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ABSTRACT: The effects of the properties of casting solution on the surface
structure of poly(methyl methacrylate) (PMMA) films were systematically
investigated. It was observed that the hydrophobicity of PMMA films increased
with increasing viscosity of the corresponding polymer solution regardless of
the film-forming techniques that were utilized. The ratio of the C-H symmetric
stretching vibrations of methylene groups (hydrophobic component, with peak
at 2910 cm'1) to that of the ester methyl groups (relative hydrophilic component,
with peak at 2955 cm'1) from sum frequency generation (SFG) vibrational
spectra, Axo10/A2955, Was used as a parameter to evaluate the structure on the
film surface, which was related to the surface wettability of the films. The
results showed that Agg10/Azgss of cast PMMA films increased linearly with g,
(nsp, the specific viscosity of the casting solution), whereas that of the
corresponding spin-coated films showed a linear relationship defined as
nsoE%?®, where E is the average number of entanglement points per
molecule (E =M,/M,). These results indicate that a relative equilibrium
conformation on the PMMA film surface, adopted from the perspective of

thermodynamics, was easily achieved during film formation, when the
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conformation of the polymer chains in the corresponding casting solution was
close to that in the bulk. For the spin-coated films, the chain entanglement
structure in the casting solution was a more important factor for the resulting
film to reach a relative equilibrium state, since this structure was in favor of
maintaining pristine conformation in casting solution under centrifugal force
during spin-coating. This work may help to enhance the fundamental
understanding of the formation of film surface structure from polymer solution
to the resulting solid film, which will affect not only the corresponding surface

properties, but also the dynamics of the resulting thin films.

Keywords: surface structure; PMMA film; polymer solution; viscosity;

entanglement

1. INTRODUCTION

Thin polymer films have been used in a wide variety of applications, such as
microelectronics, lithography, selective membranes, organic sensors and devices, and
protective coatings.'™ Spin coating is widely employed to fabricate polymer thin films
over large areas with high structural uniformity and specific thickness. Changing the
solution viscosity via the concentration or molecular weight, allows the thickness of
the resulting film to be precisely controlled from a thickness of a few nanometers to
sub-micrometers.”® The spinning rate, of course, also controls the thickness. This
easy, quick and inexpensive method has been adopted not only in laboratories in
academia, but also on an industrial scale in factories. A general problem of this
method is that the polymer chains adopt an elongated conformation in the substrate
plane due to the torque caused by the spinning and the rapid solvent evaporation, and
they are eventually frozen out and are far from being in a quasi-equilibrium state in
the resulting film .*'°

Another commonly used film-forming method, solution casting, is a much milder

process, which involves leaving the polymer solution placed on a flat substrate to
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evaporate slowly. Properties such as crystallinity, chain packing, and orientation can
differ for films prepared from different film-forming methods. ''*' Wong?' observed
that the chain conformation of poly(3-hexylthiophene) spin-coated films were the
furthest from equilibrium, while solution casting produced films that were the most
isotropic. Lu'®'® demonstrated that the main chain of a polymer will orient along the
substrate plane when the spin-coated polymer and the substrate can wet each other,
while no orientation was found for solution-cast films. It was reported'’ that the
emission color and quantum efficiency of MEH-PPV LEDs could be controlled by
simply adjusting the spin-casting conditions, suggesting that thin film preparation is a
much more complicated process than previously assumed. Significant in-plane optical
anisotropy was observed for both the real and the imaginary parts of the transmittance
of poly (2,5-pyridine diyl) films, which is a result of the partial alignment of the
polymer chains, oriented radially outward from the center of the film during the
spin-casting process. 4

The structure of the outermost layer is of great significance in determining the
surface properties of thin polymer films, such as wettability, adhesion, and friction.
Due to the complexity of the film-forming process, the relationship between the
surface molecular structure of polymer thin films and the film-forming methods have
been little studied and are accordingly not clearly understood.”"® 2% In general, the
surface structure formation is governed by thermodynamics, but the kinetics for the
segregation and array processes are mainly determined by fixed process methods and
conditions which also play an important role in the ultimate surface structure
formation. do Rego® investigated the surface composition of PS-b-PEO copolymer
films and found that the amount of surface polystyrene for the non-annealed
solution-cast films was higher than that of spin-coated films. Recently, our group
demonstrated the relationship between solution properties, film-forming methods, and
the surface structure of random fluorinated copolymer films.'"***** It was observed
that when entropic forces dominated the solution—air interfacial structure, film
preparation by spin-coating weakened the entropy effect of the polymer chains due to
centrifugal force, resulting in the segregation of the fluorinated moieties on the film

