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We report a gradient wettability surface on copper slide prepared by a simple controlled ester group
hydrolysis procedure of poly(methyl methacrylate-butyl acrylate) [P (MMA-BA)] films coated on the
copper substrate. In the method, sodium hydroxide solutions are selected to prepare surface gradient
wettability on P (MMA-BA) films. The P (MMA-BA) copolymers with different MMA contents are first
synthesized by a conventional free atom radical solution polymerization method. The transfer of surface
chemical composition from the ester group to acid salt is achieved by hydrolysis in NaOH solution. The

f\(ﬂeg :ﬁgff};macwla te effects of different concentrations of NaOH solution and reaction times on the physicochemical properties
Butyl acrylate of the resulting surfaces are studied. The field-emission scanning electron microscopy (FESEM), atomic

force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) results show that the varying con-
centration along the substrate length is only attributed to the hydrolysis reaction of ester groups. The
hydrolysis causes insignificant change on the morphology of the original film on the copper substrate. In
addition, it is found that the MMA copolymer content has a significant influence on the concentration of
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ester groups on the outermost surface and thus important for forming the slope gradients.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Wettability gradient surfaces, a kind of functional gradient
material (FGM), are surfaces with water contact angles (CAs) that
gradually change over a given distance. This surface usually dis-
plays a gradual change in its surface tension along its length.
Intensive research interest has focused on wettability gradient
surfaces because of their various applications including droplet
moving [1-4], micro-fluid flow [5,6], protein adsorption [7,8] and
cell adhesion [9-12]. Generally, wettability gradient surfaces can be
fabricated mainly via two mechanisms. One involves the surface-
chemical gradients by SAM-based techniques (self-assembled
monolayer) and polymer-based techniques. The other one focuses
on morphological gradients which generated by electrochemical
etching, erosion/chemical polishing-replica methods, lithography
and polymers-temperature gradient [13]. Due to both fundamen-
tal and practical interests, many different methods generating a
wettability gradient along a solid surface have been developed.
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These includes vapor phase polymerization [14], polymers-heat
treatment [15,16], electron beam treatment [17], photolithography
[18], plasma treatment [19], counterion exchange [20] and corona
discharge treatments [11,12,21]. However, most of the reported
approaches induce both chemical and physicochemical changes on
surface properties. Therefore, it is difficult to decouple such effects
caused by physical modifications and attribute protein adsorption
and cell adhesion to the surface chemical composition. To over-
come such a problem, novel approaches have been proposed. For
example, Ueda-Yukoshi and Matsuda [22] reported that a chemical
gradient surface was selectively produced by continuous immer-
sion of a poly(vinylene carbonate) (PVCa) film into an aqueous
solution of sodium hydroxide, in which molar fractions of cyclic car-
bonate and hydroxyl groups were inversely varied. The advancing
water angle values on the untreated PVCa surface rapidly decreased
on the surface regions with shorter periods of hydrolysis and fol-
lowed by a slower decrease on surface regions with long periods
of hydrolysis with increasing distance from the untreated end.
Chilkoti etal. [23] demonstrated that the ester group along the main
chain of the polymer could be used to introduce a reactive COOH
group on their surface. Besides, Laugnas et al. [24] described a sim-
ple method for the construction of a wettability gradient surface
based on the poly(methyl methacrylate) by a controlled hydrolysis
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procedure. The chemical gradient surface was fabricated and the
results showed that the formation of a smooth, highly controllable
carboxylic acid gradient with increasing concentration along the
sample surface. The chemical modification of the polymer surface
barely affects its physical properties along the sample length. How-
ever, there is a slight decrease from 78 +1° to 71 £ 2° for the CAs
measurements, in the case from the least hydrolyzed part of the
slide to the most hydrolyzed one. The formation of gradual hydrol-
ysis process may be due to the insufficient ester group to be used as
reactive points for surface modification on the outermost surface.

In this work, a smooth copper slide was chosen as a substrate,
which is widely used as an engineering material. The functional
gradient film on the slide was prepared by continuous immersion
in a sodium hydroxide aqueous solution. The hydrolysis of ester
groups can be tuned by controlling the addition speed of NaOH
solution, immersion time, and concentration of NaOH. The effects
of chemical composition and surface roughness on the wettabil-
ity of the copolymer film were studied by field-emission scanning
electron microscopy (FESEM), atomic force microscopy (AFM) and
X-ray photoelectron spectroscopy (XPS). Contact angles (CAs) of
water were measured by an optical contact angle system.

