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ABSTRACT: A methodology is demonstrated for creating responsive polymer surfaces that can alter
their wetting characteristics when exposed to a humid environment. For this, we take advantage of the
surface partitioning of block copolymers at the polymer/air interface and utilize a hydrophilic group at
the end of the surface-active block. When exposed to water vapor, the end group, hidden below the surface
when in contact with dry air, presents itself to the surface thus significantly reducing the water contact
angle. This function can be reversed and repeated again and again by successive exposures of the surface

to dry and wet environment, respectively.

I. Introduction

The properties of material surfaces/interfaces are of
fundamental importance in scientific areas such as
wetting, lubrication, tackiness, and adhesion, which
control a variety of applications in, e.g., biotechnology,
industrial coatings, cosmetics, etc.! The wettability of
a solid material is controlled by its surface energy:
when a liquid is in contact with a solid surface in static
equilibrium with its vapor, the liquid may form a contact
angle 6 with the surface (partial wetting) when the
various surface tensions obey Young's equation

YLy €0S 0 = ysy — Vs 1)

where ysy is the surface tension of the solid, y, v that of
the liquid, and ys. the solid—liquid interfacial tension.
For complete wetting, ysv — ysL = yLv, with the equal
sign signifying zero contact angle. Therefore, wetting
is promoted for high substrate surface tension ysy, low
fluid surface tension yv, and/or low solid—liquid inter-
facial tension ys;, whereas dewetting is favored in the
opposite limits.

Tailoring the wettability of a surface is being at-
tempted by various means of surface modification.
Deposition of self-assembled monolayers (SAM's) pro-
duces terminally attached organic modifiers,2~4 whose
terminus functional moieties determine the hydropho-
bicity/hydrophilicity of the final surface by decreasing/
increasing the material surface energy. Recently, me-
chanically assembled monolayers® were utilized in order
to create superhydrophobic polymer surfaces. External
physicochemical treatments® (e.g., oxygen plasma or
ultraviolet/ozone or corona discharge) are frequently
used to increase the surface polarity. The above proce-

* To whom correspondence should be addressed.

T Institute of Electronic Structure and Laser, Foundation for
Research and Technology—Hellas.

* University of Crete.

§ University of Athens.

MInstitute of Chemical Engineering and High-Temperature
Processes, Foundation for Research and Technology—Hellas.

U Present address: Department of Materials, University of
California at Santa Barbara, Santa Barbara, CA 93106.

10.1021/ma0211129 CCC: $25.00

dures, however, require an extra processing step for the
modification of the material surface. Moreover, when
high-energy surfaces are created by these means, they
usually deteriorate with time due to surface reconstruc-
tion. Alternatively, low energy surfaces (oleophobic or
hydrophobic) can be prepared by the addition of inter-
facially active components, which selectively segregate
to the interface in order to reduce the total free energy
of the system. Therefore, a need emerges for the creation
of hydrophilic surfaces using additives and without
extra processing steps. These additives should be able
to express hydrophilicity by responding to external
stimuli.

