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Abstract: Although poly(vinyl acetate) (PVAc) differs from poly(methyl acrylate) 

(PMA) only in the reversed position of the ester group, a large difference in the 

concentration dependence of the casting solution on the corresponding surface 

structure of the cast films of PVAc, PMA and poly(methyl methacrylate) (PMMA) 

was observed. The hydrophobicity of both PMA and PMMA films increased with 

increasing concentration of the corresponding polymer solution, whereas cast PVAc 

films showed the reverse trend. The surface structure of the cast films prepared with 

different concentration of the casting solution, characterized by sum frequency 

generation (SFG) vibrational spectra, showed that the order of the methylene groups 

increased while that of the acetyl methyl group decreased on the surface of cast PVAc 

film with increasing concentration of casting solution. However, the order of the ester 

methyl group increased and that of methylene groups did not change for cast PMA 

films with increasing concentration of casting solution. The cast PMMA film showed 

a reverse trend compared with the corresponding PMA film. It is apparent that 

well-ordered ester or acetyl methyl groups on the surface which are oriented away 

from the polymer film, rather than methylene groups, play an important role in 

determining surface hydrophobicity, as the latter shield the OC=O groups of PVAc, 
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 2

PMA and PMMA film surfaces from being exposed, resulting in low surface free 

energy. The reason for this difference is attributed to the relative lower energy for 

ester methyl group reorientation, an ester group structure nearer to the trans state and 

more regular local configuration of segments in concentrated solutions of PMA and 

PMMA compared to that of PVAc.  

 

Keywords: surface structure; concentration dependence; reorientation; methyl group; 

linkage of side group  

 

1. Introduction 

The composition and the structure on a surface, which are distinct from the bulk of the 

corresponding material, play an important role in those applications where properties 

such as wettability, adhesion, biocompatibility, permeability and friction are 

concerned. 1-4 The control of the surface composition is of paramount importance in 

many applications of materials. The preferential segregation at polymer surfaces is an 

important factor affecting surface structure of materials when there are differences in 

the surface free energy of the components within a polymer or a polymer system. 5-9 

Due to the complexity of the film-forming process, the relationship between the 

surface structures of polymer thin films and the corresponding molecular structure of 

the polymer have been little studied and are accordingly not clearly understood.10-17, 

18-26 In general, the surface structure formation is governed by thermodynamics, but 

the kinetics for the segregation and array processes also play an important role in the 

ultimate surface structure formation which is mainly determined by fixed process 

methods and conditions. The free surface or, in other words, the polymer-air interface, 

is usually enriched by the component with the lower surface energy, in order to satisfy 

the thermodynamic requirements for a minimal surface free energy. The extent of 

such a preferential surface segregation depends on the nature of the system and the 

conditions of sample preparation. 21,26-31 It was reported 5,21,28,29 that the segregation of 

the fluorinated moieties was affected greatly by micelle stability in the corresponding 
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casting solution and by the evaporation rate of the solvent, when a methyl 

methacrylate (MMA) and 2-perfluorooctylethyl methacrylate (FMA) block copolymer 

(PMMA-b-PFMA) film was prepared from its micelle solution with a PMMA block 

as the micelle corona and PFMA block as the micelle core. The rapid solvent 

evaporation rate together with the good micelle stability resulted in the formation of a 

micelle-like aggregate structure at the film surface, on which the PMMA coronas 

were partly exposed to the surface. 21,28,29 The nature of the solvent also affects the 

surface segregation and packing of the functional groups at the uppermost surface.30,32 

A result contrary to that observed for perfluorinated block polymers as described 

above, was observed when random copolymers composed of methacrylate and 

fluorinated methylacrylate were investigated.25,26 As 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 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. It has been reported that 

the free surfaces of as-cast 33 or annealed 34,35 films of SI diblock copolymers obey the 

thermodynamic requirements: the component in the block with the lower surface 

energy covers the external surface, independently of copolymer composition, 

molecular weight and casting solvent. Similar results were reported by treating 

triblock copolymer SBS and SIS films under toluene vapor.36,37 However, opposite 

results have also been observed. Turturro38 showed that for a given evaporation rate 

range, microdomains of 1,4-PB and PS blocks were present together on the free 

surface, independent of copolymer composition and molecular weight. A similar 

phenomenon was observed for SBS film surfaces prepared by casting toluene solution, 

39 and for other systems such as PS/PEO 27 and BAPC/PDMS. 40 The tuning of 

appropriate chemical-physical properties at the molecular level may lead to novel 

developments in a number of fields where interfacial interactions are important. In 

such cases, operating within a few nanometers of a surface is often critical. However, 
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knowledge of the formation mechanism of surface structures and their affecting 

factors is still limited.  

