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ABSTRACT: Hydrogel films have been used extensively in the
preparation of biosensors and biomedical devices. The characteristics of
the aqueous interface of the polymer layer are significant for the biosensor
or device function; likewise, the changing mechanical properties of
thermoresponsive polymers are an important feature that affects the
polymer behavior. Atomic force microscopy was used here to characterize
both the surface and the mechanical properties of polymeric hydrogel
films prepared from a thermoresponsive terpolymer of N-isopropylacry-
lamide and acrylic acid with benzophenonemethacrylate as a photo-
reactive cross-linker comonomer. The force—distance curves thus
obtained were analyzed to assess both the surface forces and the
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mechanical response that were associated with the hydrogel. These properties were investigated as a function of temperature, in
water and in Tris buffer, for different degrees of polymer cross-linking. For samples in water, the distance over which the surface
forces were effective was found to remain constant as the temperature was increased from 26 to 42 °C, even though the
mechanical response indicated that the samples had been heated past the lower critical solution temperature, or LCST. The bulk
of the polymer becomes less soluble above the LCST, although this does not seem to affect the surface properties. This may be
due to the segregation of the acrylic acid-rich polymer segments near the gel surface, which is in agreement with reports for

related systems.

B INTRODUCTION

The responsive behavior of surface-attached hydrogel films has
attracted interest because of the applications that such layers
have in tissue engineering,' > controlled drug delivery,*’
optical sensing devices, and actuators.”® Homopolymers
based on N-isopropylacrylamide (NIPAAm) are well known
to respond to changes in temperature and exhibit a lower
critical solution temperature, or LCST, of about 32 °C, which is
close to body temperature. These polymers precipitate into a
compact state at temperatures above the LCST, although at
temperatures below the LCST, they retain a high solubility in
water; the response to temperature is thus a change in size and
an associated change in the mechanical properties as the
polymer becomes more compact. Thermoresponsive polymers
of NIPAAm have been given properties in addition to their
thermal sensitivity by the incorporation of other comono-
mers.'® The copolymers thus formed can retain the
thermoresponsiveness of the parent PNIPAAm while gaining
new features associated with the physical and chemical
properties of the second homopolymer. The copolymerization
of NIPAAm with ionic monomers has produced polymers that
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are responsive to both temperature and pH,
temperature-sensitive biodegradable polymers have been
prepared by the copolymerization of NIPAAm with appropriate
monomers.

Copolymers, in addition to their ability to incorporate the
properties of two or more components, also have the potential
to form structures associated with the phase separation of
immiscible blocks.'®"” One related example of such a phase-
separated structure is the macroporous architecture of bulk
hydrogels that are formed from PNIPAAm and poly(ethylene
glycol) (PEG)."” The separation of the PEG in this case leads
to the formation of hydrophilic pores that increase the response
rate of the polymer to external stimuli. The incorporation of
charged species in PNIPAAm copolymers has also been
suggested as a means of producing hydrophilic channels within
the gel.'® Hydrogels based on 2-hydroxyethyl methacrylate and
2-ethylhexyl acrylate have shown a segregation of the
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components in microdomains, with the 2-hydroxyethyl
methacrylate segments being the continuous phase.'” In
general, most block copolymer systems that incorporate a
charged species contain water-soluble blocks with the ionic
component, and the hydrophobic, neutral block forms the
network junctions.”” > Recently, however, a new strategy
based on the phase-separation of ion-rich regions from the
aqueous environment driven by complex coacervate formation
has been reported,”® where the ionic end blocks in two
oppositely charged ABA PEG block copolymers aggregate from
solution to form a hydrogel structure.