In recent years, various efforts have been presented
for the development of materials that can respond to
environmental stimuli, such as changes in pH, temper-
ature, or the presence of a specific chemical substrate,
where the emphasis was on switchability and revers-
ibility. Hydrogels, which swell or shrink in response to
environmental changes, find applications as biomate-
rials and drug-delivery systems” whereas complex pat-
terns are generated on their surfaces.®® Synthesis of
hybrid materials, which combine two different types of
properties (e.g., hydrogels with colloidal crystals®! or
with coiled-coil proteins??) can lead to systems exhibiting
temperature- or chemical-sensing properties. Concern-
ing surfaces, utilization of a fluorinated polymer liquid
crystal coating in the temperature range of a smectic-
to-isotropic bulk phase transition produced a switchable
surface with respect to both wettability and tack.'®
Moreover, changes in temperature of an oxidized poly-
mer in water affected its wettability,!* whereas the
influence of surface heterogeneity, cooperativity and
dynamics on the responsiveness of a polymer surface
has been discussed.’> When an ordered amphiphilic
diblock copolymer film is soaked in a selective solvent,
a different microdomain is observed at the free surface.1®
A polystyrene-block-poly(methyl methacrylate) brush
synthesized on a solid surfacel” presents a different
block to the surface when immersed in a selective
solvent whereas a binary brush made of end-anchored
incompatible homopolymers responds to a selective
solvent due to the swelling of one polymer and the
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Figure 1. Schematic diagram of the methodology employed:
When a mixture of X—AB (X is the hydrophilic functional end
group) in B is spin coated on a substrate and then annealed
above the glass transition temperature, the diblock copolymer
partitions to the free surface where the low-energy A block
(thick black line) acts as an anchor to the free surface and the
B block (thick gray line) forms a dangling chain within the
matrix homopolymer (thin gray line). The hydrophilic end
group (oval) is brought to the vicinity of the free surface but
is hidden below the surface when the specimen is exposed in
air (a). When the specimen is exposed to water vapor, the
hydrophilic end group responds to the new environment by
presenting itself to the surface (b). This reduces significantly
the water contact angle with representative drops shown in
parts ¢ and d.

collapse of the other.!® Finally, the surface organization
of functional end groups in homopolymers leads to the
control of polymer surface properties!®2° as well as to
the modification of polymer/polymer interfaces.?1:22

Here, we present an investigation on the development
of polymer surfaces, which can respond to their envi-
ronmental conditions. This is demonstrated for surfaces
that can alter their wetting characteristics (become
hydrophilic) when exposed to water vapor. The meth-
odology proposed utilizes two concepts: the partitioning
of an AB block copolymer to the polymer/air interface
via its low-energy A block and the surface reorganiza-
tion of a functional end group X. When an AB diblock
copolymer (formed by covalently linking two chemically
distinct A and B polymeric chains) is mixed with a B
homopolymer, the copolymer partitions to the sur-
face?324 with the interfacially active A block acting as
an anchor to the surface and the B block (compatible
with the homopolymer) forming a dangling chain?® that
keeps the additive tethered to the matrix polymer. This
surface partitioning brings a functional (hydrophilic)
end group X, chemically attached at the end of the low-
energy block, to the vicinity of the surface. The high-
energy end group is hidden below the free surface in a
dry environment whereas it appears at the surface when
exposed to water vapor because of its polarity;?° this is
schematically shown in Figure 1. As a result, the
equilibrium contact angle of water is significantly
reduced in a switchable way. The end group type,
block—length ratio, and additive concentration control
the magnitude of the effect. Such a strategy could be
used to develop “smart” polymer materials with applica-
tions such as wetting, adhesion, and biocompatibility.
It is noted that a similar methodology has been pro-
posed?® to enhance the adhesion selectively toward
materials with the proper receptor for the functional
moiety.
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Table 1. Molecular Characteristics of the Samples

code M2 Mw/MP Wp © end group

NIS-72 24 400 1.07 0.72 dimethylamined
NIS-49 23500 1.06 0.49 dimethylamined
NIS-31 25 600 1.06 0.31 dimethylamined
NIS-25 20500 1.07 0.25 dimethylamined
Z1S-72 24 400 1.07 0.72 sulfozwitterion®
Z1S-49 23500 1.06 0.49 sulfozwitterion®
Z1S-31 25 600 1.06 0.31 sulfozwitterion®
Z1S-25 20 500 1.07 0.25 sulfozwitterion®
D-2f 23 300 1.04 0.50

PS-1 204 000 1.02

PS-2 9860 1.05

PSD 190 000 1.04

a2 Weight-average molecular weight determined by low-angle
laser light scattering. ® The molecular weight polydispersity
index determined by size exclusion chromatography. ¢ Polyisoprene
weight fraction determined by *H NMR. 4 —CH,CH,CH,N(CHy3)».
¢ —CH,CH2CH;N*(CH3),CH2CH,CH,SO3". f The isoprene block
was terminated by methanol; thus, D-2 possesses methyl end
groups.