To date, considerable research has focused on the surface structure of polymers at 

equilibrium free surfaces. 13,32-36,38,39 Such equilibrium surfaces however, are not often 

achieved during the casting process, clearly indicating the presence of kinetic and 

thermodynamic effects related to the specific characteristics and evaporation 

conditions of the casting solvent. Solution casting is a preparation method of practical 

importance, and is used in many industrial applications. The non-equilibrium states 

obtained by this method can be reproducible and metastable over relatively long time 

periods, while true thermodynamic equilibrium states in polymers are difficult to 

reach because of the large polymer molecular weights.41 Therefore, it is of practical 

importance to study the surface structures which are easily formed under common 

conditions. 

Most studies about the formation of surface structures have focused on 

multicomponent polymer systems. The aim of these studies was primarily surface 

modification by preferential surface segregation of the component in the polymer 

system with the lower surface energy. Few studies have been performed on 

homopolymers. However, the orientations of the groups in homopolymers on the film 

surface also affect the surface properties of the resultant film. 10,42 Tanaka16 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 this paper, PVAc, PMA and PMMA were used as model polymers to 

investigate the effect of type of linkage between the polymer backbone and the side 

groups on surface segregation of methyl groups during film formation. The surface 

structures of thin PVAc, PMA and PMMA films prepared by various casting solution 

concentrations were investigated by contact angle goniometry and sum frequency 

spectroscopy (SFG), which can provide abundant information about the 

molecular structure on the film surfaces. Furthermore, we found in this study that 
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there is a clear difference in surface structure dependence on concentration of casting 

solution between cast PVAc, PMA and PMMA films, despite their similar molecular 

structures. To elucidate the effect on surface structure caused by this small structural 

difference in the polymer chains, the corresponding surface pressure dependent SFG 

spectra were employed. 

 

2. Experimental section 

2.1 Materials 

 

  

Fig.1 Schematic representation of the chemical structures of PVAc, PMA and 

PMMA. 

Poly (vinyl acetate) (PVAc) (Mw=100 kg/mol, PDI=1.18) and poly (methyl 

methacrylate) (PMMA) (Mw=120 kg/mol, PDI=1.15) (shown in Figure 1) were 

purchased from Aldrich Co. (USA), and used without further purification. The PVAc 

sample is a linear polymer confirmed by its 13C NMR spectrum. Poly(methyl acrylate) 

(PMA) (Mw=68 kg/mol, PDI=1.08) was synthesized by the ATRP technique as 

reported previously.30,43The 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. Water used in the 

experiments was purified by a Milli-Q Plus (Millipore Inc.), and its resistivity was 

measured to be higher than 18 MΩ. Toluene (AR) and benzene (AR) were purchased 

from Shanghai Reagent Co. and used without further purification. Fused silica 

substrates were used, which were cleaned before use in a piranha solution (a mixture 
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of H2SO4 and H2O2 in 3:1 by volume) at 90°C for 20 min and then thoroughly rinsed 

in deionized water and dried in pure nitrogen gas. 

 

2.2 Film Preparation  

The PVAc, PMA and 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 µm in diameter. The 

solution-casting method was employed to prepare thin polymer films on the clean 

fused silica. The films were first dried in air for 24 h and then in vacuum at room 

temperature for another 48h.  

 

2.3 Preparation of Monolayers  

PVAc, PMA and PMMA were separately dissolved into benzene to prepare 

stock solutions with the concentration of 0.15 mg/mL. The monolayers at the 

air-water interface were prepared by spreading the stock solution delivered by 

microsyringe in a trough (a MiniMicro trough of KSV Instruments Ltd.), which 

allows us to measure monolayer compression (π-A) isotherms and to keep the 

pressure at a constant value by using a PC control system. A sample spread on pure 

water was compressed to a certain surface pressure for at least 15 min to stabilize the 

monolayer, and also served for SFG spectral measurements. 

 

2.4 Characterization  

Sum frequency generation (SFG) vibrational spectra were collected by a 

custom-designed EKSPLA SFG spectrometer, which has been described in detail by 

various researchers.42,44,45 Briefly, the visible input beam at 0.532 µm 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-1 (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 AgGaS2 crystals. 