3
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surface. When the migration of perfluoroalkyl groups at the solution—air interface was
controlled by enthalpic forces, the segregation extent of the perfluoroalkyl groups at
the surface of the film was determined by the solidification time of the polymer
solution. Tanaka'’ studied the local conformation of polystyrene chains on silicon
substrates by SFG combined with dissipative particle dynamics simulations and found
that the chains adopted an elongated conformation in the substrate plane induced by
the spinning torque or the centrifugal force during the spin-coating process, while no
interfacial orientation of chains was observed for the PS films when prepared by the
solution-casting method.

In addition, there has been enormous interest in the question of how surface and
its size affect the glass transition temperature of thin polymer films. Different groups
of researchers have reached conflicting conclusions to this question during the last 20
years, even when studying the same type of polymer. In the last few years, there has
been some evidence that this controversy is due to the fact that the equilibration of
thin polymeric films on substrates is not sufficiently well controlled (and not well

understood). According to the layer model*>*°

, the structure on a surface layer plays
an important role in the glass transition behavior of the corresponding thin polymer
film. Therefore, there is need for a careful examination of the factors which control
the establishment of thermal equilibrium in such polymer films when various
film-formation methods and properties of casting solution are applied. At the same
time, it is also necessary to understand the effect of film formation conditions on the
surface structure of the resulting films.

In this paper, the surface structures of thin PMMA films prepared by various
conditions, including different film-formation methods, casting solution
concentrations and PMMA molecular weights, were investigated by contact angle
goniometry and sum frequency spectroscopy (SFG), which can provide abundant
information about the molecular structure on the film surfaces. The aim of this work
is to systematically investigate the influence of the film-forming methods and casting
solution properties on the corresponding surface structure of PMMA films. This may

help to enhance the fundamental understanding of the formation of film surface
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structures from polymer solution to the resulting solid film.

2. EXPERIMENTAL SECTION

2.1. Materials

Poly(methyl methacrylate) (PMMA) samples with different molecular weights
were synthesized by the ATRP technique as reported previously.””** The molecular
weights and polydispersity index (PDI) of the polymers were determined by gel
permeation chromatography (GPC) using a Waters 1500 GPC apparatus (with THF as
the eluent at a flow rate of 1.0mL/min). The GPC chromatograms were calibrated
against polystyrene standards. The tacticity of PMMA calculated from 'H-NMR
spectra were recorded on a Bruker Avance AMX-400 NMR spectrometer in CDCl1;
with tetramethylsilane (TMS) as the internal standard. The characteristics of the
PMMA samples used in this study are shown in Table 1. Toluene was purchased from
Shanghai Reagent Co. and used without further purification. Fused silica was used as
substrates. The substrates were cleaned before use in a piranha solution (a mixture of
H,SO4 and H,0, in 3:1 by volume) at 90°C for 20 min and then thoroughly rinsed in
deionized water and dried in pure nitrogen gas.

Table 1. Characteristics of the PMMA used in this study

Sample M, PDI mm ? mr ?
M232 23200 1.13 0.05 0.36 0.59
M540 55740 1.12 0.05 0.35 0.60
M1027 107100 1.09 0.04 0.36 0.60

a) determined by GPC; b) obtained from 'H NMR spectra

2.2 Film Preparation

The PMMA solutions of various concentrations were prepared by dissolving
different amounts of polymer in toluene, which were then filtered through a porous
sand core filter with pore size of 0.25 pm in diameter. Two film-forming techniques,

spin-coating and solution-casting, were employed to prepare thin PMMA films on the

Page 6 of 28



Page 7 of 28

Soft Matter

clean fused silica. Both types of films were first dried in air for 24 h and then in
vacuum at room temperature for another 48h. The films obtained by solution-casting
were denoted “cast”, and their spin-coated counterparts were denoted “spin”.

2.3. Characterization

Contact angles (0) were measured by the Sessile drop method at room temperature
and ambient humidity with a Kriiss (Hamburg, Germany) DSA-10 contact angle
goniometer. The reported 0 values were the averages of at least eight measurements
taken within 5 seconds of applying each drop of liquid. The experimental errors when
measuring the 0 values were evaluated to be less than + 2°, thus indicating that the
results were sufficiently accurate. Contact angles of water and diiodomethane were
used to make estimates of the surface free energy for various samples according to the
theory of Owens and Wendt.*

Atomic force microscopy (XEI-100, SPM, PSIA Co.) was used to investigate the
morphology of the top surface of the samples. SPM measurements were performed in
air with an etched silicon probe having a length of 125 pum. Scanning was carried out
in the tapping mode at a frequency of approximately 300 Hz.

