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Temperature-Dependent, High-Resolution
Magic-Angle-Spinning (HRMAS) NMR Studies
of Poly(N-isopropylacrylamide-co-acrylic Acid)
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High-resolution magic-angle-spinning NMR spectroscopy is used to investigate the
phase transition of poly(N-isopropylacrylamide-co-acrylic acid) hydrogels crosslinked
with N,N’-methylene bisacrylamide, hereafter poly(NIPAAm-co-AAc). Van’t Hoff �H
and �S for polymer dehydration are derived from temperature-dependent NMR spectra,
and the thermodynamic data strongly support a four-stage dehydration mechanism for
pure poly(NIPAAm). Acrylic acid stabilizes the hydration sphere around the polymer
chains. Reduced amounts of water released during the phase transition translates into
smaller values for �H and �S. Enhanced rehydration kinetics for poly(NIPAAm-co-
AAc) is attributed to water remaining in the samples at elevated temperatures, which
may produce facile diffusion pathways and enable faster rehydration kinetics than
poly(NIPAAm).

Keywords acrylic acid; HRMAS NMR spectroscopy; hydrogels; kinetics; poly
(N-isopropylacrylamide); thermodynamics

Introduction

Tremendous research efforts are devoted to the development of polymers that respond
to external stimuli (e.g., temperature and pH) for physiological applications [1–7]. Alkyl
acrylamide-based polymers, especially poly(N-isopropylacrylamide or poly(NIPAAm), are
among the most heavily investigated of these families for drug delivery or tissue engineering
applications. The good biocompatibility of poly(NIPAAm) coupled with a sharp phase
separation at its lower critical solution temperature (LCST, 32◦C) has contributed much to
the success of this polymer [8]. Lower critical phase separation is typically viewed as a
delicate balance between the hydrophilic and hydrophobic moieties of the polymer chain.
At room temperature, the polymer chains of poly(NIPAAm) are surrounded by a hydration
shell that stabilizes the system through extensive hydrogen-bonding interactions between
water molecules and the amide groups of the NIPAAm substituents. However, heating the
polymer destabilizes the hydration shell, leading to rapid dehydration and phase separation

∗Address correspondence to Dr. Christopher M. Burba, Department of Natural Sciences, North-
eastern State University, 600 N. Grand Ave, Tahlequah, OK 74464 USA. Tel. 918-444-3835; Fax.
918-458-2325. E-mail: burba@nsuok.edu
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at its LCST. In crosslinked poly(NIPAAm), the phase transition is marked by a significant
volume change as the translucent, swollen hydrogel becomes an opaque, insoluble solid.

One avenue of research in developing this field of biomaterials is to copolymerize NI-
PAAm with acrylic acid (AAc). Here, the goal is to use the acrylic acid sites to attach phys-
iologically relevant molecules to the polymer backbone, allowing poly(NIPAAm-co-AAc)
hydrogels to function as a scaffold for tissue regeneration [9–11]. However, copolymers
of NIPAAm and acrylic acid exhibit different phase behavior from poly(NIPAAm), even
at very low doping levels. Acrylic acid increases the overall hydrophilicity of the polymer
chains, thus raising the LCST of the hydrogel and decreasing the extent of the temperature-
induced volume change [12]. As these effects may impede future physiological applications
of these materials, it is very important to have a good molecular-level understanding of how
acrylic acid influences the phase transition behavior of poly(NIPAAm) hydrogels to better
address these issues.

In this work, nuclear magnetic resonance (NMR) spectroscopy is used to quantita-
tively measure the van’t Hoff enthalpy and entropy of the phase transition process for
poly(NIPAAm-co-AAc) in D2O. In the fully hydrated state (T < LCST), the molecular
units composing the polymer chains are relatively flexible and any chemical shift anisotropy
(CSA) or dipole-dipole coupling effects that exist in the sample may be removed with high-
resolution magic-angle-spinning (HRMAS) NMR methods [13–18]. However, the CSA
and dipole-dipole coupling effects become very strong in the collapsed state (i.e., T >

LCST) and solution NMR probes do not deliver high enough radio frequency (rf) power to
study those portions of the sample. Consequently, no NMR signal is detected for dehydrated
segments of the polymer. The relative amounts of flexible, hydrated NIPAAm segments
within the sample are directly measured by following the intensity of methyl protons from
the NIPAAm substituents with HRMAS 1H NMR spectroscopy. Thus, a quantitative assess-
ment of how acrylic acid influences the phase transition during heating and cooling cycles
is available from the perspective of the NIPAAm constituents. A similar strategy was used
to evaluate thermodynamic properties of the phase transition process for poly(NIPAAm) in
D2O [14] and in D2O salt solutions [13].

