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ABSTRACT: The mixed polymer brushes composed of
two incompatible polymers, poly(methyl methacrylate)
and poly(ethylene glycol), were successfully synthesized
via a sequential grafting to method, which was confirmed
by water-contact angle and ellipsometric measurements.
The resulted mixed polymer brushes could undergo con-
formational rearrangements upon exposure to different
selective solvents, and then the lateral segregation in non-
selective solvent and perpendicular segregation in selec-
tive solvent happened. As a result, the mixed polymer
brushes exhibited the ripple morphology and dimple mor-

phology in corresponding solvent, respectively, and which
led to changes in water-contact angle and surface composi-
tion as a function of bulk composition of the mixed poly-
mer brushes. Moreover, the switching properties as the
surface composition, wettability and topographical images
could occur in a controlled and reversible fashion. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 112: 2112-2119, 2009
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INTRODUCTION

Smart or switchable surfaces are capable of respond-
ing to very subtle changes in the surrounding envi-
ronment such as pH,1 surface pressure,2
temperature,” light,* and solvent quality.>® The
responses are caused by the reorganization of the in-
ternal or surface structure of the grafted layers. Such
surfaces hold great promise in applications of nanoe-
lectromechanical, bioanalytical and microfluidic
devices,” drug delivery and biomimetic materials,'’
chemical gates,'! and protein adsorption.'*

Recently, much attention has been paid to binary
polymer brushes composed of two immiscible poly-
mer chains since reversible switching of surface
properties can be observed for these mixed brushes
grafted to a solid substrate.'®'®> Therefore, this kind
of polymer brushes is also one of smart materials.
The surface composition, and hence, the surface
energy, adhesion, friction, and wettability of the
mixed brushes can be “tuned” to a desired physical
state. This provides a means for the fabrication of
“smart surfaces” with new sophisticated properties
such as self-cleaning and self-refreshing abilities or
superhydrophobic behavior.'®!
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Generally, the polymer brush can be synthesized
by two techniques as grafting-from'®'” and grafting-
to.?**! For example, Zhao and coworkers®>* synthe-
sized the mixed polymer brushes containing poly
(methyl methacrylate) (PMMA) and polystyrene (PS)
segments by grafting-from method, and they
observed a transition in water-contact angles with
increasing PS molecular weight after dichlorome-
thane treatment. Feng and coworkers** synthesized
PMMA /PS brushes as well and found that both
water-contact angle and the oxygen concentration
varied depending on whether the substrate was
immersed in a nonselective solvent [tetrahydrofuran
(THF)] or selective solvent for PS (cyclohexane) or
PMMA (isobutanol). Minko and coworkers®>" syn-
thesized PS and poly(2-vinyl pyridine) mixed
brushes by grafting-to technique, and found that the
mixed brushes could be switched between different
surface energetic states upon exposure to different
selective solvents. In this study, a new mixed poly-
mer brushes containing PMMA and poly(ethylene
glycol) (PEG) segments was synthesized by grafting-
to method, and the switching behavior of the mixed
brushes exposure to different selective solvents was
investigated in detail.

EXPERIMENTAL
Materials

Carboxyl-terminated PEG (PEG-COOH) was synthe-
sized by refluxing of PEG monomethyl -ether
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Scheme 1 Schematic diagram of the synthesis of mixed polymer brushes.

(MPEG, M,, = 5000 g/mol, from Fluka Company
and dehydrated before use) with excessive succinyl
anhydride in THF. The resulted PEG-COOH was
purified by multiple precipitations from THF solu-
tion wusing diethyl ether. Carboxyl-terminated
PMMA (PMMA-COOH, M, = 5300 g/mol, M,
= 8700 g/mol, T, = 92°C) was synthesized by radi-
cal polymerization of MMA using 2, 2’-azobis(isobu-
tyronitrite) as initiator and 3-mercaptopropionic acid
as chain transfer agent; 3-Glycidoxypropyl trime-
thoxysilane (GPS) from Aldrich was wused as
received. THF, dichloromethane, ethanol, and tolu-
ene were dried on molecular sieves before use.

The highly polished Si wafer (namely, pristine Si
wafer) was used as a substrate. The wafer was first
cleaned in dichloromethane in an ultrasonic bath for
30 min, and then placed in a piranha solution (7 : 3
of concentrated sulfuric acid/30% hydrogen perox-
ide) at 60°C for 1 h. Finally, rinsed with deionized
water for three times, and the resulted sample was
denoted as Si-OH.