Viscosities of polymer solutions were conveniently measured using
Ubbelohde-type capillary viscometers at 25 £ 0.02 °C. The measured viscosity of the
solution was then divided by the viscosity of the solvent to obtain the relative
viscosity, 7. The specific viscosity, determined as #74,=7, -1, expresses the incremental

viscosity attributable to the polymeric solute.

2.5. Sum-Frequency Generation Spectroscopy
Sum frequency generation (SFG) vibrational spectra were obtained using a
custom-designed EKSPLA SFG spectrometer that has been described in detail by

. 30-32
various researchers.

Briefly, the visible input beam at 0.532 um was generated by
frequency doubling of part of the fundamental output from an EKSPLA Nd: YAG
laser. The IR beam, tunable between 1000 and 4300cm’™ (with a line width <6cm'1),
was obtained from an optical parametric generation/amplification/difference

frequency generation (OPG/OPA/ DFG) system based on LBO and AgGaS; crystals.
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Both beams were pumped by the second harmonic and the fundamental output of the
laser and had a pulse width of ~30 ps, a repetition rate of 50 Hz, and a typical beam
diameter of 0.5 mm at the sample surface or interface. The incident angles of the
visible beam and the IR beam were 60° and 55°, respectively, with respective energies
at the sample surface of ~230 and ~130 pJ. The measurements were carried out at
room temperature using two types of polarization combinations, namely ssp and ppp

(SF output, visible input, and infrared input). In the SFG spectra presented below,

each data point represents an average of 500 laser shots of five individual experiments,

and the standard deviation for each data point is less than & 3%.
The intensity of the sum frequency signal can be expressed as follows: >

(2)2.IViS.I[R (1)

T o< ‘Z@ff
Where [,;; and [z are the intensities of the two input lasers (visible and infrared,
respectively), and y.q® is the effective nonlinear susceptibility, which can be

expressed in the form:

X =R =t Z -, +1F (2)

Where yng® is the nonresonant contribution and yg® is the resonant contribution. XR(Z)
consists of 4,, wr @, , and I';, which are the strength, the frequency of the incoming
IR beam, the resonant frequency, and damping coefficient of the gth resonant
vibrational mode, respectively. 4, was determined from equations (1) and (2) by

performing Lorentzian fits to the experimental data.

3. RESULTS AND DISCUSSION

3.1 The surface wettability and structure of PMMA films prepared by different
film-forming methods.

Contact angle measurement is one of the most effective and sensitive methods for
characterizing polymer surface structure, by which subtle changes in polymer surface
properties can be detected.’*>® The water contact angles and the surface free energies

of PMMA films prepared by spin-coating and solution casting are presented in Fig. 1.
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The water contact angles of both spin-coated and cast films were about 70° and 88°

respectively. According to the theory of Owens and Wendt,” the surface free energy
of the spin-coated film was estimated to be 49 mJ/m’, whereas that of the
corresponding cast film was 43mJ/m® In these cases, the surface of the spin-coated
film possesses a relatively hydrophilic surface, as well as a higher surface energy,

compared to the corresponding cast sample.
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Fig.1 Water contact angle and surface free energy of PMMA films prepared by

spin-coating and solution casting. The solution concentration was 2.0wt% and the

spin-coating speed was 3000 rpm; M,=107100 g/mol.
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Fig. 2 SFG spectra of PMMA films prepared by spin-coating and solution casting.
The solution concentration was 2.0 wt%; the spin-coating speed was 3000 rpm;

M,=107100 g/mol.
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Since surface wettability can be affected by roughness in addition to chemical
composition, the surface graphs of both spin-coated and cast PMMA films were
investigated. Fig.S1 (ESIY) shows that both film surfaces are smooth; such minimal
roughness with RMS roughness below 3 nm would therefore have negligible effect
on the surface wettability.® From the perspective of thermodynamics, the
equilibrium state denotes the state in which the polymer chains on the film surface
adopt a suitable conformation with minimum free energy. In this case, the cast
PMMA film has lower free surface energy, suggesting that the polymer chains in cast
films adopt a more equilibrium conformation relative to that of spin coated films. In
order to obtain an insight into the wetting behavior of the film surface, the molecular
structure of the outermost surface was investigated by surface-sensitive vibrational
sum frequency generation (SFG) spectroscopy, which has emerged as a powerful
tool for the study of the molecular structure of polymer surfaces.””® Fig. 2 shows
SFG spectra over the wavenumber region from 2800 to 3050cm™, with an ssp and
ppp polarization combination, for spin-coated and cast PMMA films under ambient
conditions. The peak assignments for vibrational signals of PMMA have been

extensively studied. As detailed in the literature® !