Both beams were pumped by the second harmonic and the fundamental output of the 
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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 µJ. 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 pulses 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: 46
 

  IRviseffSFG III ••∝
2)2(

χ                    (1) 

Where Ivis and IIR are the intensities of the two input lasers (visible and infrared, 

respectively), and χeff
(2) is the effective nonlinear susceptibility, which can be 

expressed in the form:  

∑
Γ+−

+=+=
q qqIR

q

NRRNReff
i

A

ωω
χχχχ )2()2()2()2(      (2) 

where χNR
(2) is the nonresonant contribution and χR

(2) is the resonant contribution. χR
(2) 

consists of Aq , ωIR, ωq , and Γq, which are the strength, the frequency of the incoming 

IR beam, the resonant frequency, and damping coefficient of the qth resonant 

vibrational mode, respectively. Aq was determined from equations (1) and (2) by 

performing Lorentzian fits to the experimental data.  

The high-resolution XPS spectra of the C1s region for the PVAc, PMA and 

PMMA films were obtained with an ESCALab220i-XL electron spectrometer from 

VG Scientific using 300 W AlKα radiation. The base pressure was about 3×10-9 mbar. 

The binding energies were referenced to the C1s at 284.6 eV from adventitious carbon. 

The film thickness was determined using an ellipsometer (Accurion Co., Germany) at 

a fixed angle of incidence of 60°.  

 

3. Results and discussion 

3.1 Effect of the concentration of casting solution on the surface structures of 
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cast PVAc, PMA and PMMA films 

Fig. 2 shows the solution concentration dependence of water contact angle of the 

cast PVAc, PMA and PMMA films. It is observed that the water contact angle 

decreases sharply from 71° to 61° with concentration of PVAc casting solution 

increasing from 0.5% to 2%. The water contact angle reaches a constant value of 61° 

when its corresponding concentration of casting solution is above 2%. However，the 

reverse trend is exhibited for cast PMA and PMMA films. The water contact angle 

 

 

Fig. 2  Concentration dependence of water contact angles of PVAc（□）, PMA （○）

and PMMA （∆）films prepared by solution casting. The dashed line is a visual guide. 

 

increases from 77° to 91° with concentration of PMA casting increasing solution from 

0.5wt% to 4wt%. The contact angle reaches a constant value of 91° , when the 

concentration of casting solution is above 4wt%. Similar results are presented for the 

cast PMMA films as shown in Fig.2. It is very interesting that a large difference in the 

concentration-dependent surface properties of the cast films was observed although 

poly(vinyl acetate) differs from poly(methyl acrylate) only in the reversed position of 

the ester group. 

Fig.3 shows SFG spectra of cast PVAc films prepared by various concentrations 

of casting solution in the infrared frequency range of 2800 cm-1- 3050 cm-1, 

corresponding to the C-H stretching vibrations. The ssp spectrum of cast PVAc film 

prepared by 0.5% concentration is dominated by a strong peak at 2942 cm-1 and a 
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weak shoulder peak at 2910 cm-1 which are assigned to the Fermi modes of the 

 

 

Fig. 3 SFG spectra of cast PVAc films prepared by various concentrations of casting 

solution. 

 

methyl groups from acetoxy groups and symmetric stretching vibrations of the 

backbone methylene groups, respectively. 45,47-49 The ppp spectrum of PVAc is 

dominated by a strong peak at 2965 cm-1 which is assigned to the antisymmetric 

stretching (as) mode of the methyl groups. 45,47-50 The appearance of the dominating 

peaks of the methyl Fermi (ssp spectrum) and as modes (ppp spectrum) on the surface 

of the PVAc film cast from 0.5% solution indicates that the side methyl groups of the 

VAc units preferentially protrude towards the air, with few backbone methylene 

groups pointing outwards (as shown in Fig.4). 

With increasing concentration of casting solution, it is apparent that for the ssp 

spectra, the intensity of the peak at 2910 cm-1 increase while that of the peak at 2942 

cm-1 decrease for the corresponding cast PVAc films. For the ppp spectra, the 

intensities of the peaks at 2965 cm-1 decrease and these peaks disappear when the 

concentration of the casting solution is above 2 wt%. These results indicate that the 

side methyl groups in the acetyl group preferentially protrude towards the air only 

when the concentration of casting solution is low, which is in agreement with the 

contact angle measurements. 
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 10

 

Fig.4. Schematic representation of the surface structure of PVAc, PMA and PMMA 

films cast from (A) low and (B) relative high concentration of casting solutions.  

