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ABSTRACT: NMR imaging has been used to investigate the in situ swelling behavior of 2-hydroxypro-
pylmethylcellulose (HPMC) tablets in a sample geometry chosen for the simplicity of its diffusion behavior.
Preliminary 1H NMR spectroscopy experiments were performed on equilibrated mixtures of HPMC and
water. From these, the dependence of the 1H T1 and T2 relaxation parameters of the water protons with
respect to HPMC weight percent were obtained. Further analysis of the T2 values and 1H z-spectroscopic
data revealed that as the polymer concentration was increased from 10% to 20% w/w HPMC, the polymer
mobility decreased substantially. One-dimensional NMR imaging of 1H in the swelling tablet system
was used to monitor the movement of water into the polymer and to calculate the T2 parameters across
the system. HPMC weight percents were calculated from these T2 values using the previously determined
calibration. HPMC distributions were determined for two tablet thicknesses. Similar swelling behavior
was observed for both thicknesses at early times prior to the thinner tablet becoming completely hydrated.

Introduction

Hydrogels are formed from hydrophilic polymers that
swell when they absorb water. Although the penetrat-
ing water forces the polymer chains apart, the remain-
ing physical entanglements maintain some “solid” char-
acteristics for the swollen polymer. Thus, hydrogels
behave as elastic solids and retain their shape. Many
natural polymers such as gelatin, agar, and starch have
the ability to form hydrogels. An industrially important
class of hydrogel-forming polymers is cellulose deriva-
tives such as methylcellulose and hydroxypropylmeth-
ylcellulose (HPMC) which are often employed as thick-
eners, emulsifiers, and adhesives in the food industry.1
Many pharmaceutical tablets are also based on hydro-
philic polymers. When exposed to water, the polymers
form a gel layer around the tablet that limits the
dissolution and diffusion of the drug and provides a
mechanism for controlled drug release.2

The swelling behavior of these hydrophilic polymer
tablets has been studied primarily by optical microscopy
using polarized light and photography.3-5 These ex-
periments rely on the different optical properties of a
dry and swollen polymer but may not be able to
distinguish intermediate regions where water is present
but not in sufficient quantities to change the optical
properties. NMR imaging has been used to monitor the
diffusion of solvents into synthetic polymers,6,7 and some
previous papers have used NMR imaging to track the
penetration of water into swelling tablets.8,9 However,
these studies yielded only a qualitative description of
the swelling process because the images were not
acquired with parameters that guaranteed that the
signal intensities throughout the images were directly
related to water concentration and only the behavior of
the water and not the polymer itself was investigated.
In this paper we present results from a quantitative
study using various NMR spectroscopic techniques
combined with NMR imaging aimed at obtaining both
insight into the nature of the water-polymer interac-

tions and also a quantitative description of the kinetics
and mechanism of the swelling process on the basis of
the concentrations and mobilities of both water and
polymer as functions of time and distance. It is hoped
that in the future these latter data will serve as the
basis for the design of imaging experiments to quantify
the controlled release of intercalated drug molecules
from swollen HPMC matrices.

Experimental Section
Materials. Hydroxypropylmethylcellulose (HPMC, Metho-

cel K4M Premium) was obtained from DOW Chemical Co. and
used as supplied. The moisture content of the starting powder
was determined by thermogravimetric analysis (5.4%), and all
weights and concentrations include corrections for moisture
content. Various mixtures of HPMC and distilled water,
ranging from 0% to about 60% HPMC by weight polymer over
total weight, were prepared by mixing the appropriate amount
of each component in a vial. The vials were then sealed, and
the mixtures were allowed to equilibrate in a refrigerator.
Tablets were prepared by direct compression of the as supplied
“dry” HPMC powder using a rotary press. Two tablet thick-
nesses were prepared. The thin tablets weighed 162 ( 1 mg,
were 12.75 ( 0.05 mm in diameter, and were 1.37 ( 0.01 mm
thick. The peak compressional force for these tablets was 62
( 3 MPa. The thick tablets weighed 323 ( 3 mg, were 12.75
( 0.05 mm in diameter, and were 2.66 ( 0.01 mm thick. The
peak compressional force for the thick tablets was 59.6 ( 0.9
MPa. The aspect ratios, i.e., the ratios of diameter to thick-
ness, were 9.3:1 for the thin tablets and 4.8:1 for the thick
tablets.
Measurements. The NMR spectroscopy and imaging