Experimental Methods

Materials

N-isopropylacrylamide (NIPAAm, 97%), N,N′-methylene bisacrylamide (MBAAm, 98%),
N,N,N′,N′-tetramethylenediamine (TEMED, 99%), and acrylic acid (AAc, 99%) were pur-
chased from Aldrich. Riboflavin 5′-phosphate was purchased from Spectrum, and deuterium
oxide (D2O) was obtained from Cambridge Isotopes Laboratories. All reagents were used
as received, and solutions were prepared with doubly distilled H2O.

Polymerization

Poly(NIPAAm-co-AAc) hydrogels were synthesized by photo-polymerization of NIPAAm,
AAc, and MBAAm. Nominal acrylic acid doping levels of 0.0, 1.0, 2.5, 5.0, and 10.0
mol% were prepared. In a typical synthesis, 2.00 mL of NIPAAm solution (0.7899 M)
was mixed with an appropriate quantity of acrylic acid. Afterwards, a sufficient volume
of 41.3 mM MBAAm was added to prepare a gel with a crosslinking density of 300:1,
defined as (moles of NIPAAm + moles of AAc):moles of MBAAm. This was followed by
the addition of 100 µL of 1.0 mM Riboflavin 5′-phosphate and 10 µL of pure TEMED
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as initiators. The resulting solutions were intimately mixed and neutralized until pH =
7. Photo-polymerization was performed for 30 min at 254 nm using a Spectroline R© UV
Crosslinker SelectTM (Fisher Scientific). The resulting hydrogels were thoroughly washed
by heating the gel above the LCST and then rehydrating the gel with doubly distilled H2O.
This process was repeated at least three times to remove excess reagents.

NMR Spectroscopy

Small quantities (∼50 µL) of dehydrated poly(NIPAAm-co-AAc) were placed in a ceramic,
high-resolution magic-angle-spinning (HRMAS) rotor, and the gels were then allowed to
rehydrate in the presence of D2O for approximately 1 h. NMR spectra were collected using
a Varian 13C{1H} HRMAS NanoProbe R© and a Mercury VX 300 MHz NMR Spectrometer.
VnmrJ 1.1D software (Varian, Inc.) was used for data collection and processing. The 1H
chemical shift values were referenced to the residual water signal (HOD) at 4.8 ppm.
Temperature calibration of the NMR spectrometer was accomplished with the temperature-
dependent chemical shift of ethylene glycol, and all samples were spun at a rate of ∼2000
Hz. During variable-temperature NMR measurements (both heating and cooling cycles),
the samples were allowed to rest 5 minutes at each temperature prior to acquiring the
spectra.

Deuterium lock was maintained throughout data acquisition to control the field fre-
quency ratio over the sample [18–20]. Temperature-induced changes in solvent density
affect the magnetic susceptibility of the sample. This can change the intensity of the local
magnetic field at the sample, influencing measured chemical shift values. Furthermore,
changes in probe temperature also create magnetic inhomogeneities that may result in
peak broadening and/or splitting. These effects are removed by sample shimming on the
deuterium signal at each temperature interval.

Results

Effect of Acrylic Acid on the Phase Transition Temperature

HRMAS NMR spectra of poly(NIPAAm-co-AAc) consist of four peaks in addition to the
intense peak due to residual water molecules (HOD, 4.8 ppm). Peak assignments have
been previously reported and are adopted here [14]. The methyl protons of the NIPAAm
groups (ca. 1.05 ppm) are the strongest signal in the NMR spectrum and also participate
in hydrophobic bonds that are created as the temperature is increased. Hence, normalized
peak intensities of this signal are used to follow changes in the hydrogel as a function of
temperature and acrylic acid content; similar results are obtained if other signals are used.
Variable temperature NMR measurements for several poly(NIPAAm-co-AAc) hydrogels
are presented in Fig. 1. The peak intensity of poly(NIPAAm) remains constant between
23 and 31◦C. At these temperatures, the polymer chains are hydrated and flexible, thus
a 1H NMR signal is detected. However, the cross-linked polymer rapidly dehydrates and
becomes rigid near its LCST. This is accompanied by a precipitous decrease in the in-
tensity of the NMR peaks, after which no signal is detected. The addition of acrylic acid
causes an increase in the measured LCST of poly(NIPAAm) [21, 22]. For instance, the
midpoints of the normalized signals increase from 33◦C for poly(NIPAAm) to 39◦C for
5.0 mol% poly(NIPAAm-co-AAc) sample. In addition, polymer dehydration occurs over
a broader range of temperatures for poly(NIPAAm-co-AAc) materials compared to pure
poly(NIPAAm).
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Figure 1. Temperature-dependent HRMAS 1H NMR data for poly(NIPAAm-co-AAc) hydrogels as
a function of acrylic acid content. Normalized signal intensities are reported for the methyl protons
on the N-isopropylacrylamide substituents (δ = 1.05 ppm). Samples are denoted by the acrylic acid
contents (reported in mole percent) as follows: = 0.0, = 1.0, = 2.5, = 5.0, and =
10.0.