 

Fig.5a shows SFG spectra of cast PMA films prepared by various concentrations 

of casting solution. Two peaks at 2960 cm-1 and 2910 cm-1 are observed in the ssp 

spectra, for which the intensity of the peak at 2960 cm-1 increases and that of the peak 

at 2910 cm-1 remains almost constant with increasing concentration of the 

film-formation solution from 0.5wt% to 4.0wt%. However, for the ppp spectra, the 

intensity of the peak at 2960 cm-1 of cast PMA film was not sensitive to the 

corresponding concentration of the casting solution. For the cast PMMA films shown 

in Fig.5b, both the peak at 2955 cm-1 in the ssp spectra and the peak at 2965 cm-1 in 

the ppp spectra remain almost unchanged and only the peak at 2910 cm-1 in the ssp 

spectra increases with increasing concentration of corresponding casting solution. The 

peak assignments for vibrational signals of PMMA and PMA have been extensively 

studied. As detailed in the literature51-55 with regard to the ssp SFG spectra of cast 

PMMA and PMA films, there are two major bands at 2910 and 2955 cm-1, which can 

be assigned to the C-H symmetric stretching vibrations of the methylene groups (CH2) 

in the main chain and the ester methyl groups (OCH3), respectively. In the ppp SFG 

spectra of PMMA and PMA, the major band at around 2960cm-1 is attributed to the 

C-H symmetric stretching vibrations of the ester methyl groups. Similar to 

Page 10 of 30Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



 11 

 

 

 

 

 

Fig. 5 SFG spectra of cast PMA (a) and PMMA (b) films prepared by various 

concentrations of casting solution. 

 

observations reported by Tanaka55 for cast PMMA film surfaces, hydrophobic 

functional moieties such as methylene groups, were also present. For the PMMA film, 

while the α methyl group was oriented along the direction parallel to the interface, the 

ester methyl and methylene groups were oriented normal to the interface; this 

indicates that the methylene groups became randomly oriented at the surface of cast 

films prepared with low concentration of casting solution or, in part, migrated into the 

internal region. For cast PMMA film prepared with relatively high concentration of 

casting solution, hydrophobic methylene groups in the main chain can be more 

ordered and partially oriented in the plane of the surface (as shown in Fig.4), which is 
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favorable for decreasing the free energy. These observations are also in good 

agreement with both the contact angles and surface free energies of the PMMA films. 

However, for cast PMA films, the concentration-dependent surface structure was 

different from that of the cast PMMA films. The ester methyl groups were randomly 

oriented at the surface when the cast film was prepared with low concentration of 

casting solution or, in part, migrated into the internal region. As the concentration of 

casting solution increases, the ester methyl groups in the main chain on the 

corresponding cast PMA film surface could be more ordered and partially orient in the 

plane of the surface, while the structure of the methylene groups in the main chain on 

the surface remains almost unchanged, partially oriented in the plane of the surface 

with a relatively close-packed structure (as shown in Fig.4). The results above 

indicate that the well-ordered methyl groups of ester side chains on the film surface, 

oriented away from the polymer film, play a more important role in determining the 

surface free energy than the methylene groups in the backbone of the polymers, since 

only this structure could shield the neighboring OC=O polar component from 

contacting the air, resulting in a hydrophobic surface. At the same time, it is obvious 

that there is a pronounced difference in the change in surface structures of the PVAc, 

PMA and PMMA films with corresponding change in concentration of casting 

solution, although the differences in their molecular structures are very slight.   

The water contact angles of PVAc film prepared by casting 2wt% PVAc solution 

and those of the annealed corresponding cast film are presented in Fig. 6. The results 

show that after annealing the cast PVAc film, its water contact angle increased from 

61º to 72º, the same as that of the cast film prepared by 0.5 wt% casting solution. The 

SFG spectra show that for the annealed cast film, the band at 2910cm-1 became 

smaller in the ssp SFG spectra, while the peaks at 2942cm-1 in the ssp SFG spectra 

and 2965cm-1 in the ppp SFG spectra became larger compared to those of the 

corresponding cast film, which were similar to the cast PVAc film prepared by 

0.5wt% casting solution. The results above indicate that the PVAc molecular chains at 

the surface of its films cast from concentrated solution adopt a more thermodynamic 
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Fig.6 Water contact angles and SFG spectra of PVAc films prepared by solution 

casting and corresponding annealed cast film. The solution concentration was 2.0wt%.  

Annealing at 70 ºC for 12 h. 

 

nonequilibrium conformation relative to those of the films cast from dilute solution. 