If block copolymers are formed into thin films, then the
separation into microdomains can lead to the formation of
numerous different film morphologies. The structural arrange-
ments produced will be a function of the block and domain
sizes, the film thickness, and the relative affinities of the
different domains for the substrate and the solvent.'®***°

The hydrogel films described here have thicknesses on the
order of micrometers and are therefore expected to be much
thicker than the domain size associated with any potential
phase separation. One example of ordering that has been
observed in this sort of thick film is the formation of lamellar
structures in films of poly(styrene-co-methyl methacrylate),*
where the formation of lamellar structures oriented in the plane
of the substrate was found to be dependent on interactions with
the substrate and the solvent. Films formed without lamellar
structures were found to be able to develop such an
arrangement after exposure to solvent at temperatures above
the glass-transition temperature for the polymer.”*

Another structural feature that has been observed on the
surface of PNIPAAm gels is the formation of a dense skin above
the LCST."® The polymer on the outer surface of PNIPAAm
blocks'® or at the periphery of small PNIPAAm globules®® has
been shown to form a temperature-induced compacted layer
that can entrap water and various solute molecules within the
gel. It has been suggested that the formation of such a layer can
contribute to the stability of globules of PNIPAAm copolymers
by acting to prevent interparticle aggregation through a
viscoelastic stabilizing effect in which the polymer chain
relaxation time becomes longer than the collision time, thus
preventing adhesion during collisions."®*” In addition, hydro-
philic segments of PNIPAAm copolymers may be located at the
aqueous periphery,”® thus providing an alternative mechanism
for stabilizing polymer globules by their effects on interparticle
interactions.

The PNIPAAm terpolymer samples characterized within this
work are thin surface-supported films, one of the most
convenient formats for sensor applications. The ionic groups
introduced into the film prevented the formation of an outer
skin above the LCST; optical studies have shown that the
collapse originates instead from the center of the film.** The
measured optical gradient profiles showed that the density of
these gels decreases steadily over a transition regime adjacent to
the aqueous phase. The thickness of the transition regime varies
with temperature and is relatively large (up to 4 ym) just below
the LCST while being quite small (0.5 ym) just above the
LCST.” Differences between the behavior of films and bulk gel
may be associated with the swelling restrictions imposed by the
anchoring of the film to the substrate, which has the effect of
restricting the film expansion, preventing lateral swelling, and
permitting expansion only in the direction normal to the
substrate surface.*

At the LCST, soluble PNIPAAm becomes insoluble in water
and cross-linked PNIPAAm blocks or films collapse, as does
end-tethered PNIPAAm in brushes;*! in general, the extent of
interaction with water changes, leading to the possibility that
the surface hydrophilicity changes. For the work presented
here, an atomic force microscope was used to investigate the
mechanical and thermoresponsive properties of the PNIPAAm-
based hydrogel films as well as the surface forces. Force—
distance curves can be divided into noncontact and contact
regions, representing the response of the cantilever before and
after the tip makes contact with the sample. The contact region
of the force—distance curves provides information about the
sample deformability, and the noncontact region provides
information about surface properties such as surface charge. For
the PNIPAAm terpolymer films investigated here, the contact
region was analyzed to confirm the temperature-induced
collapse that occurs as the films are heated to above the
LCST. Features near the estimated contact points were
analyzed and provided evidence that the surface forces
remained constant during this phase transition. The model
suggested here to explain these results is based on the
segregation of the more polar polymer sequences on the surface

of the hydrogel films, as will be described below.

B EXPERIMENTAL PART

Materials. All chemicals were used as received unless noted
otherwise. Ultrapure water was obtained by ultrafiltration through a
Millipore filter system.

Polymer Synthesis. A terpolymer based on NIPAAm (94%
monomer concentration), acrylic acid (AA, 5% m.c.), and 4-
benzophenonemethacrylate (BPMA, 1% m.c.) was prepared by free
radical polymerization in dioxane with 2,2'-azobis(2-methylpropioni-
trile) (AIBN) as an initiator. Details of the synthesis and character-
ization of the terpolymer are described elsewhere.>* A molecular
weight (M,,) of 206 kg mol™' and a polydispersity index (M,,/M,) of
2.0 were measured by gel permeation chromatography, and the
polymer composition resembled the monomer feed composition as
revealed by the "H NMR spectrum.

