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ABSTRACT: The volume phase transition and the microstructure of physically cross-linked hydrogels
composed of either N,N-dimethylacrylamide (DMA) or N-isopropylacrylamide (NIPA) and 2-(N-ethylfluo-
rooctanesulfonamido)ethyl acrylate, FOSA, were studied using differential scanning calorimetry (DSC),
water swelling measurements (WS), and small-angle X-ray scattering (SAXS). DSC and WS measurements
showed that FOSA/NIPA gels exhibited a volume phase transition (VPT) but that the FOSA/DMA gels
did not. The temperature of the VPT (TVPT) for the FOSA/NIPA gels was lower than that for the covalent
NIPA gel, and TVPT decreased and the transition broadened with increasing FOSA concentration. A peak
in the SAXS structure factor indicated that the hydrophobic interactions promoted nanophase separation
in both gelssin the dry and hydrated states.

Introduction

Hydrophobically modified water-soluble acrylamide
polymers have a variety of applications, including
viscosity thickeners,1-4 microencapsulation,5-8 biosen-
sors9,10 and controlled drug delivery.11-18 The hydro-
phobic modification may involve copolymerization of an
acrylate with an acrylamide or alkylacrylamide5,13-15,17-24

or incorporation of a second alkylacrylamide containing
a longer alkyl chain.1,2,6,16,25,26

The hydrophobic modification can significantly per-
turb the rheological properties and phase behavior of
aqueous solutions. For example, aqueous solutions of
copolymers of N-isopropylacrylamide (NIPA) with longer
chain N-alkylacrylamides (NAA) exhibit lower critical
solution temperature (LCST) behavior.26,27 In general,
the LCST decreases as the alkyl chain length becomes
longer, i.e., as the hydrophobic nature of the polymer
increases.28 However, Ringsdorf et al.26 reported that
the LCST for aqueous solutions of NIPA-NAA copoly-
mers with C18 alkyl groups was higher than for similar
polymers with C14 alkyl chains, which they attributed
to the formation of hydrophobic microdomains in the
C18-containing copolymers.

Hogen-Esch and co-workers19,20,29 compared the solu-
tion properties of acrylamide (AM) copolymers modified
by the incorporation of 2-(N-ethylperfluorooctane sul-
fonamido)ethyl acrylate, FOSA, with n-lauryl acrylate
(LA)-modified AM. Although the concentrations of the
fluorinated species in the fluorocarbon-modified AM
copolymers were 1-2 orders of magnitude lower than
that in the hydrocarbon analogues, the viscosities of
aqueous solutions of the fluorine-containing polymers
were 1-2 orders of magnitude higher than that for the
hydrocarbon-containing AMs. They concluded that fluo-
rocarbon hydrophobes were much more effective than
hydrocarbon hydrophobes at promoting inter- or in-
tramolecular associations.

Bae et al.30 prepared hydrogels from copolymers of
FOSA and NIPA or DMA using FOSA concentrations
as high as 20 mol %. FOSA/AM and FOSA/DMA
copolymers were previously synthesized by Hogen-Esch
and co-workers,19,23 and FOSA/NIPA copolymer were
prepared by Li et al.,31 but the FOSA concentration in
those materials was restricted to below 1 or 2 mol % in
order to maintain water solubility. Above a FOSA
concentration of 5 mol % for FOSA/DMA or 2 mol % for
FOSA/NIPA, the copolymers were insoluble in water
because of the physical cross-links that arise from
intermolecular associations of the hydrophobic species.
The alkylacrylamide portion of the copolymer is still
hydrophilic, and as a result, these copolymers form
highly swollen hydrogels when immersed in water.