The addition of hydrophilic acrylic acid sites along the polymer chains will undoubtedly
affect inter- and intramolecular properties of the copolymers and, as a consequence, the
chemical and physical properties of hydrogels. A number of poly(NIPAAm)-based binary
[22–25] and ternary [12, 26, 27] polymer systems show variations in the LCSTs. In general,
hydrophilic co-monomers increased LCSTs by stabilizing the hydration shell around the
polymer chains. In contrast, hydrophobic co-monomers destabilized the hydration shell and
lowered the LCSTs. At the doping levels investigated here, the poly(NIPAAm-co-AAc)
samples may be viewed as relatively long chains of NIPAAm interspersed with hydrophilic
acrylic acid sites. Hydrogels containing small quantities of acrylic acid (<1.0 mol%) consist
of fairly long segments of repeating NIPAAm monomeric units. Consequently, the phase
behavior of the 1.0 mol% copolymer is slightly perturbed compared to poly(NIPAAm). As
the acrylic acid content increases, the average size of the NIPAAm segments decreases,
and the acrylic acid sites exert a stronger influence on the hydration shell of the polymer
chains.

Residual NMR signal intensity for dehydrated samples is a direct measure of the
amount of hydrated polymer chains present in the collapsed phase. The NMR signal from
the methyl protons of NIPAAm persists at elevated temperatures for high doping levels of
acrylic acid (5.0 and 10.0 mol%). Indeed, the 10.0 mol% sample only slightly dehydrates
over the temperature range of the NMR probe, leaving most of the NIPAAm monomeric
units hydrated and relatively flexible. Figure 2 shows the fraction of hydrated NIPAAm
substituents as a function of AAc-doping level at 46◦C—near the high temperature limit
of the HRMAS NMR probe. At a 10.0 mol% doping level, most of the NIPAAm segments
are small, and strong water-acrylic acid hydrogen bonds prevent significant dehydration of
the hydrogel. Consequently, approximately 84% of the polymer remains hydrated. Even in
boiling water, only a small portion of the sample was visually observed to collapse. The
stabilization of the hydration shell is less extensive in samples containing smaller quantities
of acrylic acid. For example, approximately 17% of NIPAAm remains hydrated at elevated
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Figure 2. The fraction of hydrated NIPAAm monomeric units, as measured by HRMAS 1H NMR
spectroscopy at 46◦C, is plotted as a function of acrylic acid content. A best fit trend line is included.

temperatures for a doping level of 5.0 mol%. The observation of significant changes in the
temperature-dependent 1H NMR intensity profiles confirms the notion that small quantities
of acrylic acid can exert large effects on the stability of the hydration shell surrounding the
polymer chains.

Thermodynamics of Dehydration

HRMAS 1H NMR spectra provide additional insight into the phase transition thermody-
namics of poly(NIPAAm-co-AAc) hydrogels. As noted in Fig. 1, the polymer chains yield
measurable 1H NMR signals when hydrated, but the intensity of the NMR peaks rapidly de-
crease over the phase transition for samples containing small amounts of acrylic acid (<5.0
mol%). Because peak signals are due solely to flexible, hydrated portions of the polymer,
the normalized peak intensities may be used to directly measure the equilibrium constant,
Keq, for the reaction poly(NIPAAm-co-AAc)hydrated � poly(NIPAAm-co-AAc)collapsed. In
terms of the NMR signal, denoted S, the equilibrium constant may be defined as

Keq =
[
poly(NIPAAm-co-AAc)collapsed

]
[
poly(NIPAAm-co-AAc)hydrated

] = So − S

S
. (1)

The value of So = 1 when the NMR spectra are normalized with respect to the maximum
signal intensity. Van’t Hoff plots for cross-linked poly(NIPAAm-co-AAc) hydrogels with
acrylic acid contents of 0.0, 1.0 and 2.5 mol% are depicted in Fig. 3. The 5.0 and 10.0 mol%
samples are not included in the analysis because the temperature limit of the NMR probe
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Figure 3. Van’t Hoff plots of poly(NIPAAm-co-AAc) are provided for hydrogels containing (a) 0.0,
(b) 1.0, and (c) 2.5 mol% acrylic acid.
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is too low to fully dehydrate the compounds. Thus, a substantial portion of the dehydration
process is unavailable.