2. Experimental
2.1. Materials

Copper Slides 10 mm x 100 mm were purchased from Tianjin
Kermel Chemical Reagents Company (Tianjin, China). BA (99%,
A.R.) and xylene (99%, A.R.) were obtained from Chengdu Kelong
Chemical Reagents Company (Chengdu, China). Sodium hydrox-
ide (96%, A.R.) and absolute ethanol (99.7%, A.R.) were purchased
from Guangdong Guanghua Tech Co., Ltd. (Guangdong, China).
MMA (98%, A.R.) was obtained from Shanghai Lingfeng Chemi-
cal Reagents Co., Ltd. (Shanghai, China). Acetone (99.5%, A.R.) was
purchased from Hengyang Kaixin Chemical Reagents Company
(Hengyang, China). BPO (99%, A.R.) was obtained from Guangzhou
Huaxue Chemical Reagents Company (Guangzhou, China).

Stock solutions of sodium hydroxide (three concentrations, 0.01,
0.1 and 1 M) were prepared by dissolving NaOH in distilled water
respectively.

2.2. Preparation of copolymer solution

A series of P (MMA-BA) random copolymer can be obtained
by the conventional free radical solution polymerization method.
A 25g absolute xylene, 25g comonomers (MMA: BA=3:2, wt%)
and 0.125 g BPO were introduced in a 150-mL, three neck, round-
bottom flask equipped with a heat exchange system. Firstly BPO
was added to the mixture of MMA and BA. The mixture was allowed
to stir for 10 min to dissolve the BPO. Then the mixture was added
slowly to the xylene solutions for 30 min with 300 rpm agitation at
120 °C. The polymerization reaction occurred at the chosen tem-
perature and constant stirring for 2.5 h.

2.3. Fabrication of wettability gradient surfaces on copper slides

All copper slides (10 mm x 100 mm) were cleaned in acetone
and ethanol for 5 min, respectively, then washed thoroughly with
distilled water and hence dried at 50 °C for 30 min before use. The
cleaned copper slides were dipped into the copolymer solutions for
about 1 min, and dried at 120 °C for 30 min. This coating procedure
was recycled for 3 times to get enough thickness of the polymer
film.

To generate a gradient surface, the polymer-coated-copper slide
was placed in a glass container (150 mL) with its back standing
against the wall of the container as showed in Scheme 1. And then

NaOH

Scheme 1. Schematic illustration of the preparation process of the gradient wett-
ability surface on a copper slide.

NaOH solution was gradually added into the container at room tem-
perature. In this way, the time of the hydrolysis reactions between
NaOH and polymer varied gradually along the slide. Namely, the
content of the product of the reaction, a carboxylate, decreased
gradually from the lower part of the slide to the upper part and
thus a gradient surface was generated.

At the same time, the addition was controlled at such a speed
that it took 30 min for the surface of the NaOH solution in the con-
tainer to reach the upper edge of the slide. Then the slide was rinsed
with distilled water and absolute ethanol, and dried at 50°C for 1 h.

The preparation process of wettability gradient film is shown in
Scheme 1.

2.4. Characterization

The surface chemical compositions of the film on copper slide
were measured on an Axis Ultra X-ray photoelectron spectroscopy
system (XPS, Kratos Axis Ultra DLD, UK) equipped with a monochro-
mator source (Aluminum Ko line of 1486.6 eV energy and 150 W).
The surface roughness of the film was analyzed by atomic force
microscopy (AFM, CSPM5000, Benyuan, China). The polymer film

surface morphology was observed by field-emission scanning elec-
tron microscopy (FESEM, LEO 1530 VP, Germany). Water contact
angles measurement was performed with an optical contact angle
system (CAs, JC2000C1, China). The volume of the water droplet
used for the static CA measurements was 3 pL. WCA values were
obtained by averaging three measurements made on same district
of the different sample. All experiments were carried out at room
temperature.

3. Results and discussion

The photographs of the water contact angles along the gradient
surface for the one using 1M NaOH are shown in Fig. 1. It can be
seen that the substrate exhibits a novel gradient wettability prop-
erty. The contact angles change continuously along the surface from
86.6 +£0.7° to 50.7 +0.8° in 10 cm for the least hydrolyzed part to
the most hydrolyzed one.

In this work, the surface chemical gradients were generated by
a controlled hydrolysis process which contains two reactions as
depicted below [25].