Chemically cross-linked polymer gels exhibit a revers-
ible transition between a swollen and collapsed polymer
phase, which is called a volume phase transition
(VPT).32,33 The VPT may be induced by environmental
stimuli, such as changes in temperature,34-36 pH,8,37,38

solvent composition,34,39-42 or exposure to light.43,44 For
example, polyNIPA gels in water undergo a VPT at 33.2
°C,34 which is close to the LCST or θ-temperature of
polyNIPA aqueous solutions (∼31 °C).45,46 At the VPT,
gel properties such as heat capacity and volume undergo
transitions. Although the VPT is a first-order thermo-
dynamic transition, experimentally it often is observed
as a continuous transition because of the kinetics of
solvent diffusion out of the gel.47,48 Thermal property
changes such as heat capacity may be measured by
calorimetry,49,50 and the volume change can be studied
by swelling measurements.33,51

The hydrophobic modification generally reduces the
VPT of hydrogels, e.g., copolymer gels of NIPA with
hydroxyethyl methacrylate,52 and increasing the gel
hydrophilicity increases the VPT, e.g., NIPA-DMA
copolymer gels.53 The addition of an ionic species into
an otherwise neutral gel also increases the VPT;35,54-56

e.g., the copolymerization of 4.6 mol % acrylic acid with
NIPA increased the VPT to 50.8 °C.56

Although much is known of the structure and proper-
ties of ionic and neutral covalent-cross-linked gels,
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relatively little is known about physical gels. For FOSA-
modified NIPA or DMA gels, one might expect that at
sufficiently high FOSA concentrations the hydrophobic
interactions may also promote nanophase separation of
the FOSA-rich domains. Therefore, the microstructure
of these hydrogels may be more complicated than the
analogous covalently cross-linked alkylacrylamides. This
paper describes the effect of copolymerization of FOSA
with DMA and NIPA on the phase behavior and
microstructure of the resulting physically cross-linked
hydrogels. A small-angle neutron scattering study is
discussed in a second paper,57 in which a model for the
microstructure of these hydrogels is described.

Experimental Section

Materials. N,N-Dimethylacrylamide (DMA, 99%), N-iso-
propylacrylamide (NIPA, 99%), and 2-(N-ethylperfluorooctane-
sulfonamido)ethyl acrylate (FOSA) were obtained from Aldrich
Chemical Co., Acros Chemical Co., and 3M Co., respectively.
The structures of these monomers are shown in Scheme 1.
Acetone (99.5%), tetrahydrofuran, THF (HPLC grade), and
deuterium oxide, D2O (99.8% d), were obtained from Fisher
Scientific Co.

The synthesis of the FOSA/DMA and FOSA/NIPA copoly-
mers was described elsewhere.23,30,31 DMA was vacuum-
distilled over calcium hydride (Acros, 93%) to remove the
inhibitor, NIPA was recrystallized twice from a mixture of
hexane (Fisher, CAS grade) and benzene (Fisher, 99%) (65/35
v/v), and FOSA was recrystallized three times from methanol
(Fisher, 99.8%) before use. The initiator, 1,1′-azobis(isobu-
tyronitrile), AIBN (Aldrich, 99%), was purified by recrystal-
lization twice from methanol. The monomers and initiator were
codissolved in 1,4-dioxane (Fisher, 99%), and the solution was
degassed by purging with nitrogen for 30 min. The polymer-
ization was run for 24 h at 60 °C, and then the solution was
cooled to room temperature. The polymer was precipitated in
excess diethyl ether (Fisher, 99%) or hexane and then dried,
first at 60 °C for 24 h and then under vacuum at 100 °C
overnight.

The copolymers that were synthesized and used in this
study are summarized in Table 1. The composition of the
copolymers was determined by 1H NMR using d-chloroform

as solvent (Fisher, 99.8% d), the glass transition was deter-
mined by differential scanning calorimetry, and the molecular
weight averages were measured by gel permeation chroma-
tography. The nomenclature used in this paper for the DMA/
FOSA and NIPA/FOSA copolymers is DFxx and NFxx, respec-
tively, where xx represents the mol % FOSA.