experiments were carried out using a Bruker MSL400 (9.4 T)
spectrometer with a Bruker microimaging probe incorporating
a 15 mm vertical coil. The T1 relaxation times of water (1H)
in the mixtures were determined at ambient temperature by
an inversion-recovery sequence (180°-τ-90°-acquire) while
the T2 values were determined using a spin-echo sequence
(90°-τ-180°-τ-acquire). Only one relaxation component was
observed for the water signal in the equilibrated mixtures,
even at the highest HPMC concentrations. Cross-relaxation
or z-spectroscopy experiments were also performed for each
of the HPMC/water mixtures.10 In these, an off-resonance
preparation pulse, with an excitation width of 500 Hz, was
applied for 5 s before the spectrum of water was observed. The
offset of the preparation pulse was varied from -100 to +100
kHz, and for a particular mixture, the intensity of the water
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signal varied with the offset of this pulse. A plot of the
normalized signal intensity versus the offset of the preparation
pulse is referred to as the z-spectrum. A Doty Scientific
microimaging probe was used to measure the self-diffusion
coefficient of water in various mixtures by the pulsed-gradient
spin-echo (PGSE) method.11 The diffusion coefficient of water
in 10 mM CuSO4 solution, 2.35 × 10-5 cm2 s-1, was used to
calibrate the gradients for the diffusion measurements.11 The
temperature for all of the experiments, as determined by a
thermocouple and controlled by a variable temperature unit,
was 22 ( 1 °C.
The swelling experiments were carried out with the tablet

and water in a 15 mm NMR tube held vertically in the coil.
The tablet was placed at the end of the tube as shown in Figure
1 with only one face of the tablet exposed to water. The bottom
face and the edges of the tablet were sealed with a small
amount of grease to prevent leakage of water between the
tablet and the tube wall. The swelling experiment was
initiated by adding 5 mL of distilled water to an initially dry
tube containing the tablet. This quantity of water ensured a
large enough excess that the swelling process could be
considered semi-infinite. At different times, one-dimensional
1H images were obtained along the axis of the tube using the
spin-echo imaging sequence given in Figure 2. Using a
gradient strength of 9.8 ( 0.2 G/cm, a spectral width of
83333.33 Hz, and a pixel number of 128, the resulting
experimental field of view was just under 2 cm and the
resolution in the images was 0.0156 cm. The repetition time
(TR) was 20 s, five times the maximum T1 value for water in
the system. The time to echo (TE) in the spin-echo sequence
was varied from 2 to 128 ms, in the order 2, 4, 16, 32, 96, 128,
64, 24, 8, and 3 ms, to observe the T2 variation along the image.
The acquisition time was about 3 min per image and about

30 min for the set of images. The data sets were acquired at
3 h intervals during an approximately 37 h experiment. The
tablet-swelling experiment was repeated twice for the thin
tablets and three times for the thick tablets.

Results and Discussion
NMR studies of hydrated HPMC itself and other

polymers in the gel state are hampered by their broad
spectral lines and short relaxation times. However, the
characteristics of the polymer can be inferred indirectly
through the influence of the polymer on other compo-
nents in the system. Thus, the determination of the
NMR properties of water in an HPMC environment
leads to conclusions about the polymer itself and its
behavior in the system.

