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ABSTRACT: NMR imaging is used to study the spatial distribution of NMR relaxation times and self-
diffusion coefficients of organic solvents in partially swollen PMMA. The solvents diffuse with Case II
characteristics. T8, T,8, and self-diffusion coefficients are measured as a function of distance from the
glassy core of the polymer. The results show decreases in all three parameters toward the glassy core
despite the fact that the concentration of solvent is constant throughout the swollen region. This indicates
that the solvent motions are decreasing in that direction. A conceptual model is proposed which attributes
the decrease in solvent relaxation times to the decrease in mobility of the polymer chains toward the core.
This decrease is a result of the polymer chains being effectively fixed at the interface between the swollen
and glassy regions of the sample. Several methods for acquiring images for determining T's, T,s, and self-

diffusion coefficients are demonstrated and compared.

Introduction

Solvent diffusion in polymers is important to the phys-
ical properties of materials from processing to end use
and self-life. Many aspects of diffusion in polymers have
been studied by using indirect methods such as gravi-
metric analysis and optical microscopy. A new tech-
nique is available to directly investigate the behavior of
solvents imbibed in a polymer. Nuclear magnetic reso-
nance (NMR) imaging is a modification of NMR spec-
troscopic techniques which uses linear magnetic field gra-
dients to spatially encode the spins according to fre-
quency and phase. The details of NMR imaging are
described in several reviews,''° and the application of
NMR imaging to diffusion in polymers is discussed in
several recent papers.!'"® NMR imaging has the advan-
tage that it does not disturb the diffusion process unlike
most other techniques which require stopping the diffu-
sion process and destroying the sample. Another advan-
tage of NMR imaging is that almot any information avail-
able from NMR spectroscopy may be obtained on a spa-
tial basis by using NMR imaging.

NMR imaging is typlcally used for examining struc-
tures in materials in a noninvasive manner by detecting
the mobile protons of solvent molecules. Since NMR imag-
ing is sensitive to mobile protons, it is an excellent tool
for studying solvent diffusion in polymers. One aspect
of NMR imaging that has yet to be fully exploited is that
most information available through NMR spectroscopy
is available on a spatial basis with NMR imaging. In
particular for heterogeneous samples, the spatial distri-
butions of spin-lattice, T, and spin—spin, T, relaxation
times are obtainable. These parameters are important
in determining the motions of the solvent molecules and
the degree of interaction of the solvent molecules with
their environment. In the case of diffusion into a poly-
mer, the spatial distribution of T';s and T's indicates the
influence of the polymer matrix on the mobility of the
solvent molecules.

Self-diffusion coefficients provide important informa-
tion concerning the extent of the translation of solvent
molecules in their environment. This information is eas-
ily interpreted in terms of molecular organization and
phase structure. The self-diffusion coefficients are sen-
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sitive to structural changes as well as binding and asso-
ciation phenomena. Current theories on Case II diffu-
sion assume that the self-diffusion of the solvent imbibed
in the polymer is much faster than the actual diffusion
of the solvent at the interface between the swollen poly-
mer and the glassy polymer.}71®

Many glassy polymers exhibit diffusion behavior dif-
fering from normal Fickian diffusion. Case II diffusion
is one extreme of diffusion phenomena exhibited by poly-
mers and is characterized by (1) a sharp increase in sol-
vent concentration at the interface between the swollen
and nonswollen regions of the polymer, (2) this sharp
front moves through the glassy polymer at a rate that is
linear with time, and (3) the solvent concentration is con-
stant throughout the swollen region. Case II diffusion is
typically observed in polymers below T, especially with
solvents with high activities. These umque features of
Case II diffusion make such systems excellent to study
using NMR imaging because the concentration profile is
simple and observation of the solvent advance is easier.

This paper describes the measurement of solvent Ts,
T.s, and self-diffusion coefficients for solvents in poly-
(methyl methacrylate) (PMMA) as a function of posi-
tion. Structural features for the swollen region near the
glassy core are proposed and their ramifications on cur-
rent case II theories are discussed.

Experimental Section

The Spin-Echo Imaging Pulse Sequence. Several tech-
niques are available to measure solvent T,s, Tys, and self-dif-
fusion coefficients in PMMA. The typical imaging pulse sequence
is based on the spin-echo pulse sequences of Carr and Purcell?®
and Meiboom and Gill.2! Figure 1 is the spin-echo imaging pulse
sequence. The 90° rf pulse tips the magnetization into the x’-y’
plane where it begins dephasing. The 180° rf pulse is applied
after a time, 7, forcing the magnetization to refocus at a time
27 (also known as the echo time, TE) after the 90° rf pulse at
which time the data are collected. The frequency-encoding gra-
dient, GX, causes the spins to precess at different frequencies
depending on their position in the static magnetic field, H,.
The phase-encoding gradient, GY, is orthogonal to GX. Vary-
ing the intensity of GY causes the spins to dephase at different
rates providing the second dimension of a two dimensional image.
The slice selection gradient, GZ, and the Gaussian-shaped 90°
rf pulse determine the position and thickness of the region of
interest. The data are Fourier transformed in two dimensions
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Figure 1. The timing diagram for the spin-echo imaging pulse
sequernce.

to produce the image of the selected slice.