Preparation of the mixed polymer brushes

The mixed polymer brushes containing PMMA and
PEG chains were prepared on Si substrate with car-
boxyl-terminated PMMA and PEG, respectively, by
grafting to method as described in Scheme 1. The
typical preparation procedure was carried out in
three-step as follows: First, GPS-modified Si surface
(Si-GPS) was fabricated from 1 vol % GPS solution
in toluene at room temperature under nitrogen
stream for 16 h. Second, a thin film of PMMA-
COOH was prepared onto the surface of GPS-modi-

fied Si wafer by spin-coating 1 wt % PMMA-COOH
solution in toluene, and then heated at the tempera-
ture of 110 or 120°C for different time. The resulted
surface was designated as Si-PMMA. Third, PEG-
COOH chains were grafted onto the PMMA grafted
Si wafer by covering the PMMA grafted silicon wa-
fer onto PEG-COOH powder at 120°C for 10 h.
Additionally, polymer brush containing PEG chains
only (Si-PEG) was also prepared via grafting PEG-
COOH onto GPS-modified Si wafer. The details on
the preparation have been reported in previous
literature.”

Sample characterization
Ellipsometry

Layer thickness and grafted amounts were evaluated
at L = 640 nm and an incidence angle of 70° using
an instrument of Rudolph auto EL-II Null-Eliipsom-
eter (NJ). Measurements were performed for each
sample after each step of the grafting, and the meas-
urements of the previous step were used as a refer-
ence for the calculation of ellipsometry data. At least
five measurements at different locations were carried
out for each sample. The surface coverage (I', mg/
m?) of the polymer brushes was calculated from the
ellipsometry thickness of the layer, & (nm), by the
following equation®”:

I'=hp 1)

where p is density of attached macromolecule. The
density of PMMA and PEG was assumed to
be 1.18 and 1.09 g/cm® respectively, in our
calculation.
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Contact angle measurements

Water-contact angle was performed by sessile drop
technique using OCA15 instrument (Dataphysics
Instruments Company, Germany) at ambient condi-
tions (temperature : 20°C, and the relative humidity:
80%). The static contact angle of water was mea-
sured at contact time ¢ = 15 s after a drop of deion-
ized water (2 pL) application. The reported values
were an average of three individual measurements
on different regions of the same sample. To estimate
the predicted water-contact angle of each polymer
brush at the surface, the Cassie equation® was used:

cos 0 = fi cos 0 + f» cos 6, )

where f; and f, represent the fractions of each poly-
mer, 01, 0, are the measured contact angles for the
pure polymers, and 0 is the contact angle for the
mixed brushes.

AFM observation

The surface morphology of the film was observed by
an atomic force microscope (AFM, SPA 300HV,
Seiko Instruments, Japan) in ultra-light-tapping
mode at ambient conditions. A micro-fabrication
cantilever with constant of ~ 20 N/m and a scan
rate of 2 Hz was used.

Switching procedure

The samples of Si wafers grafted PMMA and PEG
chains were exposed for 10 min to solvents with dif-
ferent quality, such as THF, ethanol, and toluene.
After each treatment with a particular solvent, the
samples were withdrawn from the solution to air-
dry at ambient conditions. A cover was placed over
the sample during drying to prevent disruption of
the sample by air currents. After exposing in each
solvent, the samples were allowed to sit for 1 h.
Then the contact angle and the surface morphology
were measured. The experiment was repeated sev-
eral times with each sample to verify the reversibil-
ity of the switching property. At ambient conditions,
the dry PMMA film is in glassy state and the dry
PEG presents in crystals, consequently, the film mor-
phology is stable for a certain time and the water-
contact angle at the surface could reflect the switch-
ing behavior of the mixed polymer brushes.

RESULTS AND DISCUSSION
Modifying of Si wafers

Expoxysilanes are classical compounds that have
been used to enhance the stability and integrity of
polymer/inorganic interfaces.>® Thereupon, GPS,
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Figure 1 Water-contact angles of different layers on the
Si substrate.

one of expoxysilanes, was served as the modify rea-
gent to treat the Si wafer, which had been dealt with
a piranha solution. And then the GPS-grafted surfa-
ces were used to graft PMMA and/or PEG chains.
The modified surfaces were examined by water-con-
tact angle and ellipsometry measurements.