However, both PMA and PMMA films cast from concentrated solution have higher 

water contact angles, suggesting that their molecular chains adopt a more 

thermodynamic equilibrium conformation relative to that of films cast from dilute 

solution. Once the solution concentration reaches 4.0wt%, the chain conformation on 

the resulting film surface is at a relative equilibrium state under such conditions. 

 

3.2 π-A isotherms and SFG spectra of PVAc, PMA and PMMA at the air/water 

interface  

Fig. 7 shows the surface pressure-area (π-A) isotherms of PVAc, PMA and PMMA 

monolayers at the air/water interface. It is observed that the shapes of both PMA and 

PVAc isotherms belong to a typical expanded-type isotherm in which changes in the 

surface pressure are detected at a large surface area, i.e. low surface concentration, 

similar to that reported by Kawaguchi56 and Crisp57. The surface pressure gradually 

increases with decreasing surface area and attains a plateau value. However, the shape 

of the PMMA isotherm corresponds to a typical condensed-type isotherm. π is first 

observed at a smaller surface area than the expanded π-A isotherm, then shows a steep 

increase, and  the monolayer then shows a collapse, similar to that previously 
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reported 56,57. 

 

  

 

Fig. 7 Surface pressure-area (π-A) isotherms of PVAc, PMA and PMMA monolayers 

spread on water at 20ºC. 

 

 

Fig. 8 Surface pressure dependence of the SFG spectra for 2800-3050 cm-1 region 

measured under the ssp and ppp polarization for PVAc monolayer (at 25ºC). 

 

Fig.8 exhibits the surface pressure dependence of the SFG spectra in the 

2800-3100 cm-1 region observed for the PVAc monolayer with ssp and ppp 

polarization combinations, respectively, spread on pure water. It is apparent that only 

a peak at 2920 cm-1 in the SFG spectra of PVAc is observed in both ssp and ppp 

polarization combination when the surface pressure is 0. With increasing surface 

pressure, the peak at 2945 cm-1 increases sharply and the peak at 2920 cm-1 decreases 
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in the ssp spectra, while the peak at 2965 cm-1 increases sharply and the peak at 2920 

 

 
 

 

Fig. 9 Surface pressure dependence of the SFG spectra for 2800-3100 cm-1 region 

measured under ssp and ppp polarization for PMA (a) and PMMA (b) monolayers (at 

25ºC). 

 

cm-1 disappears in the ppp spectra. The two peaks at 2920 cm-1 and 2945 cm-1 in the 

ssp spectra were assigned to the symmetric stretching mode of the backbone 

methylene and the methyl groups from the side chains, respectively, while the peak at 

2965 cm-1 originates from the antisymmetric stretching mode of the acetyl methyl 

groups of the side chains.45 This indicates that the backbone methylene groups in 

PVAc dominate the PVAc monolayer at lower surface pressures, but when surface 

pressure increases, the surface is dominated by acetyl methyl groups. 

Fig. 9a and 9b show the SFG spectra of PMA and PMMA monolayers at various 
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surface pressures with ssp and ppp polarization combinations in the range of 

2800~3050 cm-1, corresponding to the C−H stretching vibrations. It is apparent that 

no peaks are observed when the surface pressure is 0 mN/m. The peaks at 2955 cm-1 

in the ssp spectra and at 2960 cm-1 in the ppp spectra of PMMA monolayer appear 

with only a small surface pressure, and then a slight change occurs with increasing 

surface pressure. However, for PMA, these two peaks increase sharply when the 

surface pressure increases from 0 to 3 mN/m, and then change slightly as the surface 

pressure exceeds 3 mN/m. These peaks are assigned to the stretching mode of the 

ester methyl groups in PMA and PMMA. 51, 58 

 

Fig.10 The ssp intensity of the methyl stretching peak as a function of surface 

pressure of PVAc, PMA and PMMA monolayer spreading on water at 25 ºC. 

 

The intensities of the methyl stretching peaks of PVAc, PMA and PMMA in their 

corresponding ssp spectra are plotted in Fig.10 as a function of surface pressure. The 

error of the peak intensities is estimated to be <10%. The strength of the methyl 

symmetric stretch mode in the ssp spectra increases as the average tilt angle of the 

methyl groups decreases and also as the number density of the methyl groups in the 

adsorbed layer increases. 59-61 The changes observed in the intensity of this peak can 

be interpreted in terms of the changes of the segregation amount accompanied by the 

orientation changes of the side chain methyl groups of the polymers. As seen from Fig. 
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10, the behavior of PVAc is different from that of PMA and PMMA. With increasing 

surface pressure, the sum-frequency intensity first increases and then above 2.5mN/m 

for PMMA and 8mN/m for PMA appears to approach a limiting value. On the other 

hand, the values for PVAc steadily increase with increasing surface pressure although 

the intensities are significantly lower at any given surface pressure compared to those 

of PMA and PMMA, indicating the presence of a smaller amount of oriented methyl 

groups in the adsorbed layer for PVAc. 