with regard to the ssp SFG
spectra of PMMA film, there are two major bands at 2910 and 2955cm™, which can
be assigned to the C-H symmetric stretching vibrations of the methylene groups
(CH>) in the main chain and the ester methyl groups (OCHj3), respectively. In the ppp
SFG spectra of PMMA, the major band at around 2960cm™ is attributed to the C-H
symmetric stretching vibrations of the ester methyl groups. The shoulder peak at
2990cm™ involves the C-H asymmetric stretching vibrations of the a methyl and
ester methyl groups, and the 3020cm’™ peak arises from the C-H asymmetric stretch
of the ester methyl groups. Similar to observations reported by Tanaka® on cast
PMMA film surfaces, hydrophobic functional moieties such as methylene groups,
were present. While the oo methyl group was oriented along the direction parallel to
the interface, the ester methyl and methylene groups were oriented normal to the

interface. Interestingly, the 2910 cm™ methylene C-H symmetric stretch disappeared,

9
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while both peaks at 2990 cm™ and 3020 cm™ appeared on the spin-coated PMMA
film surface. This indicates that the methylene groups became randomly oriented at
the spin-coated film surface or, in part, migrated into the internal region.
Hydrophobic methylene groups in the main chain partially oriented in the plane of
the surface with a relatively close-packed and well-ordered structure, which was in
favor of decreasing the free energy. This observation is also in good agreement with

both the contact angle and surface free energy of the PMMA films.

3.2 Effect of the concentration of casting solutions and molecular weight of
PMMA on the surface structure of cast PMMA films

In order to correlate the relationship between the concentration of casting
solution and the surface structure of the corresponding cast films, a series of casting
solutions with various concentrations was utilized. Fig. 3 shows the solution
concentration dependence of water contact angle of the cast films. It was observed

that the water contact angle increased from 81° to 91° with increasing concentration
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Fig.3 Concentration dependence of water contact angle (e, red) of M1027 films and
A910/Az9ss from SFG spectra of PMMA films with various molecular weights

prepared by solution casting. The dashed line is a visual guide.
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Fig. 4 SFG spectra of cast M1027 films prepared by various concentrations of casting

solution. M,=107100 g/mol.

of casting solution from 0.5wt% to 4wt%. The contact angle reached a constant value
of 91° , when the concentration of casting solution was above 4wt%.

Fig.4 shows SFG spectra of cast PMMA films prepared by various concentrations
of casting solution. It was observed that for the ssp spectra, the intensity of the peak at
2910 cm™ increased with increasing the concentration of the film-formation solution
from 0.5wt% to 4.0wt%. However, for ppp spectra, the intensity of the peak at 2960
cm™ was not sensitive to the concentration of the casting solution. This indicates that
hydrophobic methylene groups in the main chain become more closely-packed and
well-ordered, oriented in the plane of the surface, with increasing the polymer
concentration, while orientation of the ester methyl on the film surface changed very
little.

The ratio of the peak intensity in SFG spectra from various chemical groups can
be employed to reveal the fraction of chemical composition at the surface.**** At the
same time, the ratio of C-H symmetric stretching vibrations of methylene to that of
methyl groups as a function of temperature, which can reflect the change of the group
conformation, has been used to detect the surface glass transition behavior of

polypropylene45 and poly(methyl methacrylate) % surfaces. Therefore, the ratio of the

11
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C-H symmetric stretching vibrations of the methylene group (the peak at 2910 cm™)
to that of ester methyl groups (the peak at 2955 cm™) in the ssp SFG spectra on
PMMA film surfaces, Azg10/Az9ss5, was used as a parameter to evaluate the surface
structure on the PMMA films. It is apparent in Fig. 3 that Ajgjo/Az9ss on the cast
M1027 films surfaces increased sharply with increasing the solution concentration
until the concentration reached 4.0wt%, which is in good agreement with their
corresponding water contact angle behavior. It was reported *’ that the peak at around
2908 cm™ at the N, interface grew with increasing annealing temperature. These
results demonstrate that once the segmental motion of a PMMA chain is free,
hydrophobic methylene groups in the main chain partially orient in the plane of the N,
interface to minimize the free interfacial energy. In this case, films cast from
concentrated solution have higher water contact angle and Aj910/Az9ss, suggesting that
their molecular chains adopt a more equilibrium conformation relative to that of films
cast from dilute solution. Once the solution concentration reached 4.0wt%, chain
conformation on the resulting film surface is at a relative equilibrium state under such
conditions.

