With the data obtained from Figure 3, the hole
diameter and its distribution histogram were ob-
tained and plotted in the Figure 4. The height of
an interval in the histogram is the ratio of the
number of holes with diameters within the range
in the interval over the total hole number. The
average diameter d for holes in the whole image
area is estimated by the equation

_ 1™
dzﬁ2¢m (1)

i=1

where d; is the diameter of holes in the ith inter-
val of the histogram, n; the number of the holes
with a diameter of d; in the ith interval, n, the
total number of intervals, and



N=>n, (2)

i=1

The standard deviation S; of the hole diameter is
determined by the formula

1/2
13 -
Sd:[N‘li_El(di_d)] (3)

From eqs. 1-3, the holes in the image area have
an average diameter of 0.60 um, with S, of 0.13
pm. From Figure 4 it can be known that about
62% of the holes are in a diameter range of 0.50—
0.70 pm.

The mean hole depth of the holes was evalu-
ated by replacing the diameter by the depth value
in eqs. 1-3. Measurements were carried out by
using 50 holes on the cross-sectional views at
different horizontal positions, and the average
AFM hole depth £ is 206.12 nm, with a standard
deviation S}, of 6.73 nm. It is noted that the depth
may be a real value, because the diameters of the
holes were much larger than that of the conical
tip, and the geometry of conical tip (the sectional
triangle of it has a 4 um height and 20° tip angle)
could enable the tip enter the holes.

Formation of the Hole Structure

Thermal induction is an important external factor
for the formation of holes in the dewetting process
of the styrene homopolymer.® The as-shown sur-
face patterns in Figure 2 were formed during
casting, and can be observed once casted. It is
obvious that holes in the thin HSMA film were
not a result of temperature induction, because the
film was not specially treated after casting at any
temperature above room temperature, for exam-
ple, at 217°C, the T, of SMA. The formation of the
holes in the hydrolyzed SMA thin films should
follow a different mechanism from dewetting, and
the surface pattern changes in Figure 2 should be
associated with the intrinsic properties of the co-
polymer forming the films, namely, with the
chemical reactions in sample preparations.

Hydrolysis of SMA in the Acidified THF Solution

The samples in Figure 2 were measured by an
FTIR spectrometer to determine the chemical re-
actions that may take place during preparation,
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and the respective IR spectrum for them is shown
in Figure 5.

The adsorption bands at 1858 and 1778 cm !
in Figure 5(A) are characteristic bands of SMA,'®
assigned to asymmetrical and symmetrical vo_
of maleic anhydride moieties, respectively. Bands
at 1600, 1500, and 1450 cm ™! are the vs_ of the
phenyl groups on the backbone chains. The band
at 1214 cm ™! is attributed to the vo_o_ of ma-
leic anhydride units, referring to the vo o ¢
band at 1310—-1210 cm ™ * for a five-numbered cy-
clo-anhydride.'® The band at 700 cm ' is the
8c—c of the phenyl groups, which can be used as
an internal reference to offset differences in the
thickness of the IR samples.

Figure 5(C) reflects the IR information on the
hydrolysis of SMA. The appearance of an adsorp-
tion band at 1710 cm ™! is due to the vo_ of the
carboxylic acid groups derived from maleic anhy-
dride moieties.'®2 The strong bands at 1440—1395
and 1320-1210 cm ' is attributed to the v o
and 8y _y; adsorption of the derived carboxylic
acid groups, respectively, referring to the small
molecular carboxylic acid.!® At the same time, a
broad absorbance around 3000 cm ' also indi-
cates the existence of —COOH groups in the hy-
drolyzed SMA.

It is known?° that carboxylic acid dimers due to
strong hydrogen bonding in saturated aliphatic
acids display very broad and intense O—H
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Figure 5 FTIR spectra for samples in Figure 2. (A)
SMA; (B) SMA-H,0; (C) HSMA.
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stretching absorption in the region of 3300—-2500
cm !, which differs from the strong absorption of
a free hydroxyl stretching vibration (near 3560—
3500 cm ™ 1); and the band usually centers near
3000 cm '. Particularly, these carboxylic acid
dimers always show the O—H stretching vibra-
tion at 2600 cm ™! caused by the strong hydrogen
bonding.'®?°% So the IR sample (i.e., hydrolyzed
SMA in solid state) exhibits a strong hydrogen
bonding effect between —COOH groups, which is
indicated by the absorption band at 2600 cm !
and the more broad absorbance around 3000
cm !, and also by the red shift of the v of
carboxylic acid groups form near 1760 (without a
hydrogen bond) to around 1710 cm ™! (with a hy-
drogen bond).2%2

In the region of 3700—2310 cm ! of Figure
5(C), a very broad peak is observed. Obviously,
this absorption region is much wider than that for
usual vy_p in carboxylic acid dimers (i.e., 3300—
2500 cm'). Factors causing this broad peak are
complex. We think the widening comes from the
influence of carbon dioxide and water absorbed in
measurement, because carbon dioxide?°® has ab-
sorption bands at 3700-3500 cm ™! and 2380—
2220 cm !, and water'® has absorption around
3500 cm ™~ *. The existence of absorbed water in the
IR samples can also be indicated'® by the band at
1620 cm .