Chemical cross-linked NIPA and DMA gels were also
prepared by redox polymerization for comparison with the NF
and DF gels. N,N′-Methylene bis(acrylamide), BIS (Aldrich,
98%), was used as the cross-linker, N,N,N′,N′-tetramethyl-
ethylenediamine, TEMED (Aldrich, 99%), was used as the
initiator, ammonium persulfate (Acros, CAS grade) was used
as the accelerator, and deuterium oxide, D2O (Fisher, 99.8%
atom d), was used as the solvent. DMA (or NIPA), BIS, and
ammonium persufate were codissolved in D2O, degassed, and
then kept in the refrigerator for ∼30 min. TEMED was added
to the solution to initiate the polymerization. The solution was
then transferred to a reaction vessel, and the temperature was
held at 20 °C using a Julabo F25 circulator. The polymerization
was run for 24 h. Then the gel was washed with excess D2O.
The DMA and NIPA gel characteristics are listed in Table 2.
Copolymer films, 0.5 mm thick, for the swelling and small-
angle X-ray scattering measurements were prepared by com-
pression-molding between 150 and 180 °C.

Gel Characterization. Equilibrium swelling measure-
ments were made using compression-molded films that were
dried and annealed at 150 °C under vacuum for 2 h before
use. A preweighed specimen was immersed into deionized
water that was controlled to within (0.01 °C using a Julabo
F25 temperature-controlled circulator. The gel was allowed to
equilibrate at the test temperature, was patted dry with a
tissue to remove surface water, and was then weighed to
within (1 mg to determine the equilibrium water concentra-
tion, which is given in this paper as the weight percent water
sorption per dry polymer. The volume phase transition tem-
perature (TVPT) was calculated by fitting a standard sigmoidal
four-parameter logistic equation

and defining TVPT as the inflection in the equilibrium water
concentration at the transition of the gel from highly swollen
to a collapsed state.

Thermal analysis of the volume phase transition was carried
out with a TA Instruments, model Q100, differential scanning
calorimeter (DSC). Gel samples were hermetically sealed in
aluminum pans (KEmtec Lab Devices), and the samples were
weighed before and after the DSC runs to confirm that no
water was lost during the measurement. Since a slow heating
rate, ∼1 °C/min, was used to minimize the effect of transition
kinetics,58 the modulated-temperature DSC (MTDSC) mode
was used to optimize the signal-to-noise ratio.

Small-angle X-ray scattering (SAXS) measurements were
performed using a Rigaku rotating anode X-ray generator
operating at 4 kW with Cu KR radiation (λ ) 0.154 nm) and
a Ni filter. This was interfaced with a Bruker AXS SAXS
system, including a Hi-Star area detector. The sample geom-
etry used allowed for data collection over a range of scattering
vector, q (q ) 4π sin θ/λ, where λ ) wavelength and θ ) one-
half the scattering angle), from 0.28 to 3.3 nm-1. That q range
corresponded to sizes in real space, d (where d ) 2π/q), of 1.9-
22 nm. Measurements were made on dry and water-swollen
films. The hydrated samples were sandwiched between Kapton
(DuPont) films to prevent the sample from dehydrating during
the experiment. SAXS from DF gels was measured at ambient
temperature, while SAXS from NF gels was obtained at

Scheme 1. Structure of the Monomers Used

Table 1. Characterization Results of Polymers

FOSAa

polymer
ID

mol
%

wt
%

DMA or
NIPA

(mol %)
Tg

(°C)
Mw

(104 Da)
Mn

(104 Da)

polyFOSA 0 44.5
polyDMA 100 124.0 8.6 3.8
DF5 4.9 25 95.1 110.7 7.3 3.8
DF9 9.0 38 91.0 99.6 5.6 2.9
DF17 16.5 56 83.5 94.8 7.7 3.4
DF22 21.5 63 78.5 88.8 7.6 5.1
polyNIPA 100 145.1 7.2 4.8
NF2 2.0 10 98 138.4 5.6 3.4
NF5 5.4 24 94.5 130.6 6.4 3.4
NF8 7.7 32 92.3 128.2 7.2 4.2
NF10 10.2 39 89.8 126.0 7.1 4.3