Four distinct linear domains are indentified in the van’t Hoff plots for pure
poly(NIPAAm), and each region is denoted in Fig. 3 with Roman numerals. Region I
corresponds to temperatures below 32.4◦C, which is before the precipitous decrease in
NMR signal intensity shown in Fig. 1 for this sample. Therefore, region I is assigned to
pre-phase transition changes within the hydrogel. Region II ranges from 32.5 to 33.3◦C.
During this temperature range, poly(NIPAAm) undergoes substantial dehydration, corre-
sponding to significant loss in the NMR signal. A third linear region observed between
33.3 and 35.5◦C is assigned to post-phase transition changes in the hydrogel. Region IV for
poly(NIPAAm) has essentially zero slope because the sample is almost fully dehydrated at
these temperatures. Consequently, no measurable NMR signal is detected. The sample is a
relatively rigid, opaque solid over this region. Van’t Hoff plots for poly(NIPAAm-co-AAc)
samples show the same qualitative trends as poly(NIPAAm), and the van’t Hoff plots are
also divided into four regions for comparison with the poly(NIPAAm) data. Regions II, III
and IV are less well defined in the copolymerized materials compared to poly(NIPAAm).
This is especially evident for region III, where the data displays significant curvature in
the ln Keq versus 1/T graphs. Statistically significant linear correlations (p < 0.05) are
identified in regions I, II and IV for both 1.0 and 2.5 mol% samples.

Temperature-dependent measurements of the equilibrium constant may be used to
calculate the enthalpy and entropy changes associated with the phase transition process
using the van’t Hoff equation:

In Keq = −�H

RT
+ �S

R
. (2)

Van’t Hoff enthalpy and entropy changes associated with regions I-IV for poly
(NIPAAm)and regions I, II and IV for poly(NIPAAm-co-AAc) are calculated from best-fit
linear equations to the data presented in Fig. 3 and summarized in Table 1. It is not uncom-
mon for the van’t Hoff enthalpy to be substantially different from the enthalpy measured
through calorimetry, particularly for macromolecules [28]. In most cases, the discrepancy
lies with the cooperativity of many monomeric units contributing to the van’t Hoff enthalpy,
whereas the calorimetric enthalpy is taken to be a measure of the enthalpy per monomeric
unit. The concept of a cooperative unit may begin to break down somewhat in the context
of a cross-linked hydrogel, further obfuscating the physical meaning of the van’t Hoff en-
thalpy and entropic values for cross-linked polymers, such as the poly(NIPAAm-co-AAc)
hydrogels described here. Although, the size of the cooperative unit involved in the van’t
Hoff enthalpy is often unknown, the van’t Hoff formalism is sensitive to subtle changes
occurring in the phase transition process that are masked in a calorimetric study where the
phase transition often appears as a large poorly resolved peak. Schild and Tirrell report
the calorimetric �H◦ of poly(NIPAAm) to be 6.3 kJ/mol of monomer and suggested the
cooperative unit is ∼430 monomeric units [29]. Previous studies on the phase transition
thermodynamics of poly(NIPAAm) in D2O [14] and D2O salt solutions [13] adopted a
cooperative unit equal to the cross-linking density of the hydrogel (300:1). A similar con-
vention is adopted in this work to allow direct comparisons with previous thermodynamic
data.

Pure poly(NIPAAm) exhibits four distinct linear domains in Fig. 3, and the thermody-
namic values derived from Regions I and II are consistent with previous reports by Rice
[14] and Burba et al. [13]; the enthalpy and entropy of regions III and IV is not discussed in
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those earlier reports. Both �H◦ and �S◦ increase slightly for region I when poly(NIPAAm)
is doped with 1.0 mol% acrylic acid. In contrast, �H◦ and �S◦ for the 2.5 mol% sample
is approximately half that of poly(NIPAAm) for over the same region. Although regions
II, III and IV begin to merge into a continuous, non-linear curve for the 1.0 and 2.5 mol%
samples, it is possible to extract statistically significant linear fits for portions of the
data that correspond to regions II and IV of poly(NIPAAm). Region III is excluded from
the analysis given the substantial amount of curvature evident in the van’t Hoff plots. The
�H◦ and �S◦ values for the 1.0 and 2.5 mol% samples are considerably lower than the cor-
responding value for the pure polymer. However, the thermodynamic parameters for the co-
polymers over region IV are slightly higher than that of poly(NIPAAm).

Recovery of the NMR Signal upon Cooling

Monitoring the recovery of the NMR signal during cooling can provide insight into the
role of acrylic acid in polymer rehydration rates. Figure 4 compares heating and cooling
cycles for the poly(NIPAAm-co-AAc) hydrogels. Pure poly(NIPAAm) exhibits temperature
hysteresis between heating and cooling cycles. Indeed, the NMR signal does not begin to
increase in intensity until the sample is cooled to 32◦C (near the onset temperature of phase
separation during the heating cycle), and the shape of the cooling curve does not match
the heating curve. That is, the magnitude of the NMR signal gradually increases when the
sample is cooled to 25◦C. This is in stark contrast to the rapid dehydration that occurs when
the polymer is heated. Much longer dwell times at each temperature point (ca. 2 h) are
needed for poly(NIPAAm) to achieve equilibrium during the cooling cycle.