Fig. 3 shows the concentration dependence of Az910/Az9ss on the surfaces of cast
PMMA films with various molecular weights. Their SFG spectra are shown in Fig.S2
(ESIt). It was observed that Ajgi0/Aggss of the cast PMMA films increased with
increasing the concentration of casting solution independent of their molecular weight.
However, the incremental amplitude of the Ajg;9/Azgss ratio on the cast PMMA films
was related to the PMMA molecular weight, which increased slowly with the
concentration, since its molecular weight was relatively low. These results indicate the
ease by which PMMA with high molecular weight can achieve a relative equilibrium
state at the film surface, namely, forming a structure with relatively low surface free
energy in which hydrophobic methylene groups in the main chain are more closely

packed and have a well-ordered orientation in the plane of the surface.

3.3 Effect of solution concentration, spin-coating speed and molecular weight on
the surface structure of spin-coated PMMA films

12
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Fig. 5 shows the concentration dependence of the water contact angle of
spin-coated M1027 films. The results show that the water contact angles of
spin-coated M 1027 films are almost independent of solution concentration when the
concentration is lower than 3 wt%, and sharply increase from ~72° to ~92° when the
concentration increases from 3 wt% to 8 wt%, and is then constant at ~92° as the
concentration exceeds 8 wt%. It is obvious that the concentration dependence of water
contact angles on the spin-coated PMMA films have a different form compared with
the corresponding cast films, as shown in Fig. 3. The region of concentration within
which the water contact angle increased for the cast films was 0.5 wt%-4 wt%, while

that for the spin-coated film was 3 wt %-8 wt%.
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Fig. 5 Concentration dependence of water contact angle (e, red) of spin-coated
M1027 films prepared at 1500 rpm and Ajg10/Az9ss ratio of M1027 films spin-coated
at 1500 rpm (o, black), 3000rpm (A, black), 5800 rpm (o, black) . The dashed line is a

visual guide.

The SFG spectra of the M1027 films spin-coated at 1500 rpm with various
solution concentrations are shown in Fig. 6. All of the ssp SFG spectra are dominated
by C-H symmetric stretching vibrations of the ester methyl groups at 2955cm™, while
the CH, vibrational peaks at 2910cm™ appear clearly on the M1027 film prepared by
2.0wt% polymer solution and then increase with the corresponding solution

concentration. In the ppp polarization combination, the peaks at around 2990cm™ and

13
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3020cm™ disappear when the concentration is higher than 3.0wt%. A similar trend
was also found for the PMMA films spin-coated at 3000 rpm as shown in Fig. S3
(ESIt). The relationship between the Ajgjo/Azgss ratio of M1027 films spin-coated at
1500 rpm and corresponding concentrations of polymer solutions is shown in Fig. 5.
It was found that Ayg10/Az9ss ratio of spin-coated M1027 film increased with increase
of the solution concentration from 1.0 wt % to 4.0 wt % and maintained an almost

constant value of 0.52 when the concentration of casting solution was up to 8 wt%.
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Fig.6 SFG spectra of the M1027 films spin-coated at 1500 rpm with various solution

concentrations.
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Fig. 7 A2910cm-1/A29s5em.1 Tatio (black) and water contact angle (red) of spin-coated
M1027 films as a function of spin-coating speed. The solution concentration was 4

wt%.
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The effects of spin-coating rate on the surface structure and wettability of
spin-coated PMMA films were also investigated. The results presented in Fig. 7 show
that the water contact angle of M1027 films decreased from about 80° to 72° with
increasing spin-coating rate from 1500 rpm to 4000 rpm. The SFG spectra of

spin-coated M1027 films in Fig. 8 show that the intensity of the peak at 2910 cm™ in
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Fig. 8 SFG spectra of M1027 film spin-coated at various spin-coating rates. The

concentration of casting solution was 4wt%.

ssp polarization combination decreased, while the intensities of the peaks at 2990
ecm” and 3020 cm™ in ppp polarization combination increased with increasing
spin-coating speed. Similar to the water contact angle, the Ajg19/Az9ss ratio shown in
Fig. 7 decreased with increase of the spin-coating speed.