Contact angle measurements allow estimation of
how the surface is screened with the (macro)mole-
cules deposited on the substrate. Therefore, it was
used to monitor the availability of each disposal
steps, and Figure 1 shows the contact angle values
of the pristine Si wafer and Si substrates covered
with different molecular layers. We can find that the
contact angles at the Si substrates changed remark-
ably after each disposal step, demonstrating that the
surface wettability varied upon different layers. In
specific, the water-contact angle of the pristine Si
wafer was about 62° + 1°, whereas the contact angle
of Si wafer after treating in a piranha solution,
namely, Si-OH, decreased to below 7°. The Si wafer
with GPS layers (Si-GPS), had a contact angle of 52°
+ 1°, marked higher than that of the Si wafer freshly
treated with piranha solution, which indicated that
the Si surface was completely covered with the GPS
molecules after GPS grating. By contrast, the water-
contact angle of PMMA-grafted surface (Si-PMMA)
increased to around 71° + 2°, whereas PEG-grafted
surface (Si-PEG) had a contact angle of 34° + 2°.
Results revealed that the PEG-grafted surface had
better ~wettability than PMMA-grafted surface
because PEG was more hydrophilic than PMMA.
These facts demonstrated that PMMA and PEG
chains could be successfully grafted onto the surface
of GPS-modified Si wafers, respectively, via the reac-
tion between —COOH and epoxy groups.

Initially, the thickness of the native SiO, layer was
21-24 A, and the thickness of GPS layer 14-15 A
measured by ellipsometry, indicating that the GPS
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TABLE 1
Surface Thickness (h), Coverage (I'), and Composition of Mixed Polymer Brushes
Sample S1 S2 S3 S4 S5 S6 S7 S8 S9

h (nm)

PMMA 0.89 1.16 1.72 2.42 3.00 3.32 3.70 3.76 4.06

PMMA+PEG 4.28 4.28 4.34 4.31 421 3.97 4.22 4.19 4.25
I' (mg/ mz)

PMMA 1.05 1.37 2.02 2.86 3.54 3.92 4.36 443 4.79

PEG 3.70 3.40 2.86 2.05 1.32 0.71 0.58 0.47 0.21
PEG fraction (%) 79.3 72.8 60.5 43.7 28.8 16.3 12.5 10.3 45

layer was composed of 1-1.6 coupling GPS mole-
cules as the chain length of single GPS molecule
with fully extended conformation was 9.50 A from
computer model.** The thickness of the PMMA and
PEG layers was about 4.05 and 4.15 nm when single
PMMA-COOH or PEG-COOH were completely
grafted onto the GPS-modified surface and that the
grafting reaction has reached its saturation point,
respectively, which further confirmed that PMMA
and PEG chains could be successfully grafted onto
the Si surface, respectively, by the designed grafting
process.

Synthesis of mixed polymer brushes

In our experiment, the mixed polymer brushes con-
taining PMMA and PEG chains were synthesized
with three-step procedure. First, we covalently
grafted GPS to the surface of Si wafers. Second, we
prepared nine different amount of PMMA brush on
the GPS-modified Si wafers. In the third step, we
grafted PEG on each Si wafer containing previously
grafted PMMA. The grafting of PMMA and PEG
were examined by water-contact angle and ellipsom-
etry measurements. The mixed polymer brushes
with various compositions of PMMA and PEG could
be obtained by regulating the grafting time and tem-
perature, and results are summarized in Table 1.
Generally, the thicknesses of the resulted mixed
brush layers were between 4.34-4.19 nm, which
were higher than those of single PMMA-grafted
layer (about 4.05 nm) or PEG-grafted layers (about
4.15 nm). The reason that led to this result was that
polymer chains in the mixed brushes might stand

more erect than those of single PMMA or PEG-
grafted layers after the nonselective solvent treat-
ment (such as THF) owing to PMMA and PEG are
incompatible polymers under the ambient condi-
tions, and which then resulted in the mixed polymer
brushes had thicker layers. On the other hand, the
surface coverages of the grafted mixed polymers
were between 4.5 and 5.0 mg/m? which remained
relatively constant on the whole. Moreover, the sur-
face coverages of PEG decreased as those of PMMA
layers increased. The successful synthesis of the
PMMA /PEG mixed brushes from polymers of simi-
lar molecular weights but different chemical compo-
sitions have also been confirmed by X-ray
photoelectron spectroscopy (XPS) and atomic force
microscope (AFM) measurements, which has been
reported recently.”®

Wettability of mixed polymer brushes

Wettability can reflect the chemical composition at
the surface of the investigated sample.*>*” In our
experiment, the surface wettability of the resulted
mixed brushes was evaluated using the water-con-
tact angle. The samples were exposed to THF, which
is a good solvent for both PMMA and PEG. Conse-
quently, both polymer chains could be swollen in
the favorable solvent with the structure locked in
place as THF evaporated completely. The water-con-
tact angles of the resulted mixed polymer brushes
with various compositions varied between 34° 4 2°
(for pure PEG-grafted surface) and 71° £ 2° (for
pure PMMA-grafted surface) (as shown in Fig. 1
and Table II), indicating both PMMA and PEG