In order to get further information about the structure of PVAc, PMA and PMMA 

monolayers at air/water interface, we calculate the average tilt angle of the ester 

methyl groups in PMMA and the acetyl methyl groups in PVAc under every surface 

pressure, base on Chen and Tanaka’s work.51, 55 The results showed that the average 

tile angle of the ester methyl groups in PMMA and PMA change slightly from 36º to 

30º , 40º to 36º respectively relative to the surface normal with increasing surface 

pressure at air/water interface, while the orientation of acetyl methyl groups in the                                                

PVAc monolayer changes greatly from 71º to 45º under the compression. It was 

reported62 that a higher probability of the cis state of side group in PVAc chain should 

help the carbonyl groups to be more exposed and result in a higher surface area of the 

carbonyl moiety since the carbonyl group of PVAc is more distant from the polymer 

chain backbone compared to those in PMMA chains. The results from molecular 

models and force area curves reveal 57 that steric hindrance will prevent all the acetyl 

groups in PVAc arranging themselves simultaneously into the trans form with the 

resultant moment vertical. Since the electric force on the dipoles is balanced by 

repulsion between the methyl groups and the main chain, external compression of the 

film might cause further re-orientation towards the trans position. For PMA and 

PMMA, only the trans orientation of ester methyl groups is compatible with a really 

close-packed condition of the main chains. This is in agreement with the surface 

pressure dependence of the SFG spectra for PVAc, PMA and PMMA monolayers. 

Therefore, we believe that the reason for PVAc debasing surface tension is caused 

by both the synergetic effects of concentration and the orientation of the PVAc 

molecules, which is analogous to the phenomena of cis-6Az10-PVA monolayers in 
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Itoh’s paper.63 Since the carbonyl groups in PVAc chains have more conformational 

freedom than those in PMMA chains due to the longer distance from the chain 

backbone, polyvinyl acetate shows a structure nearer to the cis than trans state when 

the surface pressure is low. With increasing surface pressure, external compression of 

the film might cause further re-orientation towards the trans position. Therefore, the 

peak at 2960 cm-1 attributed to the acetyl methyl group increased and the peak at 2910 

cm-1 attributed to the methylene group in the PVAC main chain decreased with 

increasing surface pressure on the PVAc monolayer, as shown in Fig.8.  

For PMMA and PMA, the ester methyl group is connected to an oxygen atom 

located between the carbonyl and ester methyl groups. Being far from the “anchor 

point”, the ester methyl groups in PMMA and PMA posess more degree of freedom 

compared to the methyl group in PVAc. Only the trans orientation is compatible with 

a really close-packed condition of the main chains, the main chain being somewhat 

below the side chains. In other words, the ester methyl groups in PMMA and PMA 

more easily form an oriented structure when the surface pressure stays quite low at the 

air/water interface. Further compression does not change the orientation of the ester 

methyl groups, which is also similar to the discovery in the thesis of Itoh63 and also as 

observed by Yu. 64 Therefore, only the peak at 2960 cm-1 was observed and changes 

little with increasing surface pressure. However，the ester methyl group on the PMMA 

monolayer surface easily adopts a trans orientation compared with that on the PMA 

surface due to steric hindrance of the α-methyl group in the PMMA main chains. This 

results in much higher surface pressure for PMA than that for PMMA, as the 

sum-frequency intensity seems to approach a limiting value. This result is in 

agreement with the observations from the surface pressure-area (π-A) isotherms.  

 

3.3 The cause of solution concentration dependence of surface structure of PVAc, 

PMA and PMMA films 

The SFG spectra for PVAc, PMA and PMMA films after immersion in water for 

the ssp polarization combination were presented in Fig.11. Broad peaks were 

observed around 3200 and 3600 cm-1. However, the peak around 3600 cm-1 for PVAc 
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was much stronger that that for PMA and PMMA. The peak around 3200 and 3600 

cm-1 were specifically assigned to ice-like water and free O-H, respectively. It was 

reported that the peak around 3600 cm-1 at water/PMMA interface was related to 

water molecules hydrogen bonded to the carbonyl groups located in a confined 

geometry and this peak could be used to analyze H-bonding ability between carbonyl 

group and water.55,65 The SFG spectra in Fig.11 indicated that hydrogen-bond ability 

of PVAc was stronger that that of PMMA and PMA. This was also confirmed by 

water adsorption in thin PVAc, PMA and PMMA films with about 200 nm. After 

immersion in water at 25 ºC for 1h, a 1.78% increase in the thickness of thin PVAc 

film was observed, which was much higher than these of thin PMA and PMMA films 

(about 0.32%).    