Acrylic acid decreases the hysteresis between heating and cooling curves and reduces
dwell times required for equilibration upon cooling. For example, a 5-min dwell time

Figure 4. Temperature-dependent HRMAS 1H NMR data are used to compare dehydration and rehy-
dration rates for poly(NIPAAm-co-AAc) hydrogels as a function of acrylic acid content. Normalized
signal intensities are reported for the methyl protons on the N-isopropylacrylamide substituents (δ =
1.05 ppm). Samples are denoted by the acrylic acid contents (reported in mole percent) as follows:

= 0.0 (heating), = 0.0 (cooling); = 1.0 (heating), = 1.0 (cooling); = 2.5 (heating),
= 2.5 (cooling); = 5.0 (heating), = 5.0 (cooling); and = 10.0 (heating), = 10.0

(cooling).
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at each temperature step, which is depicted in Fig. 4, is sufficient for the 5.0 and 10.0
mol% samples to achieve equilibrium on both heating and cooling cycles. The 1.0 and
2.5 mol% samples exhibit intermediate levels of hysteresis to pure poly(NIPAAm) and
poly(NIPAAm-co-AAc) containing 10.0 mol% acrylic acid.

Discussion

Phase Transition Thermodynamics for Poly(NIPAAm) Dehydration

HRMAS 1H NMR measurements of the methyl protons from NIPAAm provide a unique
perspective on how acrylic acid influences the phase transition of poly(NIPAAm). There
is general consensus that dehydration of poly(NIPAAm) occurs through a series of stages
and is largely controlled by (1) hydrophobic interactions of the isopropyl groups and the
methylene units along the polymer backbone and (2) intra- and intermolecular hydrogen
bonds among the NIPAAm monomeric units (either within a single polymer chain or
between two different polymer chains, respectively) as well as intermolecular hydrogen
bonds between NIPAAm and water. Ramon and co-workers [30] proposed a four-stage
model for the dehydration of poly(NIPAAm) using attenuated total reflection (ATR) FT-IR
spectroscopy to probe the hydrogen bonding environment of NIPAAm. The observation of
a four-stage dehydration mechanism is in qualitative agreement with the van’t Hoff plots in
Fig. 3; however, the LCST reported by Ramon and co-workers [30] is approximately 3◦C
higher than what is observed in the NMR data presented in Fig. 2 and elsewhere [29].

The pre-phase transition region denoted on Fig. 3 (region I, T < 32.5◦C) has a van’t
Hoff enthalpy and entropy of 2.00 kJ mol−1 and 6.50 J mol−1 K−1, respectively. FT-IR
spectroscopic studies suggest that poly(NIPAAm) forms extensive hydrogen bonds with
water molecules at temperatures well below the phase transition temperature [30–32]. As
the temperature is increased, the fraction of water-amide hydrogen bonds decreases, while
the population of free, non-hydrogen-bonded amide groups increases [30]. The van’t Hoff
enthalpy may be attributed to the subtle changes taking place in the hydration sphere of the
polymer chains over this temperature range. In addition, the van’t Hoff entropy changes for
region I are small but positive. Water is a good solvent for poly(NIPAAm) below the LCST.
At the LCST, however, water becomes a θ -solvent. Dilute linear polymer chains adopt ideal
configurations in a θ -solvent as described by their random-walk coil dimensions. For single
chains of poly(NIPAAm), this is marked by a decrease in the radius of gyration [33] and an
increase in the rigidity of the polymer [34]. The increase in entropy during the pre-phase
transition stage is possibly due to an increase in the configurational entropy of the polymer
chains as the temperature approaches the θ -temperature.