1H NMR Spectroscopic Investigation of HPMC/
Water Mixtures at Equilibrium. NMR spectroscopy
was used to measure how various parameters were
affected by changes in the polymer concentration. The
1H spin-lattice and spin-spin relaxation times, T1 and
T2, respectively, were measured for the water reso-
nances in equilibrated HPMC/water mixtures of varying
polymer concentration. These relaxation times are
dependent on the mobility of the water within the
polymer matrix of the mixture. As expected, both T1
and T2 decreased as the weight percent of the HPMC
increased (Figure 3), reflecting the decrease in the
tumbling frequency of water in the mixtures due to the
increase in the number of hydrogen-bonding interac-
tions to the polymer chain hydroxyls. Equations 1 and
2, relating polymer weight percent and the T1 and T2
relaxation parameters, were obtained from nonlinear
least squares fits of the data using the Mathematica
program.12 The curves calculated from the equations

Figure 1. Tablet arrangement for the swelling experiment.
The distance scale is measured from the face of the tablet
resting against the support. The initial position for the water-
tablet interface is 0.266 cm for the thick tablet (as shown) and
0.137 cm for the thin tablet.

Figure 2. Pulse sequence used to acquire the one-dimensional
projections. The variable experimental parameters are defined
as follows: TR is the delay between successive experiments,
90° and 180° labels are radio frequency pulses, GRz is the
strength of the z-gradient, AQ is the acquisition time, VD is a
variable delay, and TE is the time-to-echo.

Figure 3. Variation of 1H relaxation times of the water
resonance in HPMC/water mixtures at equilibrium: (a) T1
values and (b) T2 values. The solid circles are the experimental
points and the lines are the curves calculated using eqs 1 and
2, respectively.
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are overlaid with the data in Figure 3 and demonstrate
that, in each case, the entire range of relaxation times
could be smoothly described by a phenomenological
equation. The T1 data in Figure 3a show that the
maximum T1 value in the system is that of pure water.
The repetition delay in future experiments was set to
five times that of pure water to avoid discrimination of
the NMR signals based on T1 values. Equation 2 was
used in a predictive manner, to calculate HPMC con-
centrations from the imaging experiments as discussed
in the next section.

In the simplest description of the swollen polymer-
water system, the water can be considered to exist in
free and bound states. The fact that only one relaxation
component is observed for the water nuclei indicates
that these states are in rapid equilibrium relative to the
NMR time scale. The free water has a longer T2 value
than the bound water, and the resulting average in the
fast-exchange limit is a combination of the different T2
values as shown in eq 3a where pi is the fraction of
water molecules in the ith state.13 Assuming a single-
bound state for the water, only two terms in eq 3a need
be considered, yielding eq 3b. A plot of the inverse of
the observed T2 as a function of the fraction of bound
water should yield a straight line with an intercept of
1/T2,free, in this case the inverse of the T2 of distilled
water.

For the various HPMC/water mixtures, the fraction
of bound water is unknown but should be related to the
concentration of the polymer. Figure 4 shows the plot
of 1/T2,obs versus HPMC weight percent. The data in
Figure 4 appear to separate into three distinct linear
regions. The data from 0% to 10% HPMC fall on one

line, the data from 10% to 30% fall on a second line,
and the values from 40% to 60% appear to fall on a third
line. The slope for each line is h{1/T2,bound - 1/T2,free}
where the fraction of bound water is the product of the
constant h and the weight percent HPMC. The inter-
cept for the 0%-10% line yields 1/T2,free as expected
according to eq 3b, but the intercepts for the second and
third lines are far removed from that value. There are
two possible explanations for the discontinuities that
occur at approximately 12% HPMC and 35% HPMC.14
The hydration of the polymer may have changed,
altering the bound water fraction and thus the coef-
ficient h in the slope. Another explanation is that the
T2 of the bound water has changed. Since the T2 of the
bound water depends on the mobility of the polymer
chain to which it is bound, a substantial change in the
mobility of the polymer chain in the polymer/water
mixture would cause a significant change in the T2,bound.
The first discontinuity in Figure 4 appears in the same,
semidilute concentration region where the mixture
would first be classified as a gel rather than as a viscous
solution. The polymer chain in the gel state would be
expected to be more restricted than in solution but more
mobile than the solid polymer. Thus, the first discon-
tinuity is probably due to a substantial decrease in chain
mobility when the polymer becomes concentrated enough
to form the physical entanglements required for the gel
state. The second discontinuity occurs in the concentra-
tion region where the mixtures lose their transparency.
The discontinuity at higher HPMC concentration may
be due to dehydration to or below the water concentra-
tion necessary for optimum interchain, water-mediated
H-bond cross-linking which would greatly restrict ro-
tational motion of the chains.
In order to check this interpretation of the data of