I1. Experimental Section

The copolymer system investigated is polystyrene-block-
polyisoprene diblocks with two different types of functional
groups X at the end of the low-energy polyisoprene block: a
dimethylamine and a sulfobetaine (sulfozwitterion) end group
(the copolymers are denoted XIS, see Table 1). The end-
functionalized diblock copolymers were synthesized by anionic
polymerization under high vacuum. The synthesis utilized a
3-(dimethylamino)propyllithium initiator for the introduction
of the dimethylamine end group whereas reaction of this group
with 1,3-cyclopropane sultone produced the sulfozwitterion
moiety.?” The diblock copolymers were analyzed by size exclu-
sion chromatography using refractive index and UV detection.
Weight-average molecular weights were obtained by low-angle
laser light scattering whereas the copolymer composition was
determined by 'H NMR spectroscopy. The macromolecular
characteristics of the samples are shown in Table 1 together
with those of the polystyrene (PS) homopolymers used as the
matrix. The diblocks have almost the same molecular weight
while their compositions range from 25 to 72 wt % in
polyisoprene. The composition of the copolymer, i.e., the
relative sizes of the two blocks, is anticipated to influence the
tendency for interfacial migration® and, thus, the number
density of functional groups that may eventually end up at
the surface.

Thin films of XIS/PS mixtures (about 300 nm) were spin
coated from toluene solutions onto polished and cleaned Si
wafers (5 cm in diameter and 5 mm thickness for the neutron
reflectivity measurements or 3 cm x 2 cm and 0.5 mm
thickness for the contact angle measurements), purchased
from Semiconductor Processing Technologies, placed at 60 °C
under vacuum to remove the remaining solvent, annealed for
24 h at 170 °C (above the glass transition) in a vacuum to reach
equilibrium, and then rapidly quenched to room temperature.

Neutron reflectivity measurements were performed at room
temperature at the time-of-flight DESIR reflectometer at the
ORPHEE reactor at Laboratoire Leon Brillouin, CEA Saclay,
91191 Gif-sur-Yvette Cedex, France. Deuterated polystyrene
PSD (Table 1), with characteristics similar to PS-1, was used
as a matrix for these experiments. In brief, a collimated (66
~0.01—0.03°) neutron beam with a distribution of wavelengths
(4 < A < 35 A) impinges upon the specimen surface at a fixed
angle 0 = 1.8° and the reflected intensity is measured also at
an angle 6 with respect to the film surface. The variation of
the component of the incident neutron momentum perpen-
dicular to the film surface, ko = (277/4) sin 6, is achieved due
to the wavelength distribution of the incoming neutron beam.
The principles of NR have been discussed previously?%25 and
are not reproduced here, whereas the analysis of the neutron
reflectivity data is performed using the matrix method.

The surface tensions of mixtures of polystyrene homopoly-
mer (sample PS-2 with low molecular weight, Table 1) with
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the additives against air were measured using the pendant
drop method and an automated interfacial tensiometer based
on the analysis of axisymmetric fluid drop profiles.?*=3! The
method is based on the principle that the shape of the profile
of a drop of one fluid into a matrix of another is governed by
a force balance between interfacial tension and gravity forces,
which is described by the Bashforth—Adams equation. Litera-
ture values were used for the calculation of the density of the
polystyrene homopolymer,? whereas, since the weight frac-
tions of copolymers added is always small (less or equal to 4%),
it is assumed that the addition does not affect the density
difference across the interface.