Fig. 5 shows the concentration dependence of the Ajgj¢/Azgss ratio of M 1027 films
spin-coated at various spin-coating speeds. Two break points are evident in each curve.
The Ajz910/Az9ss ratio of spin-coated M1027 films remains at an almost constant value
of 0.18 in the low concentration region of polymer solution. After this plateau region,
the Aazgi0/Az9ss ratio increases sharply with increase of the corresponding
concentration of the solution. After the concentration approaches a certain value, the

A910/Az9ss ratio of the corresponding spin-coated M1027 films remains almost

15
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constant as the solution concentration increases. The solution concentration
corresponding to the offset point of the curves shifts to higher value when the
spin-coating speed is enhanced. The concentration region of polymer solution, within
which the Ajyg19/Az9ss ratio of spin-coated M 1027 films increased sharply, was 1-3wt%,
2-4wt% and 4-6wt%, corresponding to spin-coating rates of 1500rpm, 3000rpm and
5800rpm respectively. The Ajg10/Azgss ratios of spin-coated PMMA films with
different molecular weight as a function of the solution concentration are shown in
Fig.S4 (ESIY). It is apparent that the Ajgjo/Az9ss ratio of the spin-coated films is
related to both solution concentration and PMMA molecular weight. Within the range
of investigated concentrations, the Azgj¢/Aoss ratios of spin-coated PMMA films with
higher molecular weight increased more quickly with the solution concentration
compared with PMMA films with relatively low molecular weight.

The results above indicate that the surface structure of spin-coated PMMA films
was close to that of the cast films when the spin-coating rate was low, in which the
hydrophobic methylene groups in the main chain were oriented in the plane of the
surface with a more closely-packed and well-ordered structure. When the high
spin-coating rate was applied, the higher concentration of polymer solution was
necessary for the corresponding spin-coated film to adopt a more equilibrium
conformation. At the same time, it was observed that the surface structure of
spin-coated PMMA films with high molecular weight exhibited a relative equilibrium
state compared with that of the corresponding film with relatively low molecular
weight, even though its surface structure was still far from that of the solution casting
films. In addition, the surface structure of the spin-coated PMMA films was affected

greatly by its molecular weight compared with that of the cast film.

3.4 The cause of solution concentration and molecular weight dependence of
surface structure of PMMA films

It is commonly observed that polymer chains tend to form aggregates in polymer
solutions of sufficiently high concentration.”’ The origin of the aggregation is the
interchain attraction forces. Since these interactions are short-range forces, the
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polymer chains are isolated in dilute solution, thus these intermolecular forces can be
neglected. It is expected that the probability for the coiled polymer chains to penetrate
into each other is small. As the concentration increases and the distance between the
polymer chains decreases, these interchain forces become more significant. As a result,
the polymer coils start to entangle with each other to form “loose aggregates”. It is
predicated that further increases in the concentration will eventually result in heavy
interpenetration of the polymer chains, or the formation of “strong aggregation”.
From this point of view, one would expect that these interactions are maximized in the
solid state when the polymer chains are densely packed. In fact, the formation of
aggregates in thin films is well-documented for various polymers.

From the above discussion, one would expect that the structure of a spin-coated
film depends on the relative strengths of the cohesive force of the solution and the
centrifugal force asserted by the spinning. When the centrifugal force is comparable
to the cohesive force of the solution, one would expect to see a spinning speed
dependence of the film morphology. In this regard, the viscosity of the polymer
solution can, to a certain extent, reflect the intermolecular interactions. Although
other factors such as the coil size and topology of polymer also affect the viscosity of

the solution, it was reasonable that the intermolecular force was main factor to affect
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Fig. 9 Specific viscosity dependence of Axg10/Azgss ratio of cast (a) and spin-coated

PMMA films (b) with different molecular weights. The spin-coated PMMA films

were prepared using a 1500 rpm spin-coating rate. The dashed line is a visual guide.
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solution viscosity. In other words, a higher solution viscosity suggests higher
intermolecular forces, and vice versa.*”* Fig. S5 (ESIY) shows the plot of the
specific viscosity, 7, of the solution versus the polymer concentration. It is apparent
that 77, is related to both the solution concentration and the corresponding
molecular weight of PMMA. When the solution concentration is the same, the
PMMA solution with the higher molecular weight has a relatively high 7, The
specific viscosity dependence of Ajg10/Azgss of both cast and spin-coated PMMA
films with different molecular weights is presented in Fig. 9. It may be observed that
the Ang1o/Azess ratio for both cast and spin-coated PMMA films increased with
increasing 77 ¢, of the corresponding polymer solution. However, the surface
structure dependence of viscosity in the film-formation solutions exhibited different
characteristics, according to the specific film-formation method. The Ajg;0/A29ss ratio
of cast PMMA films increased with 77, of the corresponding solution, while no
molecular weight dependence was found (Fig.9a). For the spin-coated PMMA films,
their surface structure was affected by both viscosity of film-formation solution and