a The added FOSA content was in agreement with observed.30

Table 2. Gel Characteristics

gel ID
monomer

concn (mM)
cross-linker
concn (mM)

vol fraction of
network φ

DMA 503.1 22.3 0.068
NIPA 689.2 23.7 0.065

f(x) ) d

1 + (xb)a
+ c (1)
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10 °C, which was below the VPT temperature of all the
samples. An ISTEC, model HCS410, hot stage with an IN-
STEC LN2 temperature controller was used to control the
sample temperature. A background correction was made by
subtracting the scattering from an empty cell, and the
2-dimensional data were circularly averaged to calculate I(q).

Results and Discussion
Volume Phase Transition (VPT). The equilibrium

water sorption as a function of FOSA concentration is
shown in Figures 1 and 2 for the NF and DF hydrogels,
respectively. Figure 1 shows that the NF gels exhibited
a VPT. TVPT is plotted against the FOSA concentration
in the NF copolymer in Figure 3. TVPT decreased, and
the transition broadened with increasing FOSA con-
centration. In contrast to the NF gels, the water sorption

of the DF gels was relatively insensitive to temperature,
and no VPT was observed over the temperature range
covered (see Figure 2). Although there is an appreciable
error in the absolute value of the water absorbed that
is inherent to this experiment due to sample handling,
the changes in the water sorption that occurred at the
VPT was significantly greater than the experimental
error, so that the temperatures for the VPT, TVPT, are
expected to be reasonably accurate.

The VPT of the NF gels was also detected by DSC
measurements (see Figure 4). The endotherm is due to
the dissociation of water molecules from the amide
group that occurs at the VPT. The enthalpy measured
for the NIPA gel, 40.1 J/g, is consistent with the range
of values reported in the literature, 30.1-39.8 J/g.50 As
with the swelling data, the DSC experiments show that
TVPT decreased and the transition became broader with
increasing FOSA concentration in the copolymer. The
values of TVPT obtained from the two different experi-
ments differed by about 3-5 °C, but the trends in TVPT
with FOSA concentration were similar (see Figure 3).
The transition enthalpy decreased with increasing
FOSA concentration due to the lower water concentra-
tion of the swollen gels. Consistent with the swelling
measurements, no VPT was observed by DSC measure-
ments for the DF and DMA gels.

The decrease of TVPT is analogous to the depression
of the LCST that Ringsdorf et al.26 reported for the
hydrophobic modification of polyNIPA by the copolym-
erization of NIPA with longer alkyl chain-modified
acrylamides and to the decrease of the VPT for HEMA-
modified NIPA copolymer gels.52 There are no published
reports of a VPT for polyDMA hydrogels or LCST
behavior for polyDMA aqueous solutions. One difference
between DMA and NIPA is the absence of an amide
proton in DMA. However, poly(N,N-diethylacrylamide),
polyDEA, which also has no amide proton, but which is
more hydrophobic than polyDMA, does exhibit a
VPT.59-62 Thus, it would appear that the most logical
explanation for the absence of a VPT is simply a result
of the more hydrophilic nature of polyDMA and that the
temperature of a VPT for an aqueous is too high to be

Figure 1. Equilibrium water sorption as a function of
temperature for NFxx films: xx ) 2 (b), 5 (4), 8 (2), and 10
(O). The solid curve is the fit of eq 1.

Figure 2. Equilibrium water sorption as a function of
temperature for DFxx films: xx ) 5 (b), 9 (4), 17 (2), and 22
(O).

Figure 3. Volume phase transition as a function of FOSA
concentration for NF gels: (b) equilibrium swelling experi-
ments; (O) DSC experiments. The swelling value for the TVPT
for polyNIPA is from Hirokawa and Tanaka.34

Figure 4. DSC heating thermograms for NIPA and NF gels.
TVPT was defined as the onset of the endotherm, and the
enthalpy is based on the mass concentration of NIPA in the
copolymer.
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observed at ambient pressure. Nevertheless, incorpora-
tion of the hydrophobic FOSA into polyDMA neither
induced a VPT nor sufficiently lowered TVPT so that it
was experimentally accessible.