The contact angle measurements were performed on thin
film specimens, which were prepared as above and then
exposed to a saturated water vapor environment for different
times in a sealed chamber at 45 °C. They were then removed
and the contact angle of Millipore water was measured in air
using the automated tensiometer, which utilizes the whole
drop profile for the evaluation of both the contact angle and
the surface tension of the fluid.?%33

X-ray photoelectron spectroscopy measurements were per-
formed in a turbo-pumped UHV chamber equipped with a
Leybold LHS-12 hemispherical electron energy analyzer a
twin-anode X-ray gun. The unmonochromatized Mg Ka line
at 1253.6 eV and an analyzer pass energy of 97 eV, giving a
fwhm of 1.6 eV for the unresolved Si 2p doublet, were used.
Measurements were taken for normal takeoff angle.

I11. Results and Discussion

The free-surface partitioning of the diblocks was
verified by surface tension and neutron reflectivity
measurements. The surfactant-like character of the
diblock copolymers is evident when the surface tension
is measured for mixtures of PS with the additives
against air using the pendant drop method.?°3! The
surface tension decreases with the additive concentra-
tion and reaches a plateau, whereas the values at
interfacial saturation are not affected by the type of the
functional group,®* because the group is not exposed
right at the surface. Neutron reflectivity investigations
of the XIS/PS mixtures quantified the extent of surface
partitioning in the films, which depends on additive
concentration. Moreover, for the same bulk concentra-
tion (e.g., 5 wt %), the diblocks with the sulfozwitterion
end group (Z1S) showed a lower adsorbed amount at the
air surface than the respective ones with the amine end
group (NIS). Since in the absence of a substrate the
surface tensions in both cases were the same,3* this is
due to the fact that the sulfozwitterion is strongly
attracted to the silicon wafer substrate and, thus, the
polymer/substrate interface is enriched in the copolymer
as well. This enrichment is less in the case of the
dimethylamine end group.

Figure 2a shows the dependence of the equilibrium
contact angle of Millipore water on the surface of NIS-
31/PS-1 films as a function of the time of exposure to
water vapor for various concentrations. The contact
angle starts from about 82°, which is between that of
pure polystyrene (89°) and pure polyisoprene (79°), for
all specimens (a representative drop image in shown in
Figure 1c). Following exposure to humid environment
the contact angle decreases and reaches values as low
as 60°. This is due to the surface reorganization of the
amine end groups toward the free surface because they
sense the water vapor. The final contact angle decreases
when the additive concentration increases from 2 to 5
wt %,3% whereas no significant difference is observed
when the additive concentration increases further to 10
wt %. The kinetics of the surface reorganization depends
on concentration in a complicated way, which is not
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Figure 2. (a) Contact angles of NIS-31/PS-1 films vs the
exposure time to water vapor for various additive concentra-
tions: 2 wt % (<), 5 wt % (2), and 10 wt % (O). (b) Contact
angles of 5 wt % NIS/PS-1 films vs the exposure time to water
vapor for various block—length ratios: NIS-72 (O), NIS-49
(open triangle pointing left), NIS-31 (O), and NIS-25 (V). The
best behavior is observed for NIS-31. The error bars are less
than the size of the points (£1°). The lines are guides to the
eye.

understood yet and is under further investigation. For
the same additive concentration (5 wt %), the equilib-
rium contact angle following exposure to water vapor
depends on the block—length ratio of the copolymer as
can be seen in Figure 2b. The effect is less pronounced
for the additive rich in isoprene because there are fewer
end groups near the surface. Decreasing the polyiso-
prene content of the additive (from 72 to 49 to 31%)
decreases the final contact angle, because for similar
adsorbances there are now more and more end groups
near the surface, whereas further decrease to 25%
reverses the dependence (the final contact angle for NIS-
25 is similar to that for NIS-49). The latter is not
understood but, tentatively, it may be due to a lower
adsorbance and/or more stable micelles.3¢ It should be
noted that the contact angles for the respective D-2/PS-1
films (i.e., in the absence of a hydrophilic end group)
did not change with exposure time from the initial value
of 82° within experimental error.