polymer molecular weight (Fig.9b).
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Fig. 10 Aj910/Axss ratio of cast (a) and spin-coated (b) PMMA films vs 7, of
film-formation solution and their M,,/M,. The spin-coated PMMA films were prepared

using a 1500 rpm spin-coating rate.
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Taking the molecular weight into consideration, the quantitative correlation
among Ajqj0/Axgss, the specific viscosity 7, and M,/M, are shown in Fig. 10. The
results clearly show that the Ajg10/Aggss ratios of cast PMMA films have a linear
relationship with nsp0'3 of the corresponding polymer solutions, while the Ajgi0/A29ss
ratios of spin-coated PMMA films have a linear relationship with 713,,0'3 (M,/M )", in
which M, =7000g/mol as reported.” With regard to the origin of these interesting
phenomena, we have to consider the conformation, degree of entanglement or the
aggregation state of the polymer chains in the precursor solution and the film-forming
process during spin-coating and solution casting. On one hand, the polymer chains
tend to adopt different conformation states in solutions with different concentrations.

Based on the literature’®’!

, the concentration dependence of the specific viscosity of
polymer solutions can be divided into three regions: (1) When the solutions are dilute,
the macromolecular chains are separated and cannot make contact with each other;
thus the viscosity of the polymer solution is small. (2) When the solutions are
semi-dilute, the dimensions of the macromolecular chains decrease and they contact
each other due to the thermal motion. The quantity of isolated chains is reduced and a
certain amount of entanglement occurs, so that the degree of chain entanglement
increases and large systems of entangled chains are formed, resulting in viscosity
increasing sharply with increasing concentration. (3) When the solutions are
concentrated, the density of chain entanglement still increases with increasing
concentration, but the variation in the degree of entanglement is small. Thus, by
comparison, it may be inferred from the above that the surface structure of the
resulting PMMA film is related to the entanglement of the PMMA chains in the
corresponding casting solution.

It was accepted that when a film was prepared by polymer solution casting, the
polymer concentration in the film increased as the solvent evaporated during
film-formation.”*>® In thermal equilibrium, the number of entanglements per chain
with surrounding chains increases with polymer concentration. The entanglement
density will be enhanced further by annealing the polymer film. The re-entanglement

of the chains in the film by annealing was found to be substantially longer than the
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reputation time.”> As a result, some memory of the chain conformations in the
solution may carry over to the resulting dry film, including that of its surface. A
higher degree of PMMA chain entanglement on the film surface was obtained when
the film was prepared using a relatively high concentration of casting solution, which
was related to its viscosity.’® Solution-casting is a relatively mild process during
which the solvent evaporates slowly, allowing enough time for the polymer chains to
minimize free energy by adjusting their chain conformation. As the solution
concentration increases, the polymer chains will penetrate and entangle with each
other, contributing to achieve equilibrium state. When the concentration of casting
solution is relatively high, the density of chain entanglement in the solution is
increased, resulting in higher viscosity. The relative equilibrium state on a film
surface is easily achieved when casting solution with relative high viscosity is
employed to prepare PMMA film by solution casting. Therefore, the
A2910cm-1/A2955cm-1 Tatio of cast PMMA films has a linear relationship with 71Sp0'3 of
corresponding casting PMMA solution, independent of the PMMA molecular weight.
In 1952 Bueche™ proposed the first model for the extra frictional drag conferred
by entanglement interactions and used it to calculate the molecular weight
dependence of melt viscosity for linear chains. The result was 7,°<M>" for highly
entangled chains, in good agreement with the empirical relation, found at high
molecular weights. It was suggested by Bueche™® that viscosity behavior above M.,
where M, is a certain molecular weight which is two or three times larger than M,, can
be explained simply in terms of an enhanced Stoke friction for the molecules.
Bueche™” further suggested that since polymer molecules in concentrated systems
are looped through the coils of neighboring molecules, relative motion must be
resisted by the need for these loops to slip around one another. Each molecule is
assumed to participate in an average of E such temporary couples, creating a
temporary network of Gaussian segments joining VE/2 couples per unit volume. The
coupling frequency is taken to be proportional to the corresponding molecular weight.