Figure 4, the mobility of the polymer component in the
polymer/water mixtures was probed with cross-relax-
ation or z-spectroscopy. This experiment requires water
to be in the presence of a polymer which provides so-
called solid protons to interact with the bound water
component. An off-resonance pulse, applied to saturate
the resonances of the solid protons in the system,
indirectly affects the magnetization of the water be-
cause, during the length of the pulse, cross-relaxation
through dipolar coupling occurs between the protons of
the bound water and those of the polymer. When the
spectrum of the water is acquired after the off-resonance
pulse, the intensity of the signal will decrease relative
to the intensity in the absence of the preparation pulse,
reflecting the fast-exchange process and the amount of
cross-relaxation that has occurred. The z-spectrum is
the plot of the normalized signal intensity,M/M0, versus
the offset of the presaturation pulse. Figure 5 shows
the z-spectra for some of the HPMC/water mixtures. In
general, the observation of these z-spectra provides
direct evidence that substantial interaction occurs
between the water and the polymer protons. Only water
nuclei in close proximity to the polymer, i.e., bound
water, can participate in cross-relaxation with the
polymer protons because the magnitude of the dipolar
coupling interaction is inversely proportional to the
internuclear distance cubed. Exchange between the
hydroxyls of the HPMC and the hydroxyls of the water
would be an additional mechanism for magnetization
transfer between the water and the polymer. The
z-spectrum of distilled water is included to show the
result of the same experiment on a sample where the
possibility for cross-relaxation is absent. An important

Figure 4. Plot of 1/T2 versus HPMCweight percent indicating
discontinuities at ∼12% and ∼35% HPMC.
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feature of these plots is that the width-at-half-height
of the z-spectrum is related to the width of the spectral
line for the solid protons, even where, as in the present
case, the proton spectrum of the solid component is not
observed directly. The broad lines of solids are due to
the presence of dipolar couplings that are not averaged
to zero by motion. Thus, the less mobile the polymer
chains, the broader the line for the polymer protons and
the broader the corresponding z-spectrum for the water
in the polymer. Figure 5 shows that the widths of the
z-spectra increase with increasing polymer concentra-
tion. The width-at-half-height for the 20% mixture was
almost five times that for the 10% mixture. No other
doubling in polymer concentration resulted in such an
increase in the width of the z-spectrum; the widths
increased by about two times for all other comparisons.
These results suggest that there is a very significant
change in the mobility of the polymer when the polymer
concentration passes between 10% and 20%. Thus, the
results of the z-spectroscopy support the interpretation
that the discontinuity at ∼12% in Figure 4 is the result
of a change in the polymer mobility. Since there was
not a correspondingly large change in the z-spectrum
around 35% HPMC, the second discontinuity in Figure
4 is interpreted as a change in the hydration charac-
teristics of the polymer.
The self-diffusion coefficients of the water components

for each of the polymer/water mixtures were determined
using the PGSE method. Figure 6 shows that the self-
diffusion coefficient decreased slowly from 2.19 × 10-5

to 0.51 × 10-5 cm2 s-1 as the weight percent of HPMC
was increased from 0% to 40%. A range from 0.9 × 10-9

to 2.2 × 10-9 m2 s-1 has been reported in the literature
but it was unclear how these values related to the
HPMC concentrations.6 The gradual change of the
diffusion coefficient with polymer concentration indi-
cates that the mobility of the water in the mixtures
decreased as the polymer concentration increased but
was not significantly affected by the substantial change
in the mobility of the polymer that occurs between
certain polymer concentrations. The PGSE measure-
ment determines the average displacement of the water
molecules over a certain time which is affected by the
fraction of time that the water is immobilized in the
bound state. The average, however, depends on the
amount of time spent in the bound state, but not
necessarily on the nature of the state. Thus, the