Measurements of Spin-Lattice Relaxations. Series
Method. The spin-echo sequence is used to determine both
Tis and Tes. Tis are determined collecting several images with
different repetition times, TRs. The magnetization, My, is atten-
uated due to saturation according to eq 1. Thus, spins with

M =M,1-exp(-TR/T))) (1)

long Ts are more saturated with shorter TRs, and their signals
are more attenuated. Images are acquired at the same TE but
with varying TRs. Curve-fitting software called Ticauss fits the
series of images to eq 1 on a pixel-by-pixel basis using a non-
linear least-squares method. The contrast of the resulting image
is based solely on the Ts of the system providing a visual rep-
resentation of the spatial distribution of Tis.

Inversion Recovery Method. T's are also studied by using
the T inversion recovery imaging pulse sequence shown in Fig-
ure 2. A nonselective 180° rf pulse inverts the spins along Ho,.
The delay, 7, allows them to relax toward equilibrium. The

selective 90° rf pulse brings the spins into the x'—y’ plane for

signal acquisition. The remainder of the sequence is equiva-
lent to that in Figure 1 and contains the gradients necessary to
form a two-dimensional image. Phase-sensitive images images
provide greater contrast between fast and slow recovering spe-
cies over magnitude images. They also provide the ability of
isolating one component of a two component system by using
the proper delay time and nulling the appropriate signal.

The signal from the inversion recovery experiment is deter-
mined by eq 2. The Ts may be determined from the null point
of the inversion recovery process according to eq 3. Although
it is more appropriate to fit the several images on a pixel-by-
pixel basis to eq 2, eq 3 is a faster way of getting T, informa-
tion since fewer images are needed.

M = M,(1-2exp(~7/T)) 2)
T,=7/(n2) (3)

Measurements of Spin-Spin Relaxations. Series
Method. Similar to the series method for Tis, the Tss of the
system are measured by varying TE with TR constant. The
signal attenuation goes as eq 4. Like the T;s, the Tss are cal-

M= M, exp(-TE/T),) (4)

culated on a pixel-by-pixel basis using the program T2Exp pro-
ducing an image with contrast due only to the Tgs of the sys-
tem. The spins with shorter T';s are represented by lower inten-
sities than those with longer Tas.

Multiecho Method. T, images are also generated by using
a multiecho version of the spin-echo experiment as shown in
Figure 3. A nonselective 180° rf pulse is applied at a time, 7,
after the acquisition which produces a second echo at time 27
after the second 180° rf pulse. The total echo time for the sec-
ond echo is 2TE. A second incremented gradient in the y direc-
tion after acquisition is used to rephase the spins before the
next 180° rf pulse. The cycle is repeated until the desired num-
ber of echoes are acquired. The echo time for the nth echo in
nTE. This allows the total experiment time to be reduced by
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Figure 2. The timing diagram for the T, inversion recovery
imaging pulse sequence.
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Figure 3. The timing diagram for the multiecho imaging pulse
sequence.
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Figure 4. The timing diagram for the pulsed gradient spin-
echo pulse sequence for determining self-diffusion coefficients.

the total number of different echoes acquired since all echoes
are collected within one delay time rather than one echo per
delay. The echoes that resulted from each echo time are sepa-
rated and then individually Fourier transformed in two dimen-
sions.

Measurements of Self-Diffusion Coefficients. Spin-
Echo Techniques. The measurement of self-diffusion coeffi-
cients in NMR spectroscopy is accomplished by using the pulsed
gradient spin-echo (PGSE) pulse sequence refined by Stejskal
and Tanner.??> Figure 4 is the timing diagram for the PGSE
experiment. The rf pulse timing is a spin-echo experiment sim-
ilar to those developed by Carr and Purcell?® and Meiboom and
Gill.2! The first gradient pulse causes the spins to dephase at
a spatially dependent rate. After the 180° rf pulse, the second
gradient causes the spins to refocus at the same spatially depen-
dent rate. Under static conditions, all of the spins refocus at
the correct time and generate an echo whose intensity is only
attenuated by spin-spin effects. However, all solvent mole-
cules are subject to Brownian motions and move into regions
of different effective fields. The result is that the spins do not
refocus correctly and the echo is attenuated according to eq 5.
The first exponential term is the attenuation due to the trans-

M= Myexp(- %) exp(~y*G*8D) (5)

verse relaxation, Ty, occurring during TE. The second expo-
nential term accounts for the attenuation due to diffusion in
the presence of a gradient pulse, G, which is on for a duration,
6. B is the combination of the duration time of the gradient
pulses, 6, and the interval between them, A, as given by eq 6.
For spectra collected at the same TE, the first term cancels. A
plot of the natural log of the normalized signal versus v?>G28 is
linear with the slope being the self-diffusion coefficient, D.
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The imaging sequence in Figure 1 is easily adapted to the
PGSE technique by adding two additional gradients in the x
direction.?? The equations are the same as the spectroscopic
version, and the read gradients have little effect if they are much
smaller than the motion probing gradients. However, this pulsed
gradient imaging technique suffers from two restrictions. In
order to attenuate the signal sufficiently on slow moving sol-
vents, either the motion probing gradients or the interval between
them must be large. Large gradients (i.e. >100 G cm™) are
difficult to achieve on superconducting magnets without severe
eddy current problems. And from eq 5, the interval between
the pulsed gradients that allows the spins to diffuse forces TE
to be longer when investigating slow moving species. There-
fore, signals from spins with short Tys are attenuated and may
be undetectable.

Stimulated-Echo