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Abstract

The interface profiles betwedrisopropylacrylamide (NIPA) hydrogel and water have been directly observed using Raman microima-
ging technique. As the NIPA hydrogel undergoes the volume phase transition, it is found that the interface becomes thicker and smoother.
Specifically, the average interfacial thickness of the NIPA gel at room temperature is aboot, 3t increases to 6bm at 37C, the
temperature that is higher than the phase transition temperatlige=084°C. The thicker interface may be related to a dense shell formation
during the gel shrinking process. The decrease in surface roughness is probably related to hydrophobic properties of the QelTdte
repulsive energy between water and the polymer is minimized when the total surface of the interface is reduced, a process, which results in a
smoother surface® 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction experimental profiles, therefore, providing reliable data is
a key factor. Such data are available for metals and other
The interface profile may affect mechanical properties, solid surfaces butinformation is scarce for the water—hydro-
kinetics of surface adhesion and absorption, wetting, gel interface. This is because many experimental techniques
biocompatibility, and optical properties of a large variety do not work well in the presence of water. Conventional
of materials. Extensive efforts have been directed to under-electron microscope techniques have been used in the
standing interfacial properties of biopolymers and biomater- past, but results obtained, although informative and impor-
ials [1]. In this paper, we report for the first time direct tant, are not completely reliable because the inherent pore
observations of the interfacial profile between Mi&sopro- structure cannot be preserved during the sample preparation.
pylacrylamide (NIPA) hydrogel and water below and above For example, the freeze-dry method used by some research-
the volume phase transition temperature of the NIPA gel ers often leads to the collapse of the pore structure due to ice
using Raman microimaging technique. formation and/or volatile evaporation in vacuum [9]. As a
Hydrogels are a unique class of macromolecular networks result, most current studies on hydrogels involved investi-
that can contain a large fraction of water within their struc- gation of the morphology of the exterior surface using opti-
ture. They are particularly suitable for biomedical applica- cal microscope [6—8] and atomic force microscopy [10]. We
tions because of their ability to simulate biological tissues have recently developed Raman microimaging technique
[2]. In response to environmental stimuli such as tempera- for direct observation of hydrogel structures [11].
ture and pH, some hydrogels can change their volume by
three orders of magnitude [3,4]. NIPA is one of these envir-
onmentally responsive hydrogels and undergoes the volume2. Experimental
phase transition at 3€ [5]. Various surface patterns caused
by mechanical instability and constraints have been studied The NIPA gel samples were made by free radical poly-
during NIPA gel swelling or shrinking processes [6—8]. merization. A mixture of 690 mM of NIPA monomer,
Theoretical models of interfacial properties depend on 8.6 mM of methylene-bis-acrylamide as a crosslinker, and
240l of tetramethylethylene-diamine as an accelerator
* Corresponding author. Tel+ 1-817-257-7375; fax: 1-817-257-7742. was dissolved in 100 ml of deionized and distilled water.
E-mail addresst.zerda@tcu.edu (T.W. Zerda). Nitrogen gas was bubbled through the solution to remove
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Fig. 1. (a) Distribution of the NIPA gel, obtained from Raman band intensity, near the gel boundary with water 22C. The contour lines were
normalized to 100. (b) Circles: Raman intensity of the 1445 thand along a straight line perpendicular to the water—gel interfate=a22°C. The solid
line represents the best fit of a Gaussian function, Eq. (1), to the experimental points. The interfacial thitkn2S$§ pm.