R;COOR, + NaOH — R;COONa + R,0H 1)
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86.6° 81.1° 76.4° 72.4°

66.0° 57.3° 50.7°

Fig. 1. Photographs of the water contact angles along the gradient surface. Images of the liquid droplets of 3 wL water droplet in contact with the surface were recorded
immediately after droplet stabilization. The photograph was combined with seven continuous photographs along the substrate because the view angle of the contact angle

measurement system is not wide enough. 1 M NaOH was used for preparation.

C + OH — H ||
C * R,OO —— + R,0OH
Rl/ \OR2 - N 2 /C\ 2
R, OH £ o
1
Ester Acid Acid salt (2)

where Ry and R, represent different alkyl groups, respectively.
Eq. (1) presents an irreversible hydrolysis reaction in basic solu-
tion which is called saponification. While Eq. (2) demonstrates that
ester hydrolysis occurs through a typical nucleophilic acyl substitu-
tion pathway in which the tetrahedral intermediate goes through
a nucleophilic attack process followed by OH~ group. A carboxylic
acid is given, which is changed the acid salt.

It is well known that the wetting of a solid surface depends on
both the surface chemical properties and the surface morphology
[26-29]. To determine the effect of the surface morphology on the
wettability of film, FESEM was used to examine the copper sub-
strate with and without copolymer film as well as the one after
hydrolysis. As depicted in Fig. 2, the FESEM images show a surface
morphology evolution of the copolymer film on flat copper surface.

3um EHT = 5.00kV
|_{ WD= 7mm

Signal A =InLens Date :13 Jul 2011

Mag= 200KX Photo No. =8840  Time :16:63:37

m EHT = 5.00kV
WD= 4mm

Mag= 200KX }w—-{

We can see that the copper substrate with copolymer film (Fig. 2(a))
is smoother than that one without copolymer (Fig. 2(b)). After
hydrolysis, the morphology (Fig. 2(c)) remains almost the same
with before hydrolysis, indicating insignificant change of physi-
cal properties after hydrolysis. The brighter part in Fig. 2(c) might
be attributed to dissolution of the copolymer chain with lower
molecular weight by NaOH solution. The effect of a varying con-
centration along the copolymer film surface length will be the only
consequence of the chemical modifications introduced and we can
deduce the surface morphology variations along the slide distance
are negligible. Furthermore, AFM measurements showed negligi-
ble roughness variation along the film surface after hydrolysis, as
summarized in Table 1, which also indicated negligible change of
physical properties, consistent with the FESEM results.

A=lInLens Date 20 May 2011
Photo No. = 7467  Time :10:55:33

Signal A=InLens Date :20 May 2011
Photo No. = 7459 Time :10:34:39

Fig. 2. FESEM images (a)-(c) of corresponding copolymer films on copper substrate: (a) with copolymer film, (b) without copolymer film and (c) hydrolysis 30 min with

copolymer film.
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Table 1

Statistical data of roughness parameters.*
Water contact angle (°) 86.6 81.1 76.4 724 66.0 57.3 50.7
Ra/nm 0.531 0.496 0.539 0.502 0.592 0.665 0.718

2 The WCA of gradient wettability surface decreases with the hydrolysis reaction time; Ra is roughness average. The functional films were prepared on the copper substrates.
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Fig. 3. C 1s core-level XPS spectra for (a) the least hydrolyzed part of the film and (b) the most hydrolyzed region, showing the red relative area decrease, which can be
assigned to the methoxy group carbon (MMA) or ethoxy group carbon (BA). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)

To determine the surface chemical compositions along the wett-
ability film, XPS was performed. Fig. 3 shows the curve-fitted C 1s
XPS spectra of hydrolyzed film, the spectral region with a broad
peak that can be deconvoluted into four carbon 1s core signals
whichis attributed to the different carbon types of the polymer[30],
and the red relative area signal should be attributed to the methoxy
group carbon [24]. Figs. 3 and 4 show the relative area decrease
for the component 3, which has been assigned to the methoxy
group carbon (MMA) or the ethoxy group carbon (BA). Compar-
ing the least hydrolyzed part (Fig. 3(a)) with the most hydrolyzed
part (Fig. 3(b)), where the peak centered at 284.4 eV is assigned to
methoxy group carbon (MMA) or the ethoxy group carbon (BA),
one can see the extent of the carboxylic acid salt along the sam-
ple length increases obviously for the red relative area against the
total polymer C 1s area permits us to calculate the extent of the
component 3 along the sample length, which varies from 9.9 to
0.0%. Additionally, in the XPS C1s deconvolution spectrum, there is
also a decrease of the intensity of the peak attributed to the car-
bonyl carbon in the spectrum of the most hydrolyzed part of the
slide. This is because of the dispersion of the copolymer.