 

Fig.11 SFG spectra (ssp) in the OH stretching region of PVAc, PMA and PMMA 

films cast from 6 wt% solution after immersion in water at 25 ºC for 30 min. 

 

Further characterization of the surface of PVAc, PMA and PMMA films prepared with 

various concentrations of casting solutions was conducted by X-ray photoelectron 

spectroscopy (XPS). Fig.12 presents the high-resolution XPS spectra of the C1s region 

for the PVAc, PMA and PMMA films. In each case, three spectral components at 

284.6, 286.2 and 289.0 eV were observed, which correspond to C-H, C-O and O-C=O 

groups, respectively.45 It was observed that the composition of the O-C=O groups on 
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the surfaces of PMA and PMMA films decreased with increasing the concentration of 

casting solution, while the cast PVAc film showed a reverse trend. It is obvious that 

the composition of the O-C=O groups on the PMA and PMMA surfaces are only 2.9% 

and 2.7 %, respectively, which is much lower than that on the PVAc surfaces (12.0%) 

when the films was cast from 6% polymer solution. It was evident that the 

composition of the O-C=O groups shown in Fig.12 was related to the exposed surface 

area of carbonyl group on corresponding film surface, since these data were  

 

 

 

Fig. 12 High-resolution XPS spectra in the C1s region for the surfaces of PVAc, PMA 

and PMMA films cast from 0.5wt%,1.2wt% and 6.0wt% polymer solutions. The 

photoelectron emission angle was 5°, corresponding to the effective sampling depth of 

about 0.9 nm. 

 

obtained from the effective sampling depth of about 0.9 nm. Chang et. al 62 

constructed a model of their chains and calculated the Connolly surface area, which is 

the surface area of the carbonyl moiety accessible for a small molecule to interact 

with. The average Connolly surface area of carbonyl groups of PMMA and PVAc 

with 150 of the repeat units were 1388±75 Å2 and 1935±108 Å2, respectively. This 

simulation study was consistent with our results obtained by XPS analysis, SFG 
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spectra and contact angle measurements. 

In general, the formation of surface structure is governed by thermodynamics, 

but the kinetics for the segregation and array processes, determined by fixed process 

methods and conditions, also play an important role in the ultimate surface structure 

formation. It is commonly observed that polymer chains tend to form aggregates in 

polymer solutions of sufficiently high concentration.66 The origin of the aggregation is 

the interchain attraction forces. Since these interactions are short-range forces, the 

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 

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. 

It is clear that water contact angle is high when both the acetyl methyl group and 

methylene groups are oriented outward at the surface of PVAc from SFG spectra. 

These observations are in agreement with Helfand’s speculations regarding results 

from studies of poly(vinyl alcohol-co-vinyl acetate) copolymer by XPS and Tof-SIMS. 

67 Results from the annealing experiments indicate that the observed surface structure 

formation at the PVAc film cast by dilute solution is dominated by thermodynamic 

requirements. However, the domination is by kinetic hindrance when the 

concentration of casting solution is relatively high. From surface pressure dependent 

SFG spectra of the PVAc monolayers, it is apparent that the methylene groups in the 

PVAc backbone can be more ordered than the acetyl methyl groups which usually 

exhibit cis state. At the same time, it is already known that the homopolymers 

poly(methyl acrylate) and poly(vinyl acetate) differ significantly in their subglass 

relaxation behavior.68,69 The relaxation process is much weaker in the latter. The 
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reason for this relaxation difference was attributed to the site energy difference for 

side-group reorientation in PVAc being greater than that in PMA.70 It was also found 

that the local configuration of PVAc segments presented more irregularity in 

concentrated solution compared to those in the dilute solution71, while the local 

configuration of the PMA segments presented more regularity in concentrated 

solution compared to those in the dilute solution. 72,73 Thus, when the concentration of 

casting solution is low, the PVAc chains have enough mobility to change their 

conformation and the acetyl methyl groups will orient easily towards the trans 

position to form a well-ordered arrangement, associated with well-ordered methylene 

groups during solvent evaporation, resulting in a relatively high water contact angle 