Small-Angle X-ray Scattering (SAXS). Figure 5
shows the SAXS data for NF5 as a function of hydration
at 10 °C, which is below TVPT for that copolymer. The
dry NF5 sample exhibited a broad scattering peak due
to nanophase separation of the hydrophobic FOSA. The
scattering vector for the peak maximum, qmax ∼ 1.1
nm-1, corresponds to a characteristic size in real space
of d ) 5.7 nm (d ) 2π/qmax), which most likely represents
a correlation length between FOSA nanodomains. Swell-
ing the sample with water shifted the SAXS peak to
lower q (increasing d). For 28% water qmax ) 0.85 nm-1

(d ) 7.4 nm), and for 252% water qmax ) 0.75 nm-1 (d
) 8.4 nm). Increasing the water content to 278% had
little noticeable effect on the position of the scattering
peak. The increase of the spacing between FOSA nano-
domains was due to the preferential swelling of the
hydrophilic NIPA matrix. For 252% and 278% water
sorption, an upturn in the scattering intensity at low
q, which was absent for the dry sample, also became
evident.

The presence of the scattering peak in the hydrated
samples indicated that the nanophase separation of the
FOSA domains persisted in the swollen gels, and the
upturn in scattering intensity at low q indicated larger
sized inhomogeneities in the gel that were absent in the
dry copolymer. Large-scale concentration inhomogene-
ities are commonly observed in chemically cross-linked
gels due to fluctuations in the cross-link density.63-66

The similar observation for the NF gels indicates that
large concentration fluctuations of the physical cross-
links also occurs and that conclusion is also supported
by the nonuniform spatial distribution of FOSA nano-
domains, as evident by the broad scattering peak for
the dry copolymer. An inhomogeneous distribution of
nanodomains, or in this case the physical cross-link
junctions for the NF gels, may produce inhomogeneities
in the swelling of the gel, as shown schematically in
Figure 6. Swelling the copolymer homogenizes to some
extent the distribution of inter-FOSA domain spacings,
which accounts for the narrowing of the scattering peak.
But, in regions where the nanodomain concentration is
relatively high, the local swelling of the gel may be lower

than the global value, and relatively large regions, or
clusters, of higher FOSA nanodomain concentration
may produce scattering at low q. A more thorough
examination of the microstructure of these hydrogels
was carried out using small-angle neutron scattering.
Those results are discussed, and a model for the
microstructure is proposed in a second paper.57 As will
be shown in that paper, the SAXS upturn seen in Figure
5 is actually part of a scattering peak that corresponds
to an intercluster spacing.

Figure 5 also shows the SAXS data for the NF5 gel
obtained after swelling the dry copolymer with water
and then drying it again. The low-q intensity upturn
was absent, as it was for the original dry copolymer,
but the broad scattering peak was considerably sharper
for the hydrated/dried sample and the peak was cen-
tered at qmax ) 1.2 nm-1 (d ) 5.2 nm). Thus, the effect
of swelling on the microstructure of the molded sample
was irreversible and swelling tended to produce a more
uniform distribution of inter-nanodomain distances. The
perfection of the hydrophobic microstructure upon swell-
ing the gel was probably facilitated by the increased
mobility of the chains, and the structure formed under
those conditions more closely represents the equilibrium
state of the copolymer. That conclusion is supported by
the reversibility of the copolymer microstructure (i.e.,
the SAXS data) upon swelling and deswelling the
sample after the initial swelling of the as-molded film.