The effect of the exposure to water vapor is even more
pronounced for the ZIS series with the more polar
sulfozwitterion end group. Figure 3a shows the depen-
dence of the contact angle on exposure time for films of
Z1S-31/PS-1 for various concentrations. The contact
angle decreases from about 82° only slightly for con-
centrations 2 and 5 wt % whereas it shows a dramatic
reduction to about 46° for concentration 10 wt % (a
representative drop image in shown in Figure 1d). As
noted above, neutron reflectivity revealed that, in the
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Figure 3. (a) Contact angles of ZIS-31/PS-1 films vs the
exposure time to water vapor for various additive concentra-
tions: 2 wt % (®), 5 wt % (a), and 10 wt % (m). (b) Contact
angles of 10 wt % ZIS/PS-1 films vs the exposure time to water
vapor for various block—length ratios: ZI1S-72 (@), ZIS-49 (solid
triangle pointing left), ZIS-31 (M), and ZIS-25 (¥). The optimum
behavior is observed for ZIS-31. The error bars are less than
the size of the points (+1°). The lines are guides to the eye.

case of ZIS, the copolymer partitioning to the free
surface is less than that for NIS due to the enhanced
segregation of ZIS to the silicon substrate. This is why
higher ZIS concentrations are needed (the free surface
adsorbance for 5% Z1S-31/PS-1 is even lower than that
for 2% NI1S-31/PS-1).35 The achievement of a 46° contact
angle with 10 wt % ZIS-31 was the best observed as
can be seen in Figure 3b. Similarly to Figure 2b, the
additive with 31% polyisoprene was much better than
those with either higher or lower polyisoprene fractions
for reasons similar to the ones for the NIS series
(neutron reflectivity revealed that the adsorbance at the
air surface for ZIS-25 was less than for Z1S-31).%5
Something worth noticing is the much more abrupt
change in the values of the contact angle after certain
exposure times for the ZIS series (Figure 3) than for
NIS (Figure 2). It is estimated that this is due to the
existence of clusters formed by the zwitterion dipoles;3”
the end groups have to release themselves from these
clusters in order to reach the surface. However, this is
still a tentative explanation at this time.

It has been, therefore, shown that taking advantage
of the surface segregation of diblock copolymers together
with the presence of a hydrophilic end group chemically
attached at the end of the low surface energy block leads
to a surface that can respond to its new environment.
In Figure 1, we had schematically presented the surface
reorganization that was anticipated in order to obtain
the reduction of the contact angle values, which was
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Figure 4. X-ray photoelectron spectra (in arbitrary units
shifted for clarity) for a 10 wt % ZIS/PS-1 film for various
exposure times to water vapor: 1 day (O), 4 days (®), 7 days
(©), 11 days (a), and 14 days (V). The spectra are shown in
the binding energy range of S 2p (a) and N 1s (b). Between 4
and 7 days of exposure, the nitrogen and sulfur elements of
the sulfozwitterion end group appear at the surface.

guantified in Figures 2 and 3. However, one would like
to observe whether the schematic presented in Figure
1, parts a and b, is indeed the reason for the reduction
of the contact angles from about 82 down to 46°.
X-ray photoelectron spectroscopy (XPS) is a surface-
sensitive analytic technique, which can discriminate
atoms based on the range of Kinetic energies of the
emitted photoelectrons originating from core levels.
Since the zwitterion end group possesses nitrogen and
sulfur atoms, XPS is used to verify the presence (or
absence) of the end group in the vicinity of the free
surface. Figure 4 shows the photoelectron spectra in the
binding energy range of S 2p (Figure 4a) and N 1s
(Figure 4b) for films of ZI1S-31/PS-1 for various exposure
times to water vapor. It is evident that following
exposures of 4—7 days, both elements are clearly
observed at the surface. Note that the chemical state of
the atoms can be detected by XPS because it leads to
line shifts: the binding energies associated with both
elements agree®® with the chemical structure of the
sulfozwitterion end group. Although the escape depth
for X-ray photoelectrons is in the range of 7 nm for
polymers, since each end group possesses only one
nitrogen and one sulfur atom, their presence is evident
only when they are really at the surface.®® The sulfur
to carbon atomic ratio calculated from the photoelectron
spectra following 14 days of exposure is found equal to
1.8 x 1072 compared to about 5 x 10~ estimated in the
bulk; this is roughly the coverage of the sulfur atoms
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Figure 5. “Education” of the smart surface. Representative
water drops on a 10 wt % ZIS-31/PS-1 film following (a) no
exposure, (b) 5 days exposure to water vapor, (c) 14 days
exposure to water vapor, (d) 2 days in a vacuum after (c), and
(e) 1 day exposure to water vapor after (d).