dissolved oxygen. Ammonium persulfate (0.169 mM) was graphic gratings, and a CCD camera. The gel was placed
added to the solution as an initiator. Then the solution was inside a specially designed holder kept at constant tempera-
poured between two microscope slides with spacing of ture. The temperature was stable within°®@1To prevent
2.0 mm in a nitrogen environment. The molecular number water evaporation, the sample holder was covered with a
ratio of the NIPA monomer to the BIS crosslinker was about 0.1 mm thick microscope slide. The holder was mounted
80:1. There were about 40 monomer molecules, or about 80onto a positioning stage and advanced in steps joifnlin
backbone C-C bonds, between two crosslinkers. Assumingthe lateral directions. The size of the step was selected to be
that the chains were fully extended in water at room larger than the spatial resolution of the microscope
temperature, the mesh size of the NIPA polymer network —0.5um. As the laser scanned the sample, for each step,
was estimated about 10 nm. we recorded Raman spectra in the range from 300 to
The Raman microimaging system consists of an argon ion 2000 cm *. The spectral resolution of the instrument was
laser operating at 514 nm, a confocal microscope with 1.5 cm *. The laser power at the gel surface was 0.1 W.
100x objective, anx—y—z-micropositioning stage, a spec- The outer surfaces of the gel slabs were measured after
trograph equipped with a notch filter and transmissive holo- they were detached from the microslides and extensively
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Fig. 2. (a) Distribution of the NIPA gel near the interface when the sample was heatetCtdrsié contour lines were normalized to 100. (b) Circles: Raman
intensity of the 1445 cm' band along a straight line perpendicular to the water—gel interfaEe=a87°C. The solid line represents the best fit of a Gaussian
function, Eq. (1), to the experimental points on the left side of the interface. The origin was placed at the maximum density of the interfacdadiaé inter
thicknessd = 65.3 pm.

washed with deionized and distilled water to remove resi- 3. Results and discussion

dual chemicals. The laser was focused just below the surface

of the gel and linear scans were run in the direction perpen- The contour map shown in Fig. 1(a) illustrates how the
dicular to the interface. We measured the intensity of the density of NIPA varied across the interface at room
1445 cm * peak assigned to the GHending vibration [11]. temperature. It is seen that the boundary is not well defined
We assumed that the measured intensity was proportional toand the polymer extends into water to various depths.
the concentration of the polymer within the focus of the Although to a naked eye the surface looks smooth, Fig.
laser. A set of parallel scans formed a two-dimensional 1(a) clearly indicates that the surface is not homogenous.
image of the water—gel interface. The Raman measurement3dVNe also measured the interfaces that were cut with a razor
were performed for ten samples and they showed reprodu-blade and thus were not in contact with the glass during the
cible results. gelation process. The results were similar to those interfaces
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Fig. 3. Fluctuations in the correlation depth, which measures the interfacial thickness of the NIPA g€l & @ circles) and 3T (filled circles).

which were in contact with the glass. Therefore, interface thickness of the interface at the location of the scan-line. Eq.
profiles revealed by Raman microimaging are not related to (1) fitted experimental data very well as shown in Fig. 1(b).
the glass substrate. Because the interface is not uniform, different scans

Experimental points obtained during the linear scans (Fig. provided varioud values. The average interface thickness
1(a) is a composition of such scan lines) were fitted to a is 37 = 23 um at room temperature.

Gaussian distribution function Fig. 2(a) shows the contour map for the NIPA—water
interface at 37C. Comparing Fig. 2(a) with Fig. 1(a) one
F(X) = ¢, + C, exp(—x?/d?) @D can see that the surface became less irregular as the gel was

heated above its transition temperature at abouWC34
wherex measures linear displacement perpendicular to the Repeated scans over larger areas exceeding 49,060
interface andd, the correlation depth, is the fitting para- revealed similar structures and confirmed the above conclu-
meter. The correlation depth parameter is a measure of thesion. The small ‘islands’ in the interfacial region indicate

—_ \—\
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Fig. 4. Density correlation functions for the bulk NIPA gel at 22 antiC37
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formation of microdomains at the phase separation region. (1) the NIPA gel has a rougher interface at room tempera-
Those ‘islands’ are probably responsible for the increase of ture than at 37C; (2) the interface thickness at room
gel turbidity [12], as well as increase of ultrasonic attenua- temperature is smaller compared to that measured’at; 37
tion [13] as temperature increases abdvelt is also seen  and (3) the interior structure of the NIPA gel is homoge-
that the density of the gel increases near the surface. neous at room temperature, but becomes heterogeneous at
The density of NIPA versus distance across the interface 37°C. These observations may be understood by considering
atT = 37°C is shown in Fig. 2(b). It is seen that at> T, nature of the molecular structure of the NIPA gel.
the interfacial profile exhibits a peak, indicating the forma- It is well known that at room temperature the NIPA gel is
tion of a dense skin. The change of the interfacial polymer hydrophilic, and water molecules surround and hydrate the
concentration from the maximum to zero can be well NIPA polymer network [5]. The gel therefore swells in the
described by the Gaussian distribution function, Eq. (1). A surrounding water and becomes homogeneous and transpar-
similar decay was observed at room temperature. However,ent. It is the hydrophilic property of the NIPA gel that leads
average interface thickness for the high-temperature phasdo an increase of the gel surface, i.e. rougher surface. At