and low surface free energy for the cast PVAc films, due to thermodynamic 

requirements. When the concentration of casting solution is relatively high, the 

mobility of the PVAc chains is hindered due to chain entanglement and local 

configurations of the PVAc segments having more irregularity in concentrated 

solution. It is difficult for the PVAc chains to change side group conformation from 

cis to trans state in order for the acetyl methyl groups to form regularity of alignment 

to meet the requirement of minimum surface free energy during film formation, due to 

the relatively higher energy required for acetyl methyl group reorientation. Thus, the 

resulting random arrangement of acetyl methyl groups on PVAc film surfaces should 

help the carbonyl groups to be more exposed, resulting in a decrease in water contact 

angle and an increase in surface free energy. 

For the PMMA and PMA systems, the ester methyl group easily adopts a trans 

orientation. At the same time, it is easier for the ester methyl groups to form 

well-ordered structures due to the relative lower energy for ester methyl group 

reorientation. This was confirmed by the surface pressure dependent SFG spectra of 

their monolayers. In addition, it is much easier for the ester methyl groups in PMMA 

to form regularity of alignment than in PMA due to steric hindrance of the α-methyl 

groups in the main chains. Based on the literature74,75, it may be inferred that the 

surface structures of the resulting PMA and PMMA films are related to the 

entanglement of the PMA and PMMA chains in the corresponding casting solutions. It 
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has been 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.76,77 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 of the polymer film. The re-entanglement of the 

chains in the film by annealing was found to be substantially longer than the reptation 

time.76 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 structure.  

Higher degrees of PMA and PMMA chain entanglements on the film surfaces 

were obtained when the films were prepared using a relatively high concentration of 

casting solution.78 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 conformations. As the solution concentration 

increases, the polymer chains will penetrate and entangle with each other, contributing 

to achieve an equilibrium state, in which the methylene groups in the PMMA 

backbone became well-ordered on the surface while the ester methyl group adopts a 

trans orientation and remains well-oriented toward the surface. Therefore, a relative 

equilibrium state on a film surface is easily achieved when casting solution with 

relatively high viscosity is employed to prepare PMMA film by solution casting. 

However, for PMA, since there is a lack of α-methyl groups in the main chain, the 

ester methyl groups in the PMA chains have relatively high freedom to orient in 

comparison with PMMA, which also results in the methylene groups in the backbone 

easily forming a well-oriented structure. When the concentration of PMA casting 

solution is low, similar to PVAc, a well-oriented methylene group structure is easily 

formed during film formation. As the solution concentration increases, the polymer 

chains will penetrate and entangle with each other, contributing to achieve an 

equilibrium state. At the same time, the local configuration of the PMA segments 

present more regularity in concentrated solution, resulting in well-oriented both ester 

methyl groups and methylene groups in the backbone on the surface of the PMA film 

prepared by concentrated solution. Therefore, a relative equilibrium state on a film 
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surface is easily achieved when casting solution with relatively high viscosity is 

employed to prepare PMA film by solution casting.  

 

4. Conclusions 

The effects of type of linkage between the polymer backbone and the chain side 

groups on the surface segregation of methyl groups during film formation were 

investigated  using poly(vinyl acetate)(PVAc), poly(methyl acrylate) (PMA) and 

poly(methyl methacrylate) (PMMA) as model polymers. The hydrophobicity of both 

PMA and PMMA films increased with increasing concentration of the corresponding 

polymer solution, whereas cast PVAc film gave the reverse trend with respect to 

concentration of casting solution. The film surface structures were characterized by 

sum frequency generation (SFG) vibrational spectra. The results showed that the 

methylene groups can be more ordered while the acetyl methyl group became more 

random on the surface of cast PVAc film with increasing concentration of casting 

solution. However, the regularity of alignment of the ester methyl group increased and 

that of methylene groups did not change for cast PMA films with increasing 

concentration of casting solution. The cast PMMA film showed a reverse trend 

compared with the corresponding PMA film. The SFG results indicated that only 

when both the methyl and methylene groups are oriented outward at the surface with 

regularity of alignment, does the surface present a relatively high water contact angle 

and low surface free energy. Significantly, well-oriented methyl groups on the surface, 

rather than methylene groups, play an important role in determining surface 

hydrophobicity. The observed surface structural differences in the concentration 

dependence of the casting solution on the corresponding cast films can be attributed to 

the relative lower energy for ester methyl group orientation, an ester group structure 

that is nearer to the trans state, and more regularity of the local configuration of 

segments in concentrated solutions of PMA and PMMA compared to that of PVAc.   
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