The bands of carboxylic acid groups (e.g., 1710
cm ') are weak for the SMA-H,O sample [Fig.
5(B)]. It is evident that SMA in the SMA-H,0
system hydrolyzed only to a small degree within
the time (i.e., 2 h) for hydrolysis of SMA, and
hydrochloric acid can accelerate the hydrolysis of
SMA. The SMA hydrolyzes in the acidified THF
solution containing water, and can be shown by
Scheme 2.

As viewed from organic chemistry, the proto-
nation of —COOH groups, perhaps not all of them
on the backbone chains, is believed here, even
though no direct evidences are provided. The pro-
tonation will impart influence on the conforma-
tion of HSMA chains in solution (refer to the
discussion below).

Formation of the Hole Structure

The formation of holes can be explained by the
surfactant effect of hydrolyzed SMA. As a poly-
mer surfactant, the polymer should not dissolve
in water, and have groups that are hydrophilic
and can enter the water phase. The hydrolyzed
SMA in the present article dissolves slightly in
water, and hardly in acidified water,'® and its
carboxylic acid groups are hydrophilic. In addi-
tion, the M,, of SMA (i.e., 2560) is not large; this
shows that the hydrolyzed SMA will be of a low
molecular weight. Thus, it is not doubted that our
hydrolyzed SMA has properties of an anionic
polymer surfactant.?!-22

In the solution state, hydrogen bonding be-
tween —COOH groups should be taken into con-
sideration. Our experiments have shown that the
holes in hydrolyzed SMA films result from the
existence of both carboxylic acid groups on the
backbone chains and HCI in the solution; the HC1
especially is crucial for the formation of holes.'®
This phenomenon should be attributed to the ef-
fect of hydrogen bonding between —COOH
groups in the solution state. Details of the hydro-
gen bonding effect will appear in another article.

It can be understood that such hydrogen bonds
will make the backbone chains more coiled or
even “crosslinked” with O=COH—O=C(OH)
groups; more —COOH groups are buried in the
coiled chain aggregates, and not easy to enter the
water phase. More H™ cations in the solution will
protonate —COOH to produce —COOH, groups
on the backbone chains, as shown by Scheme 2.
Electrostatic repulsion between these cations
may prevent the —COOH groups from forming
hydrogen bonds on both intramolecular and inter-
molecular chains, and make the backbone chains
more extended, leading to a suspension of
—COOHj3 in an “isolated” state on the chains. In
the studies of maleic anhydride copolymers, it has
been known that if the ionization of —COOH
groups is suppressed, the molecules acquire a
random-coil conformation.?® So, the hydrolyzed
SMA in the acidified THF solution can show a
much stronger emulsifying effect on the water
phase than in a THF solution without HCI.

It is fact that a mixed solvent, consisting of
THF and water, was used in preparing sample
solutions for the HSMA film, even though the
water quantity could be ignored. Compared with
water, THF is of a much lower boiling point Gi.e.,
66°C/1 atm) and higher volatility, so the volatil-



ization process in spin-casting of HSMA solutions
can be divided into two stages—THF and water
volatilization. During the first stage, THF volatil-
ized with water separating from the polymer, and
the water phases were surrounded by the hydro-
lyzed SMA when the first stage finished; at the
same time, the surfactant effect of hydrolyzed
SMA leads to stable, well-arrayed, and uniform
water droplets that contain chlorion (Cl17) as
counterions on their surface in the film. Then,
water volatilized, and the whole volatilization
stepped into the second stage. Finally, the holes
were formed as traces of water phases when the
second stage ended. As for the SMA-H,O [Fig.
2(B)] and SMA [Fig. 2(A)] samples, it can be con-
sidered that there were no well-arrayed, droplet-
like water domains in these two cases, for which
the poor surfactant effect of SMA should be re-
sponsible.

The existence of water phases at hole sites can
also be indicated by the influence of the water
content on the hole size, as shown by Figure 6.
The diameter and depth of holes increased with
water content, but the number of holes reduced in
the imaged area (10 X 10 um?). As the weight
ratio of the H,O/SMA increased from 1/3 to 1/1,
the mean diameter of the holes increased from
1.11 to 1.23 wum, and the depth from 530 to 670
nm.

CONCLUSION

Distinct surface patterns in the thin films of poly-
(styrene maleic anhydride) spin-cast from differ-
ent THF solutions were observed with AFM.
Well-arrayed and almost uniform holes formed in
the spin-cast thin films of hydrolyzed SMA. The
formation of the holes was different from dewet-
ting process in thin homopolymer films, but was
associated with the intrinsic properties of the co-
polymer forming the films. The holes were inter-
preted as the traces of water droplets emulsified
by the hydrolyzed SMA during casting. It still
remains to be further investigated how the degree
of hydrolysis of SMA influences the surface pat-
tern of the thin film.
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grateful to Dr. Zheng Jiao (Hefei Institute of Intelligent
Machine, Academia Sinica) for ellipsometric measure-
ments of the films.
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[

Figure 6 AFM images of thin films cast from HSMA
solutions with a SMA concentration of 2% g/mL and
different weight ratios of H,O/SMA. (A) H,O/SMA
= 1/3; (B) H,O/SMA = 1/1.
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