is increased to 65 13 um. 37°C, on the other hand, the intrinsic affinity of NIPA poly-
In Fig. 3 we compare the distribution of the interface mer chains for themselves is enhanced due to thermal disso-
thickness along the interface at 22 and@7For the rela- ciation of hydrating water molecules from the polymer

tively small section of the surface, at low temperature the network [8]. Due to hydrophobic interaction, the gel tends
correlation depth varies widely from 18 to @fn, but at to repel excess water out of its network. Since the water in
high temperature that range is much smaller, from 55 to the surface area can easily diffuse out to the external water
78 pm. reservoir, the interface of the gel becomes dense. The inter-
We also mapped the polymer distribution within the bulk ior of the sample is under constant volume condition, i.e. the
gel. Images similar to those depicted in Figs. 1 and 2 were thermodynamic path is an isochore (constant volume). As a
obtained, this time, however, not in the direction perpendi- result, the system stays inside the unstable zone and starts to
cular to the interface but in the plane parallel to the surface. decompose into dense and dilute domains with different
From Figs. 1 and 2 one observes that the water—gel interfacenetwork concentrations [6,12]. As directly seen in Fig.
is rough and it is difficult to define the surface. In a series of 2(a), the small islands in the contour plot of the NIPA
experiments we deliberately focused the laser abowtr85  gel at 37C represent such microdomains that cause
below the level corresponding to the fully dense gel, i.e. the heterogeneous structure, resulting in the decrease
below the contours labeled in Figs. 1 and 2 as 100. During of the correlation function as shown in Fig. 4. At
the mapping of an area of 460400 um? the Raman signal  37°C the interface is smoother relative to what we
was collected from a small section of the volume illumi- observed at room temperature. This is the direct result
nated by the laser approximated by a cylinder @5 in of the tendency of the system to minimize its hydro-
diameter and 4m tall. These experiments reveal the phobic interaction energy by reducing the size of the
advantage of the Raman technique over the atomic forcegel-water interface.
microscopy (AFM). AFM cannot characterize the density  The increase of the interfacial thickness may be due to the
distribution along the direction perpendicular to the inter- formation of a dense surface shell during the shrinking
face and within the bulk of the gel. The images yielded process [6]. In our measurement, the gel was quickly heated
sufficient amount of data to calculate the density correlation to aboveT. and measured within about 30 min. Under this

functions defined as condition, the excess of water inside the gel cannot be
expelled quickly. On the other hand, the polymer network
G(r) = Al (r + ro)){1(re)?) 2 at the gel surface can respond to the temperature rise quickly

and forms a dense layer impermeable to the inner water. Itis

wherel(r) is the intensity of the Raman band at 1445 ¢m noted that the interfacial profiles observed in this study are
In Fig. 4 we compare correlation function§&(r) in the range from 10 to 10@m. The interface profile may
obtained at room temperature and at@7by mapping be viewed over a much shorter length scale by X-ray and
the interior of the gel when the laser was focused some neutron reflectivity measurements which have been used
25um below the top surface of the gel. The density for study of adsorption at the solid—liquid interface
correlation function is equal to one and this value is [14-17]. For example, Lee et al. [16] observed that
constant, indicating the bulk gel has a homogeneousup to the distance of about 10 nm, polymer density
structure at room temperature. The gel becomes inho-varies near the interface as *°. They attributed this
mogeneous at 3T as indicated by the decrease of the effect to surface tension and postulated strong adsorp-
correlation function. tion and weak coupling. Schlossman and coworkers [17]

Above observations clearly show that both the interface used X-ray reflectivity and observed similar density
and bulk properties of the NIPA gel drastically change when profiles as that depicted in Fig. 2(b). However, they
the temperature is increased from room temperature (belowwere able to determine the density profile on a very
T, to 37°C (aboveT,). They may be summarized as follows: short range of a couple of tens of nanometers.
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