E is the average number of entanglement points per molecule (£ =M,/M,). In
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concentrated solutions, E o< cM, assuming entanglement coupling to be simply a
special kind of segment-segment contact. Spin-coating is a much more vigorous
process than the solution-casting method, and at least two factors should be taken into
account: (1) The rapid solvent evaporation during spin-coating results in a lowered
entanglement density, allowing the polymer chains to have much less time to adjust
their conformation. (2) The centrifugal force during spin-coating can induce the
polymer chains to be extended. These two factors result in forming a more
non-equilibrium structure compared with the films prepared by the solution-casting
method.

Accumulating experimental evidence shows that the shearing field caused by a
high spin-coating speed has a great influence on the orientation of polymer
chains.**®*” Therefore, the relative strength of the cohesive force of the solution and
the centrifugal force asserted by spin-coating determine the chain conformation or the
aggregation state of a spin-coated film. It was accepted that the extra frictional drag
conferred by entangling interactions will increase with increasing £ (E =M/ M,),
resulting in high viscosity for the polymer with high molecular weight. The entangled
polymer chains in solution with higher E will be more difficult to stretch, and
accordingly be deformed by centrifugal force during spin-coating. The relative
equilibrium state on the resulting film surface is therefore easily obtained. Thus, the
surface structures (Ajg10/Az9ss5) of spin-coated PMMA films have a linear relationship
with nspo‘SEO 2 namely 173,,0'3(Mw/Me)0'26, as shown in Figure 10. Since the centrifugal
force increased with increasing spin-coating rate, the concentration of casting solution
which could attain a certain entanglement density of chains on the resulting film
surface was enhanced. Therefore, the concentration region of polymer solution, within
which the Ajg1¢/Azgss ratio of corresponding spin-coated films started increasing
sharply, was 1-3wt%, 2-4wt% and 4-6wt%, corresponding to spin-coating rates of

1500 rpm, 3000 rpm and 5800 rpm respectively, as shown in Figure 5.
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4. CONCLUSIONS

The effects of properties of film-formation solution on the corresponding surface
structure of poly(methyl methacrylate) (PMMA) films were systematically
investigated by contact angle goniometry and sum-frequency generation spectroscopy
(SFQG). It was observed that the water contact angles on both spin-coated and cast
films increased with increasing concentration of casting solution. Compared with
spin-coated films, it was apparent that the corresponding cast PMMA films had a
relatively high water contact angle and lower surface free energy, indicating that the
polymer chains on the surface of cast PMMA films adopted a relative equilibrium
conformation from the perspective of thermodynamics. This was confirmed by the
SFG measurements. It was observed that the intensity of the peak at 2910 cm™,
attributed to the C-H symmetric stretching vibrations of the methylene groups (CH;)
in the main chain, increased with increasing the concentration of film-formation
solution, which suggests that hydrophobic methylene groups partially oriented in the
plane of the surface with a relatively close-packed and well-ordered structure,
resulting in a decrease of the surface free energy. The ratio of C-H symmetric
stretching vibrations of methylene groups ( the peak at 2910 cm™ ) to that of ester
methyl groups ( the peak at 2955 cm’! ) from SFG spectra, Ajg10/Az9ss, was used as a
parameter to evaluate the structure on the film surface, which was related to
wettability of the film surface. The results showed that Ajg0/Azgss ratio of cast
PMMA films increased linearly with 17Sp0'3 (nsp, the specific viscosity of the casting
solution), whereas that of the corresponding spin-coated films exhibited a linear
relationship with 175,,0'3E0'26 in which £ was the average number of entanglement
points per molecule (E=M,,/M.). The reason for this observed difference in Azg10/A29s5
ratio dependence on specific viscosity may be attributed to chain entanglement in the
corresponding polymer solution. A relative equilibrium conformation on the PMMA
film surface, adopted from the perspective of thermodynamics, was easily achieved
during film formation when the conformation of polymer chain in corresponding

casting solution was close to that in the bulk. For the spin-coated films, the chain
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entanglement structure in the casting solution was a more important factor for the
resulting film to reach a relative equilibrium state, since this structure could inhibit the
deformation of polymer chain during spin-coating.

This work may help to enhance the fundamental understanding of the formation
of film surface structure development from polymer solution to the resulting solid
film, which will affect not only the corresponding surface properties, but also the

dynamics of the resulting thin films.
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