Polymer Films. Glass substrates pretreated with a Hellmanex
solution were subsequently silanized with an ethanolic solution of 4-
(triethoxysilyl propyloxy)benzophenone (1 mM) overnight. A 10 wt %
solution of the polymer in ethanol was spin-coated at 4000 rpm for 60
s on the silane-modified glass slides. The polymer films were then
dried in vacuum for 3 h at 50 °C before being cross-linked by UV
irradiation with a wavelength of 365 nm at an irradiation dose of 0.1 J
cm™?min~'. Both cross-linking and surface attachment were
simultaneously induced by UV irradiation, and the degree of cross-
linking was controlled by the irradiation time. The polymer films were
stored dry, cool, and in the dark until use.

Atomic Force Spectroscopy Measurements. All measurements
were made with a JPK Nanowizard 2 AFM (JPK Instruments,
Germany) using uncoated MLCT chips with cantilevers having a
nominal spring constant of 0.1 N/m and pyramidal silicon nitride tips
with a nominal tip radius of 20 nm (Veeco Instruments, USA). The
unmodified tips were used because they were small on the scale of the
surface buckling associated with the swelling restrictions imposed by
film anchoring (Figure Al, Supporting Information). Spring constants
were determined precisely at the start of each experiment. This was
done at one temperature only; the value obtained at room temperature
was then used for all subsequent calculations. An initial calibration
showed that the sensitivities and spring constants did not vary
significantly with temperature. Chips were cleaned with argon plasma
or by oxidation with basic hydrogen peroxide (S0 mL of water was
added to 10 mL of ammonium hydroxide and heated to 70 °C; 10 mL
of 30% H,O, was added and the chips were immersed in the solution
for about 10 s). The samples were heated to 50 °C and then cooled to
25 °C before the start of the measurements in order to dissolve non-

dx.doi.org/10.1021/1a3019666 | Langmuir 2012, 28, 12871-12878



Langmuir

S N
o v o wu o
N | N | T

I
3

max indentation (um)

o
o

25 30 35 40 45 50 55

Temperature (°C)

Young's modulus (kPa)

1400
O 10 min N
® 15min -
1200+ © 30 min
A 60 min
1000 | » 120 min °
A
800
a a]
600 .
A
400+ ) o O
200 Ca o
vell °
0] efN @cete” O

Temperature (°C)

Figure 1. Collapse of the P(NIPAAm-co-AA-co-BPMA) terpolymer films as a function of temperature for different cross-linking times; the collapse is
indicated by the maximum indentation at 40 nN (left) and by the values of Young’s modulus (right).

cross-linked polymer fractions. The force curves were acquired at
different temperatures while heating the sample using the JPK BioCell
heater, which heats the solution immediately above the sample surface;
samples were left to equilibrate for at least 10 min after each
temperature increment before measurements were made. The initial
position of the cantilever was not adjusted between measurements
unless necessary because of the change in the height of the polymer.
Additional force—distance curves were acquired as the sample was
cooled in order to confirm the reversibility of the temperature-induced
collapse. The force—distance curves were acquired at tip approach and
retraction rates of 1 um/s and maximum loads of 40 nN, unless
otherwise specified.

Analysis of the Force—Distance Curves. The graphs of applied
load (cantilever deflection) as a function of tip—sample separation are
referred to here as force—distance curves. Data obtained during
measurements were converted to force—distance curves using the
values calculated for the cantilever spring constants in each experiment
and subtracting the value of the cantilever deflection from the changes
in the position of the piezoelectrically driven stage. The curves were
analyzed, again using the JPK instrument software, to determine
Young’s modulus, the maximum indentation, the observed contact
point, and the contact point according to Young’s modulus fitting.
Young’s modulus was determined by fitting data with the Hertz model
modified for square-pyramidal tips in which the force is given by F =
0.7453(E/(1 — 1*))8* tan a, where F is the force, E is Young’s
modulus, v is Poisson’s ratio, which is assumed to be 0.5, § is the
indentation, and « is the face angle of the pyramid.*®

The tips did not reach the incompressible substrate at any point
during the measurements, which means that the measured indentation
will be less than the thickness of the polymer (Figure A2, Supporting
Information). The indentation will be a function of both the intrinsic
properties of the polymer (polymer softness) and experimental
conditions such as the maximum applied load. The measured
indentation can be used to determine the relative changes in polymer
properties within one set of experiments but does not give an absolute
value suitable for comparison with data from other sources.