The size of the FOSA domains in the dry copolymer
was estimated by fitting the SAXS data for the sample
that was swollen with water and then dried with a
polydisperse interacting hard-sphere model proposed by
Griffith et al.67

where P is the scattering amplitude, σ is the particle
diameter, G(σ) is the particle size distribution function,
and Hij(q) is the pair correlation function, with the
subscripts referring to the two particles i and j. A Schulz
distribution was used because of its mathematical
simplicity. The fit is shown in Figure 5 for the 0*
sample. The model provided an effective hard sphere
radius, reff, and an effective volume fraction of hard
spheres, φeff, which were then used to calculate an
average radius of the FOSA-rich nanodomains, r0 ) 1.8

Figure 5. SAXS curves for NF5 as a function of hydration at
10 °C. The numbers in parentheses denote the water concen-
tration in the gel. The curve labeled (0) is the molded film,
and the one labeled (0*) represents a film that was dried after
swelling with water. The curves were shifted vertically for
clarity. The solid curve is the fit of the Griffith et al. hard-
sphere model.

Figure 6. Schematic of the various inhomogeneities in the
physical gels as a function of hydration: (a) dry polymer or
low hydrationschains form a dense, homogeneous phase
(chains are not shown); (b) intermediate hydrationstwo in-
homogeneities: the nanodomains and the water-swollen chain
structure; (c) high hydrationsthree inhomogeneities: nano-
domains, water-swollen chain structure, and nanodomain
clusters. The black circles represent the FOSA nanodomains
that comprise the cross-link junctions of the network. The
shaded areas indicate the nanodomain clusters due to the
inhomogeneous hydration of the network.

I(q) ) ∫0

∞
Pi

2(q) G(σi) dσi +

∫0

∞ ∫0

∞
Pi(q) Pj(q) Hij(q) G(σi) G(σj) dσi dσj (2)
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nm, using eq 3, which is based on the average volume
fraction of FOSA nanodomains φ0

Similarly, a FOSA nanodomain size of r0 ) 1.6 nm was
determined for the dry NF8 and NF10 copolymers. The
hard-sphere model, however, did not adequately fit the
scattering data for the dry, as-molded NF5 film or the
water-swollen films due to large inhomogenities in the
structure of the former and the additional clustering
structure indicated by the low-q intensity upturn for the
latter samples.

SAXS data for the hydrated DF9 sample are shown
in Figure 7. As with the NF5 sample, the SAXS of the
dry DF9 showed a broad scattering peak centered at
qmax ) 1.44 nm-1 (d ) 4.4 nm) due to nanophase
separation of the FOSA. Also similar to the behavior
for the NF gels, when the DF9 was hydrated, the
scattering peak sharpened, increased in intensity, and
shifted to lower q. At the equilibrium swelling, 161%
water, qmax ) 0.9 nm-1 (d ) 7.0 nm). The dehydrated
sample exhibited a scattering peak at qmax ) 1.3 nm-1

(d ) 4.8 nm), which shows that there was considerable
hysteresis in the microstructure of these gels. The SAXS
peak for the dehydrated copolymer was narrower and
higher in intensity than that for the initial dry sample,
which indicated that the dispersion of nanodomains
became more uniform after swelling the gel. The fit of
the Griffith et al. hard-sphere model to the SAXS data
for the DF9 film that was swollen with water and then
dried produced a radius of 1.8 nm for the FOSA
nanodomains, which is comparable to that in the NF5
copolymers discussed above. The radius of the FOSA
nanodomains in the DF copolymers, as calculated from
fits of the Griffith et al. hard-sphere model, was affected
by FOSA concentration, changing from r0 ) 1.4 to 2.1
nm as the FOSA concentration increased from 5 to 22
mol %. The structure of the FOSA nanodomains and
the effects of temperature and water content are dis-
cussed in more detail in a second paper.57