CHj
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|

Fig. 4. Chemical structure of P (MMA-BA).

Lagunas et al. [24] obtained a low slope wettability gradients by
hydrolysis procedure and their water contact angle results showed
a gradual decrease from 78 +1° to 71+2°, indicating that the
hydrolysis method has the unique characteristic of barely changed
the surface physical properties along the substrate length. The same
method was used here to enlarge the slope gradients, and water
contact angle decreased from 86.6 +£0.7° to 50.7 +0.8°. As com-
pared with the PMMA hydrolysis, the enhancement of P (MMA-BA)
slope gradients is more significant, when a content of 60% was used
for MMA. Besides, the slope gradients of P(MMA-BA) is smaller than
the copolymer of P (MMA-BA), when the MMA content was 40%,
compared with the one of a content of 60%. Because the acrylate
units are more active during reaction [31], side ester groups could
be hydrolyzed by NaOH, the ester group on the outermost surface
will introduce more reactive COOH groups and acid salt by con-
trolling hydrolysis process and using alkaline solutions of various
concentrations, resulting in a larger slope gradients.

There are three kinds of functional groups on the film surface,
including methyl, ethyl and ester group, and the surface energy
of ester group is greater than the others. More ester groups on
the surface will result in the lower contact angle. The P (MMA-BA)
copolymers with different mass percentage of MMA, which were
synthesized by the method of solution polymerization, have been
characterized by Xu et al. [32]. Besides, the effect of copolymeriza-
tion on pendant group and chain segment motions was investigated
by Zhou et al. [33]. Fig. 5 shows the water contact angle variation
of P(MMA-BA) with different MMA contents. The smallest average
value of water contact angle can be found when the MMA content
was 60%, indicating the ester group was the most on the outermost
surface when the contact angle was the lowest. This may be due to
the fact that the average value m of the side chain reduces (the side
chain length of the BA is greater than that of MMA), resulting in a
weak effect of covering the ester group. However, if the MMA con-
tent exceeds 60%, the contact angle increased significantly with the
increase of the MMA content, probably due to the increase of glass
temperature Tg [32] of the copolymer P(MMA-BA), which made the
side chain hard to move [33]. The smallest contact angle with 60%
(wt%) MMA is a result of the balance between the side chain length
and Tg of the copolymer. In addition, the film mechanical proper-
ties of the P (MMA-BA) increase more favorably, compared with
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Fig. 5. Contact angle of copolymers P (MMA-BA). The coating procedure was
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Fig. 6. Water contact angle of the film surface after being modified with an alkaline
solution at different concentrations and different reaction time. All measurements
were measured after the rinse of the films with distilled water for three times. The
measurement was measured on copolymer film coated on the copper surface with
different places.

the PMMA. However, the effect of the MMA content on the water
contact angle after hydrolysis of the ester group is more related to
steric hindrance effects than to mechanical properties.

Fig. 6 shows the relationship between the contact angles of
the surface and immersion time and concentration of NaOH solu-
tion. The contact angle has a dramatical decrease with the reaction
time for the one using 1M NaOH, which is significantly different
from using 0.01 or 0.1 M NaOH. It was observed that the film was
dissolved when the concentration of alkaline solution increased
further and the contact angle could reveal the superhydrophilic
(CAs<10°) occasionally, and subsequently one can find that the
content of ester group on the outermost surface is quite important
to the slope gradients via the hydrolysis procedure.

4. Conclusion

A wettability gradient film on copper slide was prepared via
a controlled hydrolysis process. The gradient wettability surfaces
were achieved owing to the gradual change of the chemical
composition from the ester group to acid salt by changing the
reaction time and the concentration of the sodium hydroxide solu-
tions. The hydrolysis gradients have the unique characteristic of

negligibly changing the surface physical properties along the sub-
strate length. One can find that MMA component has a great
influence on the content of ester groups on the outermost sur-
face. Because of the polymers polydispersity, the wettability of
the P (MMA-BA) coating film needs to be further validated by
research. The more ester groups on the surface would introduce
more reactive COOH groups and acid salt by the controlled hydrol-
ysis procedure using relatively alkaline solutions, which will result
in the larger slope gradients. To the best of our knowledge, this is
the first report of the fabrication of gradient wetting surface on cop-
per slide by a simple controlled ester group hydrolysis procedure
of P (MMA-BA) films coated on the copper surface. More impor-
tantly, as compared with other more complex processes, a surface
with WCAs can be achieved by a more simple and feasible way
here with gradual changing for various practical applications such
as heat transfer, micro-fluid flow and biomaterials analysis.
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