Values obtained for Young’s modulus from AFM force—distance
curves are considered to be reasonable estimates if the sample exhibits
elastic behavior over the indentation range investigated and if the
maximum indentation is less than 10% of the sample thickness.**

For the experiments described here, the first condition was met by
determining Young’s modulus using the indentation range over which
the observed data followed the model described above. The elastic
behavior of the samples over this range was confirmed by the linear
response observed when the force was graphed against the square of
the indentation (Figure A3, Supporting Information). The data range
used for these calculations was typically between one-third and one-
half of the maximum indentation. Using the full data range produced
estimates of Young’s modulus values that were, for the softer samples
(<50 kPa), similar to the values obtained using the smaller data range;
for the collapsed layers at higher temperatures, using the full data
range produced values that were substantially lower (by a factor of 3 or
more; data not shown).

12873

The total film thickness has been measured previously for samples
prepared in a way similar to that used here® and was found to be
about 5.5 ym in water at 22 °C; as will be shown below, the maximum
indentations measured for analogous samples and sample conditions
were about 2 um, so that the range used for calculations was between
10 and 20% of the total sample thickness. The values presented here
for Young’s modulus are therefore only approximations; they provide a
measure to determine the collapse of the polymer but are only a rough
guide for comparison to stiffness values measured for other samples.

B RESULTS AND DISCUSSION

Temperature-Dependent Collapse of the Supported
Films as a Function of Cross-Linking Time. Hydrogel
samples of PNIPAAm are known to collapse as the temperature
is increased above the lower critical solution temperature, or
LCST. The PNIPAAm changes at this point from a relatively
diffuse gel with a high water content to a more compact form in
which much of the water is expelled. For surface-supported
films, the temperature at which this collapse occurs is affected
by the constraints associated with the swelling of films that have
been cross-linked when in the dry state.*> The film thickness
and the location within the hydrogel film with respect to the
aqueous interface affects the transition temperature,® as does
the degree of cross-linking.””** This means that the collapse is
dependent on the conditions associated with the film
preparation, and that the transition temperature must be
determined experimentally for new film preparation conditions.

The feature that has been used in these experiments to
characterize the transition temperature is the change in the
mechanical properties associated with the formation of the
more compact state of the polymer rather than the change in
layer thickness that occurs during the collapse. The mechanical
properties were assessed by determining the indentation at a
fixed maximum applied pressure and by determining the values
for Young’s modulus, as shown in Figure 1. Indentation values
proved to be more helpful for determining the transition
temperature; as may be seen in Figure 1, these curves had an s
shape, where the transition temperatures can be associated with
the inflection points. Values obtained for Young’s modulus did
not reach a constant value as the temperature was increased;
the Young’s modulus results in Figure 1 show that the different
samples collapse at different temperatures but there is no
simple way to identify values for the transition temperature.
The indentation was therefore used in subsequent experiments
as a measure of the film properties. The values observed for
maximum indentation at 40 nN are in good agreement with the
values that can be calculated from the Young’s modulus using
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the modified Hertz model described above, as illustrated in
Figure A4 in the Supporting Information.

Figure 1 shows that films with cross-linking times of 30 min
or more collapse at a temperature similar to the 32 °C value
given for the LCST of bulk PNIPAAm.*® Lower cross-linking
times, however, lead to the higher transition temperatures that
have been associated with the stresses in surface-supported
films.*® This increase in the transition temperature was about
10 K for the 10 and 15 min cross-linked samples and more than
10 K for a S min cross-linked sample (Figure AS, Supporting
Information). Subsequent studies were done with polymer films
that had been cross-linked for times between 30 and 120 min in
order to avoid the thin film effects.

