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polymer communications

N.m.r. imaging of the diffusion of water into poly(tetrahydrofurfuryl
methacrylate-co-hydroxyethyl methacrylate)
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Nuclear magnetic resonance (n.m.r.) imaging was used to study the ingress of water into poly(tetrahydrofurfuryl
methacrylate co-hydroxyethyl methacrylate). The study offers strong evidence that the diffusion is Fickian
in nature. The diffusion coefficient, D, obtained by fitting the underlymg dxﬂu51on profile, attainable from
the images, according to the equatlon for Fickian diffusion, is 1.5 x 107" m?s™!, which is in good
correlation with the value of 2.1 x 10" m?s™', obtained from mass uptake measurements Additionally,
from the T,-weighted images, superlmposed features observed in addition to the underlying Fickian
diffusion profiles were shown to-hgve a longer spin-spin relaxation time, 7,. This suggests the presence of
two types of water within the polymer matrix; a less mobile phase of absorbed water that is interacting
strongly with the polymer matrix and a more mobile phase of absorbed water residing within the cracks
observed in the environmental scanning electron micrograph. © 1997 Elsevier Science Ltd.
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Introduction

Methacrylate polymers are widely applied in blO-
medicine because of their established biocompatibility'.
The general chemical structure for a methacrylate polymer
is shown in Figure 1, in which the R group may be replaced
by a number of substituents, offering polymers of varied
properties.

The polymers under investigation in this paper swell in
an aqueous environment and are applicable as controlled
drug delivery systems. When an initially glassy swellable
polymeric matrix, with a drug uniformly dispersed in it,
is placed in water, the polymer begins to swell as the
water penetrates the matrix. This results in the sub-
sequent diffusion of the drug from the swollen polymer
matrix into the surroundings. In a release system
controlled by swelling, the kinetics of release of the
incorporated drug is determined by the rate of diffusion
of the aqueous medium into the system.

The kinetics of diffusion in polymers, range from
simple Fickian diffusion to higher order diffusion, such
as Case II diffusion®’. Fickian diffusion is characterized
by a mass uptake that is proportional to the square root
of diffusion time, whereas Case II diffusion is character-
ized by a mass uptake that is directly proportional to
time. The conventional method for determining the
characteristics of diffusion of solvents into polymer
matrices is by measuring the mass uptake of the polymer
as the solvent penetrates the matrix. However, since such
measurements entail observations at a macroscopic level,
little information has been obtained relating to the
nature of the solvent in the polymer matrix and the
mechanisms of the processes which control its diffusion.
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The method also suffers from a reliance on a model for
the diffusion process since the nature of the absorption
profile is not observed directly.

Nuclear magnetic resonance (n.m.r.) imaging has
recently been used to observe the ingress of solvents
into solid systems6 The method provides a two- or
three-dimensional image of the density of the highly
mobile component in a material. The principal advan-
tage of the technique is the possibility of visualizing the
diffusion profile, the concentration and location of the
permeating liquid in a solid sample, hence making it
possible to determine diffusion coefficients. The form of
the diffusion profile can be related to the type of diffusion
that is occurring within the polymer. Fickian diffusion
is characterized by a diffusion profile that decreases
gradually from the swollen, rubbery region to the glassy
polymer core, whereas Case II diffusion has two
definitive characteristics. The diffusion profile maintains
a constant water content within the outer rubbery region
and exhibits a sharp decrease in water content from the
boundary of the rubber/glass interface to the inner glassy
region’. In addition, it should be noted that the rate of
advance of the diffusion front is proportional to the
square root of time for Fickian diffusion, but propor-
tional to time for Case II diffusion.

Patel and coworkers have, for several years, been
involved in the development of delivery systems based on
heterocyclic methacrylates with a potential for use in
dentistry. They have developed a system consisting of
poly(tetrahydrofurfuryl methacrylate), PTHFMA, in the
form of an interpenetrating polymer network (IPN) with
poly(ethyl methacrylate), PEMA, that has found appli-
cation in dentlstry asa material for temporary crown and
bridge amalgams'®. The system possesses such favour-
able properties as ease of fabricaton, excellent biological
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Figure 1 Chemical structure of the methacrylate polymer used in this study

tolerance'' and reasonable mechanical performance'’.
Perhaps the most important property of PTHFMA is its
ability to absorb water'’, capable of facilitating the
release of bio-active materials by diffusion out of the
swollen polymer matrix. The rate of water absorption, as
determined by mass uptake measurements, into PTHFMA
and THFMA-based systems have been reported to exhibit
anomalous behaviour'? (a combination of Fickian and
Case II diffusion).