TABLE II
Water-Contact Angle of Mixed Brushes Treated with Different Quality of Solvent

Sample S1 S2 S3 S4 S5 S6 S7 S8 S9
PEG fraction (%) 79.3 72.8 60.5 437 28.8 16.3 12.5 10.3 45

Water-contact angle (°)
After THF 42.6 448 52.1 56.9 59.8 63.1 66.2 67.1 70.6
After toluene 49.2 514 56.3 59.5 64.2 66.7 69.2 70.6 71.8
After ethanol 39.2 40.7 43.9 47.2 53.0 57.4 59.8 61.4 64.3
Difference between 10.0 10.7 124 12.3 11.2 9.3 9.4 9.2 7.5

toluene and ethanol

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Water-contact angles for mixed polymer

brushes after exposed in THF versus the brush composi-
tion: (O) values calculated using the Cassie equation; (H)
experimentally measured values.

segments appeared at the air interface after THF
treatment. Furthermore, the water-contact angle
decreased gradually with the increase of the bulk
content of grafted PEG in mixed brushes, which
indicated that the wetting property of the mixed
brushes was a function of the chemical composition
and both polymers contributed to the surface energy
of the mixed brushes.

The Cassie equation® provides a basis for compar-
ing experimental results to those predicted values
because contact angle is a function of the fraction of
each polymer presents on the top layer of the mixed
brushes. Experimentally measured values of 71° (64,
for PMMA brush) and 34° (8,, for PEG brush) were
used in our estimations. Using the Cassie equation
and values of the brush composition taken from the
grafting data (Table I), a plot of the expected contact
angle as a function of composition can be calculated,
and this along with the experimental data is shown
in Figure 2. Results indicated that the contact angles
of the experimental values were quite reasonable as
compared with those of the calculated ones, which
further demonstrated that the mixed polymer
brushes were successfully synthesized and the wett-
ability of the mixed brush surfaces was proportional
to the chemical composition.

Study of switching behavior

Switching behavior of the mixed brushes was studied
by exposing the samples to a selective solvent (toluene
or ethanol), and then samples were dried as that
described in the experimental part. The brush struc-
ture, frozen into a glassy or crystallization state, was
investigated using water-contact angle measurements.
The solubility value parameters (3) of solvents as
toluene, THF, and ethanol from literature® are 8.9,
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9.9, and 12.7 in units of (cal/ cm3)1/ 2 respectively,
whereas the values of the solubility parameters are
9.5 and 10.8 in units of (cal/cm®)'/? for PMMA and
PEG, respectively,® exhibiting there is much differ-
ence in solubility parameters between PMMA and
PEG. Therefore, PMMA and PEG are incompatible
polymers under the ambient conditions. Accord-
ingly, we can find that toluene is a slightly PMMA-
selective solvent whereas ethanol is a slightly PEG-
selective solvent. At this point it can be supposed
that exposing the mixed brushes to a selective sol-
vent for PMMA or PEG (i.e., toluene for PMMA and
ethanol for PEG), the distribution (composition) of
the polymer chains at the surfaces would change as
compared to that of in nonselective solvent, THF.
Consequently, the water-contact angle would change
and reflect this phenomenon.

Figure 3 and Table II display results of contact
angle measurements after exposed in solvents with
different quality. It could be found that water-con-
tact angles of the mixed brushes were higher after
treated with toluene than those of treated with THF,
suggesting that the surfaces became more hydropho-
bic after toluene treatment. By contrast, water-con-
tact angles decreased after ethanol treatment as
compared to THF treatment, demonstrating that the
surfaces were more hydrophilic upon ethanol treat-
ment. Accordingly, we could deduce that for the
same mixed polymer brushes, more content of
PMMA chains presented at the surface upon toluene
treatment. Likewise, more content of PEG segments
presented at the surface after exposure upon etha-
nol. Therefore, the mixed brushes had the wettability
switching behavior when they were treated with dif-
ferent quality of solvents. And this switching behav-
ior resulted from the conformational reconstructions
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Figure 3 Switching behavior of mixed polymer brushes
upon exposure to different solvents with the brush
composition.
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Figure 4 AFM topographical images of mixed polymer brushes upon exposure to different solvents versus PEG content:
THEF: (al, a2, a3) 10.3%, Toluene (b1, b2, b3) 43.7%, and Ethanol (c1, c2, c3) 79.3%. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

and then, the distribution of PMMA and PEG seg-
ments just appeared at the air interface. Meanwhile,
Table II also revealed that differences in water-contact
angles between toluene and ethanol treated surfaces
were between 7.5° and 12.5°, indicating that the overall
degree of switching remained relatively constant.