Substantial dehydration of poly(NIPAAm) occurs for temperatures corresponding to
region II in Fig. 3 (32.5◦C < T < 33.3◦C). The van’t Hoff enthalpy for Region II is ∼12
kJ/mol, which is comparable to hydrogen bond dissociation energies. Schild and Tirrell [29]
concluded that approximately one hydrogen bond per monomeric unit is lost upon dehy-
dration of the polymer chains, and the van’t Hoff �H◦ reported for this region is consistent
with this assignment. The NIPAAm groups may undergo intermolecular and intramolecular
hydrogen bonding through the C O or N H groups. Maeda et al. [32] observed a single
absorption species for the amide I band in the infrared spectrum of poly(NIPAAm) below
the LCST, which they assigned to C O···H OH interactions. The amide I band consists of
∼80% C O stretching motion and a minor amount of C-N stretching motion; therefore, it
is a good spectroscopic probe of the potential energy environment about the C O portion of
the amide groups. Above the LCST, an additional band appeared in the IR spectrum that is
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consistent with the presence of C O···H N inter- or intramolecular hydrogen bonds [32].
However, infrared spectroscopic data for the amide I band argue that the majority of the
C O groups remain hydrogen bonded to water even above the LCST. The amide II band is
due to ∼60% N H bending motion and ∼40% C N stretching vibrations. Thus, this band
is sensitive to the local environment about the N H groups. Below the LCST, the frequency
of the amide II band is consistent with N H···OH2 hydrogen bonds; though, an additional
band appears at lower frequencies above the LCST that is assigned to intermolecular or
intramolecular hydrogen bonds with the C O groups [32]. Ramon et al. [30] observe a
slight decrease in the number of free amide groups and a substantial decrease in the fraction
of amide groups participating in intermolecular hydrogen bonds across this temperature
range. The fraction of intramolecular hydrogen bonded amide groups increased slightly.
Based on these spectroscopic observations, the enthalpy changes associated with region II
are assigned to dehydration of one water molecule per N H group of the polymer. The
van’t Hoff �S◦ is ∼40 J mol−1 K−1; this increase in entropy is assigned to the release of
water molecules from the polymer chains.

Infrared spectroscopic studies reveal a decrease in the intra- and intermolecular hydro-
gen bonded amide groups for 33.3◦C < T < 35.5◦C (region III), while the population of
free amide groups increases to a maximum level at 35◦C [30]. The van’t Hoff enthalpy for
this region is 3.4 kJ mol−1 and the van’t Hoff entropy is 11.15 J mol−1 K−1. The thermody-
namic data likely reflect the breaking of additional water-amide and amide-amide hydrogen
bonds as the polymer continues dehydration and the hydrophobic isopropyl groups and the
polymer backbone coalesce. At the end of region III, the poly(NIPAAm) is a rigid mass,
and essentially no NMR signal is observed in the HRMAS NMR spectra. Changes in the
NMR data for post-phase transition temperature domain (region IV, T > 35.5◦C) are very
small because most of the NIPAAm groups are dehydrated and rigid. It is difficult to make
definitive statements about any changes that transpire over this temperature range since
very few NIPAAm groups remain flexible enough to yield a measurable NMR signal.

Phase Transition Thermodynamics for Poly(NIPAAm-co-AAc) Dehydration

Copolymerizing NIPAAm with hydrophilic or hydrophobic molecules is known to have a
dramatic effect on inter- and intramolecular hydrogen bonding interactions present among
the polymer chains of the hydrogel. These interactions are the primary factors that deter-
mine the chemical and physical properties of the poly(NIPAAm)-based materials. Small
quantities of acrylic acid are sufficient to affect the phase transition thermodynamics of
poly(NIPAAm). Although the thermodynamic values for all of the regions denoted in Fig.
3 are affected by the acrylic acid content, the most dramatic changes are noted in regions II
and III. In pure poly(NIPAAm), these regions are associated with substantial dehydration
of the polymer chains. Doping poly(NIPAAm) with 1.0-mol% acrylic acid results in a 40%
reduction for the region II van’t Hoff �H◦ and �S◦ compared to pure poly(NIPAAm).
Moreover, regions II, III and IV are less distinct in the 1.0-mol% sample and significant
non-linearity in the van’t Hoff plot is evident for “region III”. Increasing the doping level
to 2.5 mol% further reduced the van’t Hoff thermodynamic values.

The reduced values of the van’t Hoff �H◦ and �S◦ are attributed to the enhanced hy-
drophilicity of the polymer chains. Acrylic acid is more hydrophilic than NIPAAm and has
a pKa of 4.25. Thus, incorporating hydrophilic acrylic acid sites along the poly(NIPAAm)
chains will enhance water-polymer interactions, leading to an increase in the LCST of the
materials and a suppression of hydrogel dehydration. Feil et al. [35] established a linear re-
lationship between calorimetric �H and LCST, implying that hydrophilicity of acrylic acid
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does not directly impact the enthalpy of the phase transition. Instead, Feil and co-workers
[35] proposed that acrylic acid increases the overall hydrophilicity of the polymer chains
by reducing the total number of hydrophobic groups. The strengthened water-polymer
interactions compensates any increases in the hydrophobic interactions as temperature is
increased, thereby raising the LCST of the co-polymer. The authors further argue that in-
creased LCSTs for co-polymerized samples exhibit reduced calorimetric enthalpies of the
phase transition because the higher temperatures destabilize the hydration sphere around
the polymer chains compared to samples with lower LCSTs.

The thermodynamic data reported in Table 1 are consistent with the model proposed
by Feil et al. [35]. At low doping levels, poly(NIPAA-co-AAc) polymer chains consist of
relatively long segments of poly(NIPAAm) interspersed with hydrophilic acrylic acid sites.
These sites stabilize the hydration sphere about the polymer chains and shift the phase
transition temperature to higher temperatures. At very low doping levels (<1 mol% acrylic
acid), the average length of the NIPAAm segments is long, and the phase transition process
is similar to that of pure poly(NIPAAm). Increased amounts of acrylic acid shortens the
length of poly(NIPAAm) segments, increasing the overall effect of the acrylic acid on the
water-polymer interactions. The stabilized hydration sphere around the polymer chains
results in reduced numbers of water molecules being released from the hydrogel during the
phase transition. The van’t enthalpy and entropy values are largely controlled by the release
of water molecules as the polymer is heated across the phase transition temperature. Thus,
changes in the stability of water-polymer interactions appear as reductions in the van’t Hoff
�H◦ and �S◦, especially for regions II and III. The van’t Hoff �H◦ and �S◦ for region
IV slightly increases when the acylic acid content is raised from 0.0 mol% to 2.5 mol%.
This is attributed to the release of water molecules that are tightly bound to the polymer
chains, possibly in the local vicinity of an acrylic acid site. The enhanced stability of the
hydration sphere for acrylic acid-containing polymers leads to a larger fraction of residual
water molecules bound to the polymer chains above the LCST, and higher temperatures are
needed to fully dehydrate the material. The fraction of residual water becomes quite large
in the case of 5.0- and 10.0-mol% samples.

Rate of NMR Signal Recovery during Rehydration of Poly(NIPAAm-co-AAc) Hydrogels

Hydration and dehydration rates of poly(NIPAAm), and its derivatives, has been exten-
sively studied in the literature since those processes are very important for drug delivery
applications, where understanding the kinetic release/uptake of pharmaceuticals is critical
to hydrogel function. Early theoretical work on swelling kinetics by Tanaka and Fillmore
[36] focused on the swelling behavior of spherical gels using cooperative diffusion theory.
For spherically-shaped gels, the shear modulus of the network is negligible, and the relax-
ation time for the polymer swelling is proportional to the radius of the particle squared (i.e.,
τ ∼ a2). Peters and Candau [37] extended the Tanaka-Fillmore model to include spherical,
cylindrical and disk-like particle shapes for which the shear modulus is non-zero. Later,
Li and Tanaka [38] developed a generalized form of the theory that is applicable to gels
of any shape. In the more general forms, swelling kinetics is viewed as a diffusion pro-
cess mediated by shape changes that serve to minimize the shear energy of the expanding
polymer. Thus, swelling kinetics is not fully described by diffusion of water molecules
into the polymer but must include shear effects that minimize non-isotropic deformations.
The Li-Tanaka drying and swelling kinetic model has been confirmed with in situ interfer-
ometry measurements of thin poly(NIPAAm) films in water [39]. Furthermore, Hirose and
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Shibayama found excellent agreement between the Tanaka-Fillmore model and experimen-
tal swelling kinetics for poly(NIPAAm-co-AAc) hydrogels. The cooperative diffusion coef-
ficient derived from temperature-jump measurements was found to be 2.1 × 10−7 cm2· s−1

for hydrogels containing 4.8-mol% acrylic acid [40].
Quijada-Garrido et al. [41] investigated the rehydration kinetics of poly(NIPAAm-co-

methacrylic acid) copolymers with magnetic resonance imaging. Swelling of the copolymer
is hypothesized to occur through two distinct processes. The first process is the swelling of
an external zone along the outer surface of the polymer, which then migrates towards the
center of the polymer. Quijada-Garrido and co-workers [41] determined that movement of
the hydration front towards the center of polymer follows first-order kinetics. The authors
further propose an auto-acceleration mechanism is needed to fully explain the rehydration
kinetics of the copolymers. In this mechanism, water molecules that have diffused into the
polymer aid the diffusional of additional water molecules. This mechanism is summarized
below as:

H2O
k1−→ H2O∗ (3)

H2O + H2O∗ k2−→ 2H2O∗ (4)

where H2O∗ denotes a water molecule inside the polymer. Combining both processes leads
to the following integrated rate law for swelling poly(NIPAAm-co-methacrylic acid) [41]:

rateswelling = β

(
(k1/k2)(1 − e−(k1+k2)t )

k1/k2 + e−(k1+k2)t

)
+ (1 − β)(1 − e−k3t ). (5)

The rate constant k3 describes the rate the hydration front moves towards the center of the
polymer and β is the relative fraction both processes contribute to the swelling process. The
rate constants k1, k2, and k3 as well as β all depend on the composition of the copolymer.

Although a quantitative kinetic study of the rehydration process for our poly(NIPAAm-
co-AAc) samples is not possible with the data presented in Fig. 4, qualitative changes in
the rehydration rates can be explained in the context of the kinetic models given above. In
the absence of acrylic acid, the onset of rehydration is approximately equal to the onset
of dehydration during the heating cycle, as measured by the recovery of the NMR signal
in Fig. 2. This implies that the temperature of the hydrogel must drop below the point at
which the hydrophobic bonds are stable in pure poly(NIPAAm) for rehydration to occur
[13, 14]. However, rehydration kinetics is much slower than the five minute dwell time
used to establish thermal equilibrium in the sample. Thus, the poly(NIPAAm) sample is not
full equilibrated at each temperature measurement. The addition of acrylic acid appears to
somewhat remove this requirement, allowing rehydration to occur at higher temperatures.
Furthermore, rehydration is faster as the acrylic acid content is increased, and the 5.0- and
10.0-mol% samples reach thermodynamic equilibrium within the 5-min dwell time.

In poly(NIPAAm), rehydration is a kinetic process that is frustrated by the hydrophobic
nature of the polymer and the need to replace amide-amide bonds with amide-water bonds.
Here, the rate-limiting step for rehydration is usually taken as the slow diffusion of water
molecules through the collapsed gel. In poly(NIPAAm-co-AAc), acrylic acid tightly binds
water molecules to the polymer chain, stabilizing the hydration shell at elevated tempera-
tures and preventing the crosslinked hydrogel from fully dehydrating. Indeed, Fig. 2 shows
substantial amounts of flexible NIPAAm monomeric units in copolymers containing more
than 2.5 mol% acrylic acid. Thus, large quantities of residual water are retained within these
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polymers above their LCSTs. This observation is further corroborated by the reduction in
the van’t Hoff enthalpy and entropy for poly(NIPAAm-co-AAc), which is interpreted as
a reduced number of water-amide hydrogen bonds being broken during the phase transi-
tion. The presence of hydrated domains enables facile diffusion pathways for the water
molecules, promoting faster rehydration of the crosslinked samples during the cooling cy-
cle. In the context of the kinetic mechanism proposed by Quijada-Garrido et al. [41], the
residual water molecules within the polymer appears as an increased population of H2O∗

molecules in equation 4. Thus, the auto-acceleration process becomes more important in
the rehydration of these materials, increasing rehydration kinetics.

Conclusions

High-resolution magic-angle-spinning (HRMAS) 1H NMR spectroscopy is used to in-
vestigate the phase transition of a series of poly(N-isopropylacrylamide-co-acrylic acid)
hydrogels crosslinked with N,N ′-methylene bisacrylamide, or poly(NIPAAm-co-AAc). The
relative amounts of flexible, hydrated NIPAAm segments within the sample are directly
measured by following changes in the normalized 1H NMR intensity of methyl protons
from the NIPAAm substituents. Thus, quantitative information concerning the relative
fraction of hydrated NIPAAm domains is obtained as a function of temperature. These
measurements provide insight into how acrylic acid influences the phase transition ther-
modynamics and kinetics from the perspective of the NIPAAm constituents. Acrylic acid
causes a pronounced increase in the LCSTs of the hydrogel, which is related to differences
in the hydrophilicity of acrylic acid and NIPAAm. The resulting van’t Hoff enthalpy and
entropy values derived from temperature-dependent NMR data of pure poly(NIPAAm) are
consistent with a four-stage phase transition process.

The van’t Hoff plots of poly(NIPAAm-co-AAc) show several qualitative differences
from pure poly(NIPAAm); however, the data clearly support a multi-step phase transition
process analogous to poly(NIPAAm). In addition, the phase transition thermodynamics are
substantially smaller for poly(NIPAAm-co-AAc) than poly(NIPAAm). These differences
are attributed to the presence of hydrophilic acrylic acid sites along the poly(NIPAAm)
polymer chains, which enhance the stability of the hydration sphere surrounding the polymer
chains. Stronger interactions between the polymer chains and water molecules increases
the LCST of the hydrogel and the fraction of residual water bound to the polymer chains
above the LCST. These two effects reduce the number of water-amide hydrogen bonds
broken during the phase transition process and lead to smaller van’t Hoff thermodynamic
values.

The presence of acrylic acid in poly(NIPAAm) has a significant influence on the
rehydration kinetics of the collapsed polymer. The rate-limiting step for rehydration is
believed to be the slow diffusion of water molecules through the collapsed gel. Acrylic
acid prevents the crosslinked hydrogel from fully dehydrating at elevated temperatures,
leaving a significant fraction of water molecules within the hydrogel. These residual water
molecules promote facile diffusion of water into the bulk of the sample and, thus, accelerate
the rehydration kinetics of these materials.
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