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Abstract

Proton Magnetic Resonance (PMR) Imaging has been used to study the volume-phase-transition in a thermoreversible gel. This is
demonstrated in the LCST polymer poly(N-isopropylacrylamide), swollen in water. The volume-phase-transition is conveniently monitored
through one-dimensional proton images. PMR images, derived from relaxation and diffusion weighted planar spin-echo experiments, provide
insights on the hydration state of water and the motional state of polymer, in the fully swollen and collapsed states of the gel.q 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Polymeric gels that respond to stimuli, such as
temperature, electric field, pH etc. have found wide-ranging
applications in superabsorption, controlled drug delivery,
bioseparations and biomedical fields [1–6]. Temperature-
induced volume-phase-transition is one example of how a
gel responds to the imposition of a macroscopic
perturbation, and such a phenomenon usually occurs in
gels that exhibit lower critical solution temperature
(LCST). This has been well studied in the water swollen
poly(N-isopropylacrylamide) (PNIPAm) gel, which under-
goes a thermo-reversible volume phase transition at 31–
328C [7].

Although modern NMR spectroscopic methods have
been used in the studies on gels by our group [8–10], as
well as other groups [11–15], including the LCST phenom-
enon in PNIPAm [16–21], most of the work reported so far
have dealt with the measurement of proton relaxation times
(T1,T2) and self-diffusion coefficient of water (Dself) above
and below the transition temperature. However, MRI has
not been used to progressively monitor the LCST phenom-
enon in PNIPAm gel. Imaging experiments have been used
earlier to monitor the solvent penetration profiles in rubbery

and glassy polymers [13,22–26] and in the study of strained
elastomers [27,28]. Similarly, magnetic resonance imaging
(MRI) has been used in a recent study to image, in situ, the
penetration of water in poly(ethylene oxide) [29]. Polymeric
gels under equilibrium swollen conditions do not exhibit
macroscopic spatial heterogeneity due to the intricate mole-
cular level mixing of polymer and water domains, and,
naturally, they would appear to discount the use of MRI
for a study. However, it has been shown very recently that
MRI can provide valuable information about the molecular
motion of water in the collapsed PNIPAm gel [30]. In this
paper, we have sought to use proton MRI to study the
stimuli (temperature) response in the PNIPAm gel by noting
that the dynamical behavior of polymer and water compo-
nents occur at different motional timescales. This has
allowed us to exploit and use associated dynamical para-
meters such as spin–lattice (T1) and spin–spin (T2) relaxa-
tion times and self-diffusion coefficient (Dself) for an image
weighting.

2. Experimental

The proton imaging experiments were performed on a
Bruker MSL-300 FT-NMR spectrometer operating at the
proton Larmor frequency of 300.13 MHz. The spectrometer
is equipped with a Bruker Micro-imaging unit (40 G/cm)
and a dedicated imaging probehead. An imaging insert of
15 mm was used. The image acquisition was carried out
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using a standard spin-echo technique [31]. A sinc shaped r.f.
pulse in the presence ofz-gradient was used for slice (1 mm)
selection. For the acquisition of one-dimensional proton
spin density profiles of a chosen slice, the phase encoding
was switched off and the spin-echo experiment conducted
by varying the read gradient only. The spin system was
preconditioned for relaxation (T1,T2) and diffusion (Dself)
weighting by incorporating the appropriate pulse schemes,
prior to slice selection, as explained in the respective figure
captions. The temperature of the gel was precisely
controlled using a Bruker BVT-1000 controller. PNIPAm
was synthesized by polymerizingN-isopropylacrylamide
monomer using ethylene glycol dimethacrylate as a

cross-linking agent and azo-bis isobutyronitrile as an initia-
tor [32].