Moreover, all changes of the surface wettabilities
observed experimentally were reversible, namely, if
the Si wafer with mixed PMMA /PEG brushes was
exposed upon THF again after it was treated in the
first solvent (such as toluene or ethanol), the brushes
would adjust to the state that of originally presented

Journal of Applied Polymer Science DOI 10.1002/app
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as THF treatment, and showed original wetting
behavior, and vice versa.

The switching behavior of the mixed brushes was
also investigated with AFM technique. Figure 4
shows how surface morphologies of the mixed poly-
mer brushes changed with the content of PEG upon
THF (nonselective solvent), and toluene and ethanol
(selective solvent) treatment. We can found that
some isolated domains of PEG crystals with an aver-
age diameter of 3040 nm formed on the surfaces
upon treated with the nonselective solvent of THF
[Fig. 4(al)] when PEG amount in the mixed brushes
was low, e.g., 10.3%. More PEG crystals were
observed on the surfaces with PEG amount
increased [Fig. 4(b1)] until PEG crystals began to
coalesce [Fig. 4(c1)]. By contrast, the topographical
images changed when the same sample was
treated with the selective solvent (ethanol or tolu-
ene). It could be observed that the surfaces grew
much smoother upon exposure to toluene as com-
pared with the surface treated with THF for the
sample with the same composition [Figs. 4(a2, b2,
and c2)], indicating more PMMA chains migrated
to the surfaces. On the other hand, more large
PEG crystals came forth on the surfaces upon ex-
posure to ethanol as compared with the surface
treated with THF [Figs. 4(a3, b3, and c3)]. These
showed that the surface composition of the poly-
mer brushes could reorganize upon exposure to
solvents with different quality, which endowed
the mixed polymer brushes with the switching
behavior.

The switching behavior of the mixed brushes from
polymers of comparable molecular weight could be
illustrated by two possible types of morphology as
shown in Scheme 2 [cross section, the black chains
denoting one of the polymers (PMMA or PEG) while
the gray chains the other]. Generally, the mixed
brushes could exhibit lateral or perpendicular (sand-
wich-like) segregation upon exposure to different
quality of solvents. Lateral structure formation
[Scheme 2(a)] was dominant in nonselective solvent,
such as THF for PMMA /PEG mixed brushes, and
resulted in the ripple morphology, i.e., the two com-
ponents segregated into elongated domains or
stripes. If the solvent was bad for one component
(e.g., ethanol for PMMA and toluene for PEG), then
most of this polymer would form clusters embedded
in a matrix of the other polymer [dimple morphol-
ogy, Scheme 2(b)]. The matrix component was
enriched at the brushes’ top, while the component
that formed the dimples prevailed at the bottom of
the brushes, and this self-assembly determined the
surface energetic state and functionality. So the sur-
face morphology was controlled by exposing the
mixed brushes to different environments, for
instance, solvents with different quality. Thereby,

Journal of Applied Polymer Science DOI 10.1002/app
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Scheme 2 Schematic illustration of the switching behav-
ior for the mixed polymer brushes: (a) treated in a nonse-
lective solvent; (b) treated in a selective solvent.

the mixed polymer brushes showed marked switch-
ing behavior.

CONCLUSIONS

The mixed polymer brushes containing PMMA and
PEG segments were successfully synthesized on the
GPS-modified Si surface via the sequential grafting
of a carboxyl-terminated PMMA on the first step
and then a carboxyl-terminated PEG on the second
step. The thicknesses of the resulted polymer
brushes were between 4.34 and 3.97 nm whereas the
water-contact angles were between 71° and 34° in
the nonselective solvent, such as THF. The surface
morphology of the mixed polymer brushes could
undergo reorganization in response to treatment
with different quality of solvents. As a result, the
mixed polymer brushes presented the ripple mor-
phology in nonselective solvent (for instance, in
THF) and the dimple morphology in selective sol-
vent (for example, in toluene and ethanol). There-
upon, the surfaces of the mixed brushes became
more hydrophobic after toluene treatment than
treated with THF. By contrast, the surfaces were
more hydrophilic treated with ethanol than THF
treatment. Furthermore, the changes in water-contact
angles and surface morphologies were reversible,
which endowed the mixed polymer brushes with
the outstanding switching behavior.
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