changes in the polymer mobility at certain concentra-
tions were not evident in the measured water diffusion
coefficients.
The changes in the polymer/water environment de-

tected by NMR are reflected in the macroscopic behavior
of the equilibrated mixtures. The dilute HPMC mix-
tures were transparent, viscous solutions. As the
HPMC weight percent was increased past about 10%
w/w, the mixtures became transparent gels until, at
concentrations greater than 30% w/w, the HPMC/water
mixtures became opaque rubbery materials. At con-
centrations of about 50% and 60%, the mixtures were
coarse powders. Gradual changes in the T2 values and
the diffusion coefficient indicate that the mobilities of
the water component do not change in any discontinu-
ous way as the polymer concentration is changed in the
equilibrium mixtures. The mobility of the polymer
chain, however, decreased substantially as the polymer
concentration was increased from 10% to 20% HPMC,
i.e., the concentration region where gel behavior is first
observed. The nature of the polymer-water interaction
would be expected to be similar in the swelling tablet
within volumes of polymer/water composition corre-
sponding to those of the equilibrated test mixtures.
NMR Imaging Investigations of the Swelling of

HPMC Tablets. In NMR imaging, the spatial infor-
mation is encoded in the NMR signal by the use of
magnetic field gradients in one or more of the x, y, and
z-directions. The resulting image intensity is given by
eq 4 where C is a constant, F(H) the density of nuclear
spins, TE and TR experimental delay times that can be
varied in the spin-echo experiment (Figure 2), and T1
and T2 the relaxation times for the nuclei being imaged.
To obtain the true spin density in the image, i.e., the
true concentration of the molecular species being im-
aged, it is important to ensure that the second and third
terms in eq 4 are as close to unity as possible by making
TE , T2 and TR . T1 where the T1 and T2 values are
known. Conversely, the dependence of the intensity on
TE and TR can also be used to determine the T2 (or T1)
relaxation times of a nucleus directly from a series of
images obtained with different values of TE (or TR) with
all other factors kept constant.

The experimental setup (Figure 1) was chosen to
restrict the swelling of the tablet to one-dimension only,
that of the axis of the tube. The cylindrical symmetry
in the system allowed for a very simple and straight-

Figure 5. 1H NMR z-spectra for selected HPMC/water
mixtures from observation of the 1H signal of H2O (see text).
The mixtures shown are water (solid line), 9.4% (b), 14.2%
(O), 18.7% (9), 38.3% (0), and 56.6% (2). A preparation pulse
with an excitation width of 500 Hz was applied at different
offset frequencies for 5 s prior to the acquisition of the water
signal. (Only the range of offsets of -30 to +30 kHz is shown.)

Figure 6. Self-diffusion coefficients of the water component
in the HPMC/water mixtures as determined with the PGSE
experiment.

S(TE) ) CF(H) exp(-TE/T2)(1 - exp(-TR/T1)) (4)
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forward imaging study using a single gradient in the
z-direction, perpendicular to the surface of the tablet.
The advantage of the one-dimensional over the corre-
sponding two-dimensional experiment is that, with the
former, quantitative information about the system can
be obtained in a reasonably short time which is an
essential experimental requirement to properly monitor
the changing distributions for water and polymer. This
system is also a simple situation for quantitative
measurements of diffusion with no loss of information.
Two specific questions about the experimental setup
need to be addressed. The first concerns the radial
expansion of the tablet which is prevented in the
experimental setup. It is possible that when the radial
expansion of the tablet is restricted, additional pres-
sures within the tablet will lead to an enhancement of
the axial swelling. The thin HPMC tablets were
prepared with a diameter-thickness ratio of about 10:
1. With such dimensions, the thin tablets can be
regarded as two-dimensional slabs, and contributions
from radial effects can be ignored. The results of the
swelling experiment for the thick tablet were compa-
rable with that of the thin tablet even though the aspect
ratio of the thick tablets was half that of the thin tablets.
Thus, the radial effects seem to be minimal. The second
question involves the assumption of uniform swelling
across the tube, i.e., the absence of any boundary effects
involving the tube walls. A two-dimensional imaging
study of a swollen tablet, where a series of cross-
sectional images were taken perpendicular to the axis
of symmetry, confirmed that the intensity of the water
signal was reasonably homogenous across the sample
and that the assumption of cylindrical symmetry was
valid.
One-dimensional water images were acquired for the

swelling tablet system at regular intervals over an
extended period of time to gain a full understanding of
the water movement as the polymer swells. A large
enough value was chosen for TR (20 s) to ensure
complete recovery of water magnetization from all
polymer regions and no dependence of the echo on T1.
At each interval, multiple images were acquired, and
the length of TE in the pulse sequence was changed to
obtain a map of the T2 values in the system which were
used to correct the intensity of the water signal for any
loss due to dephasing during the shortest TE of 2 ms.
The adjusted water images for both tablet sizes are
shown in Figure 7. (The distances in this and following
figures are measured from the face of the tablet that
initially rested against the support at the bottom of the
tube as indicated in Figure 1.) The intensity in these
images is scaled relative to the signal intensity of the
bulk water region. The water images display both the
process of water penetration into the tablet, as is evident
by the increase of signal in the originally dry tablet
region, and the swelling of the polymer which results
in a displacement of water and a loss of signal intensity
in regions far away from the original tablet position.
Small irregularities in the water signal are also visible
which are caused by air bubbles, trapped during com-
pression of the polymer powder and released during
hydration. From the water images of Figure 7, the
penetration distance of the active water front was
measured. The penetration rates of water into the
tablet are similar for both the thin and thick tablets
which suggests that the thin tablet can be regarded as
an outer layer of the thick tablet. Figure 8 shows a plot
of the penetration distance into the tablet of the detect-

able, i.e., mobile, water as a function of the square root
of time. The linearity of such a plot is the standard
proof for a Fickian water diffusion process.15
The HPMC in the tablet was not imaged directly;

however, as detailed in Figure 9, the polymer distribu-
tion can be calculated from water images acquired
during the course of the swelling. Figure 9a shows the
effect of TE on the signal intensity of water in the thin
tablet at a swelling time of approximately 25 h. As TE
was increased, the water signal from the concentrated

Figure 7. Time variation of the water projections: (a) thin
tablet and (b) thick tablet. The intensities are scaled relative
to the signal intensity of the bulk water region. The times are
1 h (9), 4 h (0), 10 h (b), 16 h (O), 25 h (2) and 37 h (4). The
dashed line indicates the original position of the water-tablet
interface.

Figure 8. Average penetration distance of water into the thin
(O) and thick (b) tablets as a function of the square root of
time. The error bars in the distance are comparable to the error
in determining the position of the zero from the imaging
experiments. The slope and intercept of the line are 0.006415
and -0.01180, respectively.
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polymer regions decreased rapidly because the T2 values
in that region are short in comparison to TE values. The
T2 value at a particular point is calculated from a plot
of Ln(signal intensity) versus TE which has a slope of
-1/T2. The T2 distribution, as shown in Figure 9b, is
generated from such a plot for each point along the
sample. The corresponding polymer distribution (Fig-
ure 9c) is obtained by converting the T2 curve into
HPMC weight percent using eq 2. The errors in the
calculated weight percent should be largest at the
higher concentrations because of the very limited de-
pendence of T2 on the HPMC weight percent between
40% and 60% HPMC (cf. Figure 3b). Because of this,
the data corresponding to HPMC concentrations greater
than 40% are considered to be only semiquantitative as
indicated by the horizontal line in the figure.
A possible complication in the calculation of the

HPMC distributions is the effect of water diffusion
between pixels during the imaging sequence which
would give lower apparent T2 values and, thus, higher
weight percents in the calculated HPMC distributions.
Through detailed calculations,16 it was determined that,

with the present imaging parameters, there would be a
∼30% decrease in the measured T2 value for free water
because of its fast diffusion. However, due to the
combination of the lowering of the T2 values of water
below 200 ms (cf. Figure 3b) and the decrease of the
water diffusion coefficient (cf. Figure 6), the effect of
diffusion on the T2 measurement was found to be much
less significant for water contained within the swollen
polymer tablet and negligible for the corresponding
HPMC weight percents. For example, for the true T2
values of 500, 200, and 100 ms, the corresponding
HPMC weight percents are 1.1%, 6.5%, and 11.8%,
respectively. When the diffusion of the water is taken
into account, assuming the diffusion coefficient for free
water, 2.3× 10-5 cm2 s-1, and a TE of 128 ms, the calcu-
lations predict apparent T2 values of 341, 169, and 91
ms, which correspond to HPMCweight percents of 2.8%,
7.8%, and 12.4%, respectively. Thus, the effect of diffu-
sion between pixels leads to a worst-case increase of
1%-2% HPMC for each value. This increase was found
to be acceptable within the errors of the imaging experi-
ment. Therefore, the distributions presented here were
not corrected for the effect of diffusion, although the cor-
rection would be straightforward as the diffusion coef-
ficients are known for various polymer weight percents.
The resulting average HPMC distributions for both

the thin and the thick tablets are presented in Figure
10. The times given in the caption are the median
swelling times which take into account the 30 min
experimental time required to obtain the complete data
set needed to accurately calculate T2. The initial
polymer distributions of the thin and thick tablets are
similar, supporting the view that, at early times, the
thin tablet can be regarded as the outer layer of the
thick tablet. At later times, once the thin tablet has
become completely hydrated, the polymer distributions
in the thin and thick tablet systems are no longer
comparable. After 37 h of swelling, both tablets sizes
quadrupled in thickness. In the equilibrated mixtures,
gel characteristics were observed for polymer concentra-
tions between 10% and 30% HPMC. It is assumed that
in the swelling tablet, the same concentration distribu-
tion defines the gel layer of the polymer tablet. Thus,
in Figure 8 regions that contain greater than about 30%
HPMC remain essentially solid whereas in regions that
contain less than 10% HPMC the polymer is slowly
dissolving and diffusing into the bulk water.
Additional swelling experiments, not presented here,

were performed to determine the possible effects of two
factors, gravity and compression force, on the polymer
distribution determined from the imaging experiment.
The results presented in this paper are for systems
where the polymer is swelling upward against gravity.
In order to test for any effect due to gravity, the
experimental setup was changed so that the tablet was
resting with its top face against a support and the
bottom face above a column of water. The edges of the
tablet were sealed with a small amount of grease as for
previous experiments to prevent water leakage between
the tablet and the tube walls. In this system, the
swelling occurred downward, and the polymer moved
in the same direction as the force exerted by gravity.
The water distributions and the polymer distributions
calculated from the imaging experiments for swelling
with gravity were the same as those measured and
calculated for swelling against gravity. Thus, gravity
had little or no effect on the polymer movement in these
swelling systems.

Figure 9. (a) Variation of the relative signal intensity from
the water protons with TE in the spin-echo experiment for
the thin tablet at a swelling time of approximately 25 h. The
TE values, from top to bottom, are 2, 3, 4, 8, 16, 24, 32, 64, 96,
and 128 ms, respectively. (b) Corresponding curve of T2 values
calculated from the slopes of plots of Ln(signal intensity)
versus TE. (c) Polymer distribution in weight percent deter-
mined using eq 2. The vertical, dashed line in all three figures
indicates the initial position of the water-tablet interface. The
solid, horizontal line in (c) marks the upper limit for quantita-
tive reliability of the HPMC weight percent.
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Swelling results for two 323 mg HPMC tablets
prepared with different compression forces were also
compared to determine if the compression force affected
the water penetration and the polymer movement. One
of the tablets, as in this paper, was compressed with a
force of 60 MPa and had a thickness of 0.266 cm. The
other tablet was compressed with a force of 105 MPa,
resulting in a thickness of 0.246 cm. To compare the
water penetration and polymer distribution results for
these two tablets, the distance scale of the slightly
thinner tablet was shifted by the difference in thickness
so that the initial water-tablet interface was at the
same position for each tablet. The water penetration
and the calculated polymer distributions were similar
for both tablets throughout the entire swelling. At the
longer times of 30-37 h, there were small differences
between the results for the two tablets due to the fact
that the 0.246 cm tablet was completely penetrated by
water at a slightly earlier time than the 0.266 cm tablet.
The similarity between the two sets of results shows
that the force of compression had little affect on the
water penetration or the calculated polymer distribu-
tions for tablets of similar weight and thickness.
The ultimate goal of the present experiments was to

use NMR imaging techniques to parametrize the expan-
sion of the polymer tablet in terms of the polymer

concentration as a function of both time and distance
so that these data could be used in the future to test
various possible models for the swelling process. Each
data point in the polymer weight percent distributions
in Figure 10 represents the amount of polymer in a
certain volume region. If the volume and density are
known, the weight percent profiles are easily converted
into concentration units, such as grams per centimeters
cubed, which better describe the amount of polymer at
each location. To do this, the data must be corrected
for the presence of air bubbles, otherwise the conversion
from weight percent to grams per centimeters cubed
would overestimate the amount of polymer present. It
is worth noting that the presence of air has not been
considered in most other investigations of swelling
tablets where dimensional changes of the tablet were
measured. Work on testing various possible models for
the swelling is currently in progress and will be pre-
sented in a future publication when complete.
Qualitative Description of the Swelling Process.

Some general features regarding the nature of the
swelling process can be deduced from the data available
for the polymer/water mixtures and from the swelling
of the tablet itself. The changes in parameters that
describe the mobility of water in the system lead to
various conclusions about the polymer-water interac-
tion. First, the water within the polymer exists in a
rapid equilibrium between free and bound states as only
a single relaxation component is observed. Second,
there appeared to be no abrupt change in the mobility
of water in the polymer/water mixtures, just a gradual
decrease as the HPMC concentration was increased.
Third, the polymer mobility underwent substantial
changes when the concentration of the polymer passed
into a region where gel behavior was observed.
The swelling of the polymer is attributed to the

disruption of hydrogen bonding between polymer chains.
When water penetrates the solid HPMC, it inserts itself
into the hydrogen bonds between adjacent polymer
chains. As more and more water comes between the
chains, the forces between the chains diminish. The
chains initially gain rotational freedom and begin to
occupy more space which results in the swelling of the
polymer mass. The penetrating water fills the voids
between the polymer chains and diffuses into denser
regions of polymer, forcing additional chains apart.
Once the hydrogen bonds between chains are completely
disrupted, a chain can disentangle and diffuse into the
bulk water to become completely solvated. The swelling
polymer can be approximated by three regions. The
outermost region is composed of freely moving chains
that are dissolving in the bulk water. The next layer
in the tablet is the gel layer where there are still
substantial cohesive forces between the chains. The
innermost layer is composed of a polymer which has a
low water content and is still primarily solid. The
distinguishing properties between these layers are the
hydration of the polymer and the subsequent mobility
of the polymer chain.

Conclusions

The usefulness of NMR spectroscopy and NMR imag-
ing techniques in the study of hydrogel swelling has
been demonstrated. The investigation of the NMR
characteristics of water in the HPMC environment
makes possible the determination of relative polymer
mobility and the calculation of the polymer distribution
in the swelling process. Future work will concentrate

Figure 10. Average HPMC weight percent curves obtained
from corresponding T2 curves calculated from projections taken
at different times-to-echo as in Figure 7. Figures (a)-(d) are
the average of two experiments for the thin tablet and (e)-(h)
are the average of three experiments for the thick tablet. The
error bars represent standard deviations, and the dashed lines
indicate the initial position of the water-exposed face of the
dry tablet. The solid, horizontal lines in the figures mark the
upper limit for quantitative reliability of the HPMC weight
percent. Median swelling times are (a) and (e) 1 h, (b) and (f)
16 h, (c) and (g) 25 h, and (d) and (h) 37 h.
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on the development and analysis of a model to describe
the polymer swelling behavior on the basis of distribu-
tions obtained from these NMR imaging studies.
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