3. Results and discussion

We show in Fig. 1 the comparison of planar proton
images of PNIPAm gel in its equilibrium swollen state
(228C, below LCST,) and collapsed state (408C, above
LCST). These images, as well as others, were obtained on
a swollen gel cast as a uniform cylinder of diameter 12 mm
and centrally positioned in a glass tube (15 mm outer
diameter) containing water. The collapse of the gel is
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Fig. 1. Planar (XY) images obtained on equilibrium swollen: (A),(B),(D), and (F); and collapsed gel of poly(N-isopropyl acrylamide) (C), (E) at 22 and 408C,
respectively. (A),(B),(C):T1 weighting; (D),(E):T2 weighting and (F): Diffusion weighting. TheT1 weighting was achieved by adjusting the recycle delay to 2 s
(A) and 750 ms (C), while in (B) theT1 weighting is done by using an inversion recovery sequence prior to the slice selection and adjusting thet delay (1.68 s)
to null the water magnetization. TheT2 weighting scheme (D),(E) used a CPMG sequence (t � 1 ms for (D) and 50 ms for (E)) prior to the 2D imaging
sequence. The diffusion weighting (F) was achieved by tailoring a PFG-SE sequence (d � 5 ms;D� 15 ms; GZ� 22 G/cm) prior to the 2D imaging sequence.
The image in (E) is taken at a higher vertical scale due to poorS/N. The 1D proton spin density profile of the row passing through the center of the collapsed gel
is also shown in (C). The length scale (in mm) along the radial direction is shown in the images.



noticed as decreased circular cross-sectional area (Fig. 1).
The LCST transition is more precisely depicted through
one-dimensional images, as demonstrated in Fig. 2. Since
the applied gradient varies linearly, the projection of proton
signal intensity from the excited slice of a cylindrical gel is
semi-circular (Fig. 2A, left). However, to distinctly monitor
the LCST transition of PNIPAm gel, we have used aT2

weighting scheme at the beginning of the pulse sequence
to distinguish the one-dimensional image profile due to
polymeric gel in the middle (Fig. 2A, right) from the overall
profile (Fig. 2A, right). This aids in the clear depiction of the
volume phase transition in PNIPAm (Fig. 2B). Further, the
imaging experiments show that PNIPAm behaves as a
conventional isotropic gel [33] so that for a cylindrically
shaped gel the swelling ratios in the axial and radial direc-
tions are the same after the thermal collapse.

Further insights into the state of water in the gel as well as
the enhanced molecular mobility of the polymer are
provided in the relaxation (T1,T2) and diffusion (Dself)

weighted proton images presented in Fig. 1. The enhanced
polymer mobility is reflected from the large signal ampli-
tude for the polymer protons of the gel structure when aT1

weighting is employed prior to image acquisition. The poly-
mer contribution to the gel image is emphasized (Fig. 1B)
by tailoring an inversion recovery scheme prior to the
imaging sequence and adjusting thet delay to put the
water at its relaxation null. This may be compared with
the image obtained in the absence of anyT1 preconditioning
(Fig. 1A). For the water in the polymer, exchange is rapid
among the bound and free states, characterized by their
respective site populationsPb and Pf, and, further in the
equilibrium swollen gel,Pf q Pb. The spin–lattice relaxa-
tion time, being a population weighted average of relaxation
time for water in its bound (T1b) and free (T1f) states [34,35],
therefore approaches that of bulk water in the equilibrium
swollen gel. By the employedT1 weighting scheme, we have
nearly eliminated the contribution from water protons to the
image, so that an exclusive contribution from polymer
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Fig. 2. (A) Proton spin density profiles of a slice (1 mm thickness) along theX-axis as a function of temperature in poly(N-isopropylacrylamide) gel, obtained
with partialT1 weighting (left, using fast recycle time of 750 ms) and withT2 weighting (right). The pulse scheme consists of the usual CPMG sequence (t
delay of 50 ms), prior to the slice selection using a sinc shaped softp pulse, with the phase encoding switched off during the 1D imaging. The spin system is
preconditioned with the decay of the transverse magnetization during thet delay period to produce an effectiveT2 weighting on the 1D-image profiles. The 1D
image profiles were obtained by Fourier transformation of the echo, followed by magnitude calculation. (B) A plot depicting the LCST transition from theT2

weighted 1D image profile data. (C) Normal 1D1H spectrum of the gel with (top) and without (bottom) water suppression. The water suppression was achieved
by selectively dephasing the transverse magnetization of water through its fast self-diffusion (Dself � 2:2 × 1025 cm2

