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The dynamic behavior of polymer surfaces has drawn signifi-
cant recent attention, particularly in the field of biomedical
materials.1,2 Theoretical and experimental studies have shown that
the surface properties of most polymers change in accordance
with the nature of the surrounding medium, the thermodynamic
driving force for the restructuring being minimization of interfacial
free energy.1 Surface reorganization is particularly pronounced
in hydrogel materials as they transform from a dehydrated state
to a hydrated state when immersed in water, or the reverse during
dehydration.3 Attempts to study this process have been impeded
by a lack of suitable techniques. Traditional surface analysis
techniques such as X-ray photoelectron spectroscopy (XPS) are
performed in high vacuum and thus are difficult to operate for
hydrated samples.4 Contact angle measurements, which quantify
surface hydrophobicity, have provided indications of water-
induced surface restructuring of hydrogel polymers.3,5 These
macroscopic measurements, however, do not provide molecular
level information regarding the structure of the interface. Con-
sequently, the structures of polymer/air and polymer/water
interfaces and the mechanism by which one interface rearranges
to the other have yet to be determined in molecular detail.

IR + visible sum-frequency generation spectroscopy (SFG) has
emerged as a powerful tool for studying various surfaces and
interfaces.6-9 SFG generates surface-specific vibrational spectra,
providing information regarding the composition and orientation
of moieties at the material surface.9 Most importantly, SFG can

be used to study any interface accessible to light, including solid/
water interfaces,8,9 which makes it well suited for biomedical
materials research. Here we report the use of SFG to investigate
the structural rearrangement of hydrogel surfaces during the
transition from a hydrated to a dehydrated state. By recording in
real time the changes in the vibrational spectra of moieties on
the polymer surface, we were able to directly demonstrate the
surface reorientation of polymer-associated functional groups.

We chose cross-linked poly(2-hydroxyethyl)methacrylate (poly-
HEMA), a widely used biomedical material, for this study since
it has been extensively studied with respect to interfacial
phenomena.1-5,10 The SFG spectrum of the surface of hydrated
polyHEMA was recorded under water (Figure 1A). After removal
from water, the material was again analyzed by SFG in air during
which time (∼15 min) the water began to evaporate from the
hydrogel (Figure 1B). Finally, the material was dried extensively,
and the SFG spectrum of the dehydrated sample was recorded in
air (Figure 1C).

The spectrum of the dry polymer in air (Figure 1C) showed
two major peaks in the region from 2700 to 3100 cm-1 which
we assigned to the methyl groups on the polymer backbone.11

The dominance of these peaks indicates a preponderance of methyl
groups at the surface of the material when the polymer is in the
dehydrated state. In previously reported spectra of polypropylene
surfaces, a weak resonance at 2840 cm-1 was ascribed to the
backbone CH2 groups of the polymer.9a An analogous peak for
backbone CH2 groups in the spectra of polyHEMA was not
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Figure 1. SFG spectra of polyHEMA acquired from different interfaces.
(A) Hydrated polyHEMA at the water/polymer interface. (B) Hydrated
polyHEMA at the air/polymer interface. (C) Dry polyHEMA at the air/
polymer interface. The infrared field was p-polarized, and the visible and
sum-frequency fields were s-polarized.
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detected, perhaps due to the orientation of these groups. Alter-
natively, the CH2 groups may not produce an SFG signal for
reasons of symmetry.6a

The SFG spectrum of the hydrated polymer recorded under
water revealed a peak at 2854 cm-1 (Figure 1A). This resonance
is characteristic of the symmetric stretch of C-H bonds adjacent
to the oxygen atoms in the ethylene glycol group (-OCH2CH2-
OH), the hydrophilic component of the polymer.12 The intensity
of this peak varied from moderate to weak as the hydrogel
transformed from the hydrated state to the dehydrated state (Figure
1B). Since acquisition of the SFG spectrum takes 10-15 min,
Figure 1B represents a time-averaged account of the surface
structures that were exposed during that interval after removal
from water. In the fully dehydrated sample (Figure 1C), the
vibrational contribution of the CH2 groups within the ethylene
glycol moieties could not be detected.

It has been proposed that massive reorientation of the backbone
of cross-linked hydrogel polymers is restricted by the presence
of the cross-links.3,5 Side groups, on the other hand, when exposed
to different environments, can rotate along the axis of the polymer
chains to minimize the surface free energy. Thus, the reversible
reorientation of side groups should account for the majority of
movement at the outermost surface between 5 and 10 Å, a depth
profile that is exactly within the scope of the SFG technique.
The data shown in Figure 1 provide the first direct structural
evidence in support of this model and suggest that polyHEMA
hydrogels can adopt two discrete surface states as illustrated in
Figure 2. When the hydrogel is exposed to air, polar side chains
are buried in the bulk, and nonpolar methyl groups orient toward
the surface to form a “hydrophobic conformation”. In water, polar
ethylene glycol groups migrate to the surface and coexist with
methyl groups at the surface, creating a “hydrophilic conforma-
tion”. It should be noted that relative peak amplitudes are not
direct quantitative measures of chromophore abundance at the
surface because the chromophores have different nonlinear
polarizabilities. Nonetheless, the prominent peaks at 2945 and
2880 cm-1 in the fully hydrated material (Figure 1A) indicate
that some proportion of hydrophobic methyl groups remain at
the surface despite the surrounding polar mileu.

Copolymers of HEMA with synthetic monomers13 or biomol-
ecules14 are well-appreciated as biocompatible materials. The

surface properties of these polyHEMA-based copolymers are of
paramount importance for their performancein ViVo, which
prompted us to pursue SFG analysis of hydrogels comprising
HEMA and a synthetic carbohydrate, glucose acrylamide1 (20
wt %) (Figure 3). The SFG spectrum of the HEMA-carbohydrate
copolymers in the dehydrated state revealed two major peaks at
2875 and 2943 cm-1 which were assigned to the backbone-
pendant methyl groups (Figure 3).13 The weak resonance at 2851
cm-1 can be accounted for by-CH2OH groups from ethylene
glycol moieties or sugar residues. When the copolymer was fully
hydrated, a broad peak emerged at 2764 cm-1 which may reflect
theN-methyl C-H stretch from exposed carbohydrates in concert
with other obscured resonances.15 The dramatic difference
between the SFG spectra of the dehydrated and hydrated surfaces
may result from increased exposure of hydrophilic carbohydrate
moieties at the polymer surface.

In summary, SFG is well-suited for probing the dynamics of
hydrogel surface rearrangements in various enviroments, provided
the process occurs on a time scale greater than several minutes.
Different polymer systems are thought to undergo surface
structural reorientations on time scales ranging from minutes to
months,1,3 and many of these processes are therefore amenable
to analysis by SFG.
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Figure 2. A model for reorientation of polymer surface functional groups
during dehydration of polyHEMA hydrogels. The proportion of methyl
and hydroxyethyl groups depicted at the polymer surface reflect qualitative
changes in surface composition.

Figure 3. SFG spectra of HEMA-carbohydrate copolymers acquired
from different interfaces. Solid line: dehydrated copolymer in air. Dotted
line: hydrated copolymer under water.
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