The shift of the SAXS peak to lower q upon swelling
the gel is due to the increased separation of the
nanodomains as the volume of the gel increased. The
water presumably only swells the hydrophilic, i.e.,
alkylacrylamide, phase. That conclusion is supported by
the relationship between the characteristic length, d,
associated with the SAXS peak and the volume of the
gel (see Figure 8). The data in Figure 8 were normalized
by the characteristic length and volume of the dry
copolymers. If one assumes an affine deformation of the
network chains between the cross-linkssin this case,
between the FOSA nanodomainsswhich is reasonable
if the nanodomain structure was unperturbed by the
swelling of the gel with water, the expectation is that
“d” should scale with V1/3. The agreement between the
data and the affine deformation model for the DF gels
is good, which indicates that water uniformly swelled
those gels. However, the data for the NF gels in Figure
8 deviate from the affine prediction, probably due to an
inhomogeneous distribution of the FOSA domains, as
evidenced by the scattering peak and the low-q upturn
in Figure 5. The absence of a low-q upturn in the
intensity for the DF gels, as was observed for the NF
gels (e.g., Figures 5 and 7), also supports the conclusion
that the nanodomain dispersion in the DF gels was more
uniform than in the NF gels.

The SAXS vs water swelling behavior for the other
NF and DF gels was similar to that of the NF5 and the
DF9 gels. For both NF and DF gels, a scattering peak
corresponding to the interdomain spacing of FOSA
nanodomains was observed in the dry and hydrated
states. The peak shifted to lower q with increasing
hydration, corresponding to increased inter-nanodomain
spacing. For the NF gels, a distinct intensity upturn
became evident at high degrees of swelling. This was
attributed to large-scale inhomogeneties in the distribu-
tion of FOSA nanodomains. SAXS results for all the NF
and DF gels, dry and fully swollen, are summarized in
Table 3. In general, the interdomain spacing decreased
with increasing FOSA concentration. The interdomain
spacing in the dry copolymers scaled roughly as the
FOSA concentration to the one-third power, but the
number of samples studied was insufficient to get good
statistics on that correlation. Still, as a first approxima-

Figure 7. SAXS curves for DF9 as a function of hydration at
∼23 °C. The numbers in parentheses denote the water
concentration in the gel. The curve labeled (0) is the molded
film, and the one labeled (0*) represents a film that was dried
after swelling with water. The curves were shifted vertically
for clarity. The solid curve is the fit of the eq 2, the hard-sphere
model.

r0 ) (φ0/φeff)
1/3reff (3)

Figure 8. Normalized nanodomain spacing vs the cube root
of the normalized volume for (O) NF5 and (b) DF9 as a
function of swelling with water.

Table 3. SAXS Parameters of Dry and Hydrated
Copolymers

gel ID DF5 DF9 DF22 NF5 NF8 NF10

dry qmax nm-1 1.4 1.45 1.55 1.25 1.35 1.45
d, nm 4.5 4.3 4.1 5 4.7 4.3

gel d, nm 7.9 7 6.6 8.4 8.1
upturn no no no yes yes yes
water, wt % 330 175 70 300 160 115
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tion, that result would be expected as either the number
or size of the nanodomains increased with increasing
concentration of the hydrophobic FOSA.

Conclusions

Physically cross-linked, FOSA/N-isopropylacrlyalmide
(NIPA) copolymer (NF) hydrogels exhibited a volume
phase transition (VPT) similar to what is observed for
covalently cross-linked NIPA hydrogels. The tempera-
ture of the VPT (TVPT) decreased and the transition
broadened as the FOSA concentration in the copolymer
increased. The decrease of the TVPT was due to the
increased hydrophobicity introduced by the FOSA
comonomer. The broadening of the transition was prob-
ably a consequence of local differences in the hydro-
philic/hydrophobic balance of the copolymer due to large
inhomogeneities in the microstructure and nonuniform
swelling of the NF gels. No VPT has been reported for
covalently cross-linked DMA hydrogels, and the intro-
duction of as much as 21.5 mol % of the hydrophobic
FOSA comonomer did not produce a VPT in FOSA/N,N-
dimethylacrylamide (DMA) copolymer (DF) hydrogels.

Hydrophobic interactions promoted nanophase sepa-
ration of the FOSA in both the DF and NF physical gels.
The microstructure of these physical gels was signifi-
cantly different from covalently cross-linked hydrogels
in that the cross-link junctions of the physical gels
consisted of FOSA nanodomains. In part 2 of this
study,57 a more thorough examination of the gel micro-
structure will be discussed.
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