The aim of this paper is to investigate the processes
which control the diffusion of water in methacrylate-
based polymer systems used for the controlled release of
bio-active materials. The system studied is a copolymer
of tetrahydrofurfuryl methacrylate and 2-hydroxyethyl
methacrylate (HEMA). The incorporation of a hydro-
philic component by copolymerization increases the rate
of diffusion of water and offers the opportunity to
control the rate of diffusion of water by varying the
copolymer composition. Additionally, since Wichterle
and Lim'* first proposed the use of PHEMA in contact
lenses, PHEMA has become a common ingredient in
medical formulations because of its high degree of
chemical stability and mechanical integrity.

Experimental

The method of purification of the monomers,
THFMA and HEMA, and the initiator, benzoyl
peroxide, used for the sgmthesis of the copolymer has
been previously described'>. After purification, the required
amounts of the monomers and the initiator were prepared
in 25 ml volumetric flasks, giving an initiator concentration
of 0.05M in the monomers. The copolymer contains a
molar ratio of 1/9 of THFMA/HEMA. The solution was
subsequently transferred to cylindrical teflon moulds and
polymerized under a nitrogen atmosphere at 40 + 2°C for
the first 3 h of the 24-h reaction period, followed by 3 h at
60+ 2°C and at 80 4 2°C for the remaining reaction time.
The samples are transparent cylinders with dimensions,
lcm x 3em (diameter x length). There was negligible
change in the dimension of the cylinder during the
absorption of the water.

The copolymer in the form of a cylinder was immersed
in distilled water at 298 K. The polymer was removed at
various time intervals and n.m.r. images of the polymer
were obtained using a Bruker AMX400 spectrometer.
Images were acquired using the spin-echo three-
dimensional puise sequence, with a 90° pulse of duration
50 us and an echo and recovery time of 2.4 ms and 2.0s,
respectlvely The strength of the read gradient was
0.08Tm™" and the image consisted of 256 x 256 x 8
voxels. Two averages were co-added giving a total
acquisition time of 2h. The images of the diffusion
profiles were obtained in the central region of the
cylinder.

Environmental scanning electron microscopy (ESEM)
experiments were performed on an Electroscan ESEM
operating at an electronic discharge of 7keV.
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Results and discussion

Poly(THFMA-co-HEMA) was immersed in water and
periodically removed to monitor the increase in mass as
water was incorporated into the polymer matrix. Figure 2
is a plot of the mass increase of the copolymer as a
function of the square root of time. The plot is linear up
to 48 h, suggesting the occurrence of Fickian diffusion.
A numerlcal fit of experlmental data to the Fickian
equation® for d1ﬂ“us1on gives a d11Tus1on coefficient of
1.2x 107" ! The equation® used is the solution to
Fick’s second law for diffusion into an infinite cylinder
where transfer occurs only in the radial direction:

_Aflt_hl_f: (Daﬁ“> (1)

n~l

where M, is the mass of water at time, ¢; M is the mass
of water at infinite time; a is the radius of the cylinder; D
is the diffusion coefficient; and 3, are the roots of the zero
order Bessel function Jy(3,) = 0. Simulation of the
mass—time curve required a summation over 150 roots.

N.m.r. imaging experiments for poly(THFMA-co-
HEMA) were performed in parallel with mass uptake
measurements. Figure 3 shows the concentration of
water in the polymer matrix across the diameter of the
cylinder, at the various time intervals up to 48h of
immersion in water. Two features are discernible from
the profiles. The underlying profile is indicative of simple
Fickian diffusion, as shown by the numerical fit to the
Fickian equation” of diffusion. The equation used for the
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Figure 2 Mass increase vs. square root of immersion time for
poly(THFMA-co-HEMA). Mole fraction of THFMA/HEMA is 1/9.
®. Experimental data; -—, theoretical fit based on Fickian diffusion.
D=21x10"m?s"!
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Figure 3 Water—concentration profiles at various immersion times for poly(THFMA-co-HEMA). Mole fraction of THFMA/HEMA is 1/9

numerical fit is:

Jo(rBq/a) ﬁn
E-aE (o) o

where C; is the concentration at distance, 7, into the
cylinder and C_, is the concentration of water at the
surface of the cylinder and J, and J, are Bessel functions
of the zero and first order, respectively The diffusion
coefficient obtained from the fit, using a summation over
100 roots, is 1.5 x 107! ~1, which is in approximate
agreement with the value obtained from the mass
uptake measurements. The larger value of the diffusion

coefficient obtained from the mass uptake experiments
can be attributed to end effects that are ignored in
equation (1), which applies for an infinite cylindrical rod.
The experimental profile for 48h diffusion and the
numerical fit to this data are shown in Figure 4.