(sulfozwitterion end groups) at the vicinity of the free
surface. Therefore, XPS clearly verifies the schematic
presented in Figure 1.

Finally, the switchability of the behavior was inves-
tigated. Figure 5 shows representative drop images for
a 10 wt % ZI1S-31/PS-1 specimen before exposure (a) and
after 5 (b) and 14 days (c) of exposure to water vapor.
This is essentially the behavior discussed in relation to
Figure 3 above. When the specimen in (c) is held in a
vacuum only for 2 days, its contact angle increases
already to 76° (d) whereas subsequent exposure to water
vapor for only 1 day is enough to reduce the contact
angle to 50° (e). This switchable behavior, which does
not even require the initial 14 days, can be continued
for about five times (on average). This may be an
indication that indeed the sulfozwitterion participates
at the beginning in some kind of clusters, which slows
the reorganization the first time. Subsequently, the
zwitterion does not have the time to re-form the clusters,
and thus, it switches to and back from the surface faster.
Therefore, one can think of “educating” the specimen
during the first cycle and following its adaptiveness in
the next cycles until it does not function any more.3°

In summary, we have presented a methodology for
the development of smart polymer surfaces, which can
respond to changes in their environment. This utilizes
a block copolymer with a functional group at the end of
the low-surface-energy block. The latter acts as a vehicle
bringing the end group to the proximity of the surface
whereas by exposing the specimen to water vapor it
responds by presenting the hydrophilic end group to the
surface. The optimization of the behavior is by no means
complete: different end groups, number of end groups
per anchor chain, macromolecular architecture will all
be important and are under further investigation. This
study presents a methodology, which, we believe, can
have numerous extensions in the areas of sensors and
biomaterials.
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D-2 (with methyl end groups), 27.1 + 0.2 mN/m for PS-2/
NIS-31, and 27.2 £+ 0.3 mN/m for PS-2/Z1S-31.

Adsorbed amounts for the copolymer at the free surface can
be calculated from the scattering length density profiles
obtained from the analysis of the neutron reflectivity data
(eqs 2—7 of ref 25). Although the errors introduced by the
present deuteration scheme are large,?® these adsorbed
amounts z* are 7 nm for 2 wt % of NIS-31, 17 nm for 5 wt %
of NIS-31, 6 nm for 5 wt % of ZIS-31, 8 nm for 10 wt % of
Z1S-31, and 7 nm for 10 wt % of ZIS-25.

For the molecular weights and the concentrations used in
the present work, a calculation for the critical micelle
concentration based on the theoretical expressions for the
chemical potentials used in ref 31 and neglecting the effects
of the end groups (amine and sulfozwitterionic) indicates that
micelles will not be present for NIS-31, NIS-25, Z1S-31, and
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Z1S-25 whereas they will be present for NI1S-49, NIS-72, ZIS-
49, and ZIS-72. The work of ref 31 pointed out at the
importance of micellization on interfacial partitioning.
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1999, 24, 875.

Practical Surface Analysis, 2nd ed.; Briggs, D., Seah, M. P.,
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Following extensive exposure to water vapor (20 and 25 days),
a second peak appears in the S 2p binding energy range at
about 162 eV, which corresponds to elemental sulfur probably
due to surface contamination or decomposition of the sulfo-
zwitterion. At the same time, the N 1s peak becomes very
broad and weak.
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