=s� [32]. The enhanced signal resolution
for the proton resonances in the repeat unit of the polymer may be seen in the bottom spectrum.



protons to the image is emphasized in Fig. 1B. It may be
noted that theT1 weighting has little effect on the polymer
protons since their spin–lattice relaxation times lie in the
hundreds of msec range which are an order of magnitude
smaller than theT1 of water in the equilibrium swollen gel.
The observation further shows that in the equilibrium swol-
len gel the homonuclear proton–proton dipolar interactions
are effectively removed by hydration induced polymer
motions so that the proton resonances of the polymer are
exited by the pulse scheme and detected in the imaging
experiment. This is supported by the fine proton resolution
observable in the water suppressed1H spectrum (Fig. 2C) as
well in our earlier magic angle spinning (MAS) experiments
of PNIPAm gel [16,17]. The thermally induced collapse of
the gel, depicting the volume phase transition, is clearly
seen in the proton image and 1D profile shown in Fig. 1C.

The T2 weighted images of the equilibrium swollen and
collapsed PNIPAm gel are shown in Fig. 1D and E, respec-
tively. For the equilibrium swollen gel (Fig. 1E), the proton
density of exterior water, gel water and polymer protons all
contribute to the image intensity, due to the short dephasing
delay (1 ms) we have used, compared to the spin–spin
relaxation time of water (ca 3 s) and that of polymer protons
(10–20 ms). The thermal collapse of the gel, past the
volume phase transition, is clearly depicted in theT2

weighted image shown in Fig. 1E. The dramatically
enhanced contrast between the exterior water in the tube
and the collapsed gel can be achieved when a longerT2

dephasing delay (50 ms) was deliberately used. TheT2

weighted image in Fig. 1E shows uneven proton spin
density in a small region of the collapsed gel, possibly
due to heterogeneous water release and or a thermal gradient
across the gel. Interestingly, the same feature may also be
noticed in theT1 weighted image of the collapsed gel (Fig.
1C). The heterogeneous release of water from the gel is in
line with the observations of a bicomponent protonT2 decay
in a collapsed gel, reported by Tanaka et al. [30].

The diffusional weighting in a gel also influences image
contrast as shown in Fig. 1F. Here again, the exterior water
that surrounds the gel hasDself of neat water and offers a
benchmark for image comparison. In equilibrium swollen
gel, Dself of water in the gel is governed by the diffusion of
water in its bound and free states, appropriately weighted by
their site populations and the associated self-diffusion coef-
ficients [32]. In the equilibrium swollen state, where the free
water content in the gel is high (Pf � 0.95), the difference in
Dself of gel water and exterior water is not very large. Since
polymer particles diffuse ever so slowly, a scheme which
allows diffusional dephasing of water in the gel, and exterior
water alike, would emphasize the contribution from the
polymer component to the gel image. However, since the
T2 values for polymer protons are short (10–20 ms), there is
a partial loss of polymer signal intensity in the diffusion
weighted experiment due to an unavoidableT2 dephasing
in the spin-echo experiment. This would account for the
poor S/N in Fig. 1F, quite in contrast to theT1 weighting

experiment in which theS/N for the polymer protons is
inherently superior. We also tried to get a diffusion
weighted image of the PNIPAm gel in its collapsed state
(408C) under identical experimental conditions. We
however do not see any image at all. It may be realized
that while the water contribution to the image intensity is
nearly removed by the diffusional dephasing of the water
magnetization, the polymer contribution is altogether absent
due to the predominance of proton–proton dipolar interac-
tions (Dndipolar� 8 kHz) in the collapsed state of the gel
[17].

4. Conclusions

We have shown that proton-imaging experiments are
viable in studying the stimuli response of polymeric gels.
This has been demonstrated in the LCST polymer PNIPAm.
Although the microscopic differences in the motional state
of the polymer and water components are used to bring in
image contrast through appropriate relaxation and diffusion
weighting. In view of the adequate signal resolution for the
polymer and water components, chemical shift based
imaging experiments would be useful. These and other
imaging experiments to determine water distribution in
gels are under way.
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