Closer examination of the profiles, obtained at shorter
diffusion times, revealed superimposed features closer to
the diffusion front that are inconsistent with Fickian
diffusion. N.m.r. images acquired at two different echo
times (7,-weighted images) directly affected the intensity
of the two features observed in the profiles. The water—
concentration profiles from the T,-weighted images are
given in Figure 5. The two features (the underlying
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Figure 4 Water—concentration profile for poly(THFMA-co-HEMA)
after 48 h immersion in water. Mole fraction of THFMA/HEMA is 1/9.
..., Experimental profile obtained from an n.m.r. ima;e; -, theoretical
fit based on Fickian diffusion. D = 1.5 x 107" m*s~

Fickian feature and the superimposed feature) exhibit a
disproportionate decrease in intensity as the echo time
is increased, indicating the presence of two types of
absorbed water in the polymer matrix. The two different
phases are a less mobile phase (short 77) that is interacting
strongly with the polymer matrix and contributing to the
underlying Fickian profile and a more mobile phase
(long T5) confined to a narrow annular region that has
penetrated deeper into the polymer matrix. The presence
of defects in the polymer matrix, such as cracks, may
explain for the existence of the more mobile phase of
absorbed water within the polymer. Stress-related crack
formation, as a result of solvent diffusion has been
observed in systems exhibiting Case II diffusion™'®.

The surface morphology of the copolymer was
investigated by ESEM. ESEM is an ideal technique to
observe the surfaces of polymers swollen with a liquid,
since the sample can be maintained in the wet stage and
at low pressure during a scan. Figure 6 shows the ESEM
micrograph of the surface of the copolymer around the
region of low water content, taken after being immersed
in water for 24h. The micrograph clearly shows a
network of cracks. As the polymer absorbs water, stress
is created since a rubbery region now exists within the
initially glassy polymer. Stress formation is then capable
of initiating crack development. Therefore, it can be
concluded that the more mobile phase of absorbed water
detected in the T,-weighted images are water molecules
residing in the observed cracks.

The existence of cracks within the polymer provides an
alternative route for the transfer of water within the
polymer. This is one reason for the larger value of the
diffusion coefficient obtained from mass uptake measure-
ments in comparison to the smaller value obtained from
the n.m.r. image, since the former method measures a
macroscopic quantity that reflects an overall contribu-
tion to the transfer process (the absorption of water in
the radial and longitudinal direction and the transfer of
water through the crack channels). N.m.r. imaging is a
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Figure 5 Relaxation time-weighted profiles at two echo times for
poly(THFMA-co-HEMA) after 24 h immersion in water. Mole fraction
of THFMA/HEMA is 1/9. —, Echo time = 5.56 ms; — —, echo time =
3. 76 ms

Figure 6 ESEM micrograph of poly(THFMA-co-HEMA) after 24 h
immersion in water. Mole fraction of THFMA/HEMA is 1/9. Surface
image across the base of the cylinder at the region of low water content

more accurate technique of characterizing the diffusion
process since the different modes of transfer may be
differentiated and hence analysed separately.

Conclusions

N.m.r. imaging has been demonstrated to be an
invaluable tool for the characterization of diffusion of
water into poly(THFMA-co-HEMA). Water—concen-
tration profiles were directly observable and the experi-
ments performed at various immersion times allowed the
visualization of the mechanism of diffusion in the system.
Additionally, the acquisition of T7,-weighted images
shows that there are two types of absorbed water in the
polymer matrix. These are: (1) the less mobile phase that
is interacting strongly with the matrix and contributing
to the underlying Fickian profile; (2) a more mobile phase



that exists within cracks. These cracks were directly
observed in the ESEM micrographs and are the result of
stress formation during the diffusion process.
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