One additional advantage of films with longer cross-linking
times is that they show greater long-term stability; films
prepared with very short cross-linking times detached from the
surface after some hours in water. It may be noted that the
mechanical properties of the polymers change over time during
storage in water, as shown in Figure A6 of the Supporting
Information. To circumvent this problem, samples were stored
overnight prior to the start of the measurements for all
experiments other than those used for Figure 1, where samples
were measured on the first day in water in order to be able to
look at a greater range of cross-linking times.

Effect of Buffer on the Film Properties. The addition of
buffer at pH 7 increased the temperature at which the films
collapsed, as shown in Figure 2. It is, however, clear that the
polymer films retain their LCST behavior for cross-linking
times of between 30 and 120 min. The maximum indentation is
also reduced in the presence of buffer, as indicated in Figures 3
and 4. The buffer will affect both the degree of ionization of the
acrylic acid groups and the Debye screening length, as has been
described in a theoretical model for a weak polyacid network
under good-solvent conditions.”” It is the former effect that is
apparent here: greater ionization of the PAA block of the PAA-
PNIPAAm copolymer is known to increase the temperature at
which the copolymers collapse.'"** This effect is due to the
increased solubility of the ionized PAA and is known to be
much more prominent for bulk gels than for dispersed
microparticles.®® The Tris buffer at pH 7 consists mostly of
tris(hydroxymethyl)aminomethane hydrochloride, which will
dissociate into the Tris cation and the chloride anion. To a first
approximation, the solution may therefore be considered to be
2 0.001 M fully dissociated solution, which would have a Debye
length of about 10 nm.

Features near the Contact Point on the Force—
Distance Curves. When the force—distance curves were
measured in water, the films showed a bump near the contact
point, as illustrated in Figure 3. This feature disappeared in Tris
buffer, as shown in Figure 4.

One of the challenges with deformable samples is to
determine the position of the surface. There is no clear
demarcation between the noncontact and contact regions of the
force—distance curves; in addition, soft materials such as the
films investigated here can show significant deformation before
contact.® The approach taken here has been to equate the
surface position with the contact point that is estimated from
the Hertz model fitting, as indicated in Figures 3 and 4. The
force—distance curves were analyzed as described in the
Experimental Part and in Figure A3 of the Supporting
Information in order to obtain values for both Young’s
modulus and the contact point. As is shown in Figure 3, the
contact point that may be obtained from the Hertz model fit
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Figure 2. Temperature-induced collapse of the films at different Tris
concentrations for films prepared with (A) 120, (B) 60, and (C) 30
min cross-linking times. Measurements for the 120 min sample were
made in the sequence water—1 mM Tris—2 mM Tris—water after.
Although the maximum indentation decreases in the second
measurement sequence in water, the collapse temperature remains
the same.

does not correspond to the point at which the force—distance
curves deviate from the baseline. The difference between the
value obtained from the model and the observed deviation from
the baseline was then calculated for force—distance curves
measured at different temperatures on films prepared at
different cross-linking times; these values are shown in Figure S.
Figure S is therefore presented as an indicator of the
difference between the observed data and the Hertz model
fitting, which is attributed here to the noncontact interactions.
More detailed characterization of the noncontact interactions is
affected by the fact that this region in the force—distance curves
is not differentiated from the contact region, as can be seen in
Figure 3. The analysis presented here is therefore limited to
showing that the noncontact interactions remain constant as a
function of temperature for polymer films with different cross-
linking times; this will be discussed briefly below, followed by a
discussion of the implied surface structural arrangements.
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indentation is calculated relative to the location of the surface as
extrapolated from the Hertz model fitting.

Features similar to the bump in Figure 3 can be produced by
a combination of noncontact forces that act over different
length ranges.*** If the tip of the AFM cantilever has the same
charge as the sample surface, then electrostatic interactions can
cause an initial repulsion. As the tip approaches sufficiently
closely, stronger but shorter-ranged forces, such as van der
Waals forces, can overcome the resistance of the cantilever and
the electrostatic repulsion so that the tip snaps into contact
with the surface. For the sample and tip considered here,
electrostatic interactions in water will be repulsive because the
tip will be negatively charged due to the silica layer that coats
the silicon nitride surface, whereas the acrylic acid groups of the
polymer film will be negative under the slightly acidic
conditions (pH 5.6) resulting from the dissolution of CO, in
air but will be only partially ionized.*" The attractive forces seen
here could be due to van der Waals interactions. An alternative

Temperature (°C)

Figure 5. Difference between the observed deviation from the baseline
and the value of the contact point as estimated from the theoretical
fitting (Figure 3) for films in (A) water and in (B) 1 mM Tris, with
cross-linking times as shown in the figure legends. Values shown here
include measurements made on different samples.

source of attraction would be bridging interactions between the
AFM tip and the dangling ends of polymers protruding into
solution. When PNIPAAm copolymers are produced as
brushes, such bridging interactions have been postulated as a
source of long-range attraction.*” This could explain the fact
that the attractive forces here seem to occur over a range longer
than that typically associated with van der Waals interactions.

The bump in Figure 3A becomes much less prominent on
films that are more deformable, such as Figure 3C. However,
this may be merely a result of adding different curve shapes:
when the curves for the Hertz model fits are subtracted from
the data curves in Figure 3, the resulting difference is the same
for all three samples (Figure A7 in the Supporting
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Information). The noncontact interactions therefore seem to be
unaffected by the degree of cross-linking in the polymer film.
The apparent snap-to-contact distance here (describing the
region of negative slope in Figure 3a) is a function of the
softness of the material under investigation.

For electrostatic repulsion, the force decays exponentially
with distance. Because the repulsion will be dependent on the
shape of the AFM tip, the measurements for Figure S were
acquired with one tip over the full range of temperatures and
then repeated with a second tip from the same batch. The
characteristic decay lengths were estimated by replotting the
force—distance curves as the force versus tip—sample separation
and then fitting a 150 nm segment of the curve to an
exponential decay function (cf. Figure A7, Supporting
Information). A decay length of 53 nm was estimated for the
120 min cross-linked sample on the basis of an average of
measurements at all temperatures; this corresponds to the
Debye length associated with a 1:1 electrolyte concentration of
0.04 mM. This would be higher than the 0.0025 mM expected
for a saturated solution of CO,. One possible explanation for
the discrepancy is that soluble material could be released from
the polymer film, while a second possibility is that the region of
the force—distance curve that was analyzed is affected by both
the electrostatic repulsion and the sample deformability. This
second hypothesis certainly seems to apply to the decay length
values estimated for measurements on the films with shorter
cross-linking times, which showed increasing values (to 70 and
90 nm for the 60 and 30 min cross-linking times).

We are proposing here that the values displayed in Figure 5
indicate the extent of the electrostatic repulsion. Although we
do not measure the absolute value of the surface charge density,
we can look at relative changes: we know that the tip shape and
the solution properties remain constant, and we can therefore
say that the surface charge density also appears to remain
constant. The surface charge therefore appears to remain
constant as the films are heated to above the temperature at
which they collapse, and as the cross-linking time of the films
changes.

The addition of Tris should increase the degree of ionization
on the acrylic acid groups, as discussed above; however, as is
also mentioned, 1 mM Tris will decrease the Debye length of
the solution.

There is no evidence of electrostatic repulsion in these
force—distance curves, but this may be because the expected
shape of the curve (an exponential decay with a decay length of
10 nm) is not readily distinguishable from the contact region of
the force—distance curve (which can be approximated near the
contact point as an exponential decay with a decay length of 15
nm).

Possible Causes and Implications of Constant Surface
Charge. As mentioned in the Introduction, it is possible for
block copolymers to undergo phase separation, with the
formation of separate domains.'®**** Copolymers of PNI-
PAAm and PAA have been prepared as microparticulate gels; in
these cases, PAA has been shown to be on the outside of the
particles.*"* These copolymer particulates have been observed
to have a densely cross-linked core, with a soft outer shell that
can have a thickness of 100 nm or more.*® It is also possible to
assemble aggregates of PNIPAAm-PAA copolymers in which
PAA is on the interior because of the interaction with a
positively charged micellar core.** In this case, the exterior layer
remains thermoresponsive and collapses with increasing
temperature.

The P(NIPAAm-co-AA-co-BPMA) copolymer used to
prepare the hydrogel films described in this article is
synthesized by the free radical copolymerization of NIPAAm,
acrylic acid (AA), and benzophenonemethacrylate (BPMA). An
analysis of this copolymer has shown that the mole ratio of
monomer present in the product is the same as in the
monomer feed for the reaction.*> However, this analysis does
not provide information regarding the monomer distribution, a
factor that affects copolymer properties and that can be
predicted by a consideration of the reactivities of the different
monomers.*® Analysis of the copolymerization parameters for
this type of copolymerization among NIPAAm, AA, and BPMA
indicates a preference for the incorporation of AA or BPMA
into the NIPAAm-terminated chain, whereas AA and BPMA
units at the chain end show a slight preference for
homopolymerization.*’ It would therefore be possible to have
compositional heterogeneity along an individual polymer chain
with acrylic acid-rich domains.

Contact angle measurements that have been made previously
on PNIPAAm have shown that the polymer is capable of
reorienting, depending on the medium in contact with the
polymer. When the polymer surface was exposed to air, the
advancing contact angles of water droplets indicated a relatively
hydrophobic surface, with hydrophobicity that increased at
temperatures above the LCST; the receding contact angles,
however, indicated a relatively hydroghilc surface, a feature that
was retained even above the LCST.* In addition, contact angle
measurements with air bubbles on PNIPAAm in an aqueous
environment indicate that the polymer remains hydrophilic, in
contrast to the hydrophobicity indicated by the advancing water
droplets in air.*’ The properties of the surface layer are relevant
to sensor and tissue engineering applications because it is the
aqueous face of the film that will make contact with the analyte.
The evidence presented here suggests that the aqueous
interface of the terpolymer film may not be thermoresponsive,
even if the bulk of the film is.

We therefore propose that the acrylic acid-rich segments and
dangling chain ends of the terpolymer network orient toward
the aqueous interface and that this orientation is retained as the
polymer films are heated to above the LCST, when water is
expelled from the bulk of the film. This would be in agreement
with the contact angle results on PNIPAAm and with other
studies on PNIPAAm-PAA copolymers discussed above.

Features similar to the bumps in Figure 3 have been seen
previously in association with the disruption of thin soft
layers.>® Although we are proposing that a thin layer is formed
at the aqueous interface, we are also suggesting that it is the
surface forces associated with such a layer rather than
mechanical disruption that lead to the characteristics of Figure
3. The uniformity of the thickness measurements, while
expected for an effect due to surface forces, would not be
expected for the thicknesses of features on a molecular scale.
The 130 nm value of the measured thickness of the outer layer
is comparable to the expected polymer contour length of about
200 nm; if our results were solely due to the mechanical
disruption of a thin film, then we would expect a variation in
the results reflecting the polydispersity (of 2) for the whole
molecule, the distribution of sizes of the acrylic acid-rich
domains, and the probability of interacting with a single
molecule during any one AFM measurement. The attribution
of the features in Figure 3 to surface forces is plausible, and the
attribution to the mechanical disruption of a thin layer
therefore seems unlikely. However, the essential conclusion of
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this work is supported equally by both explanations. We are
suggesting that the surface characteristics of the polymer films
remain constant as the films are heated past the LCST; we have
stated that this is indicated by a constant charge density, but it
would be supported equally by the constant presence of a thin
collapsible film.

The force—distance curves are presented here as a way to
investigate the outer surface of supported films prepared from
block copolymers while simultaneously confirming the temper-
ature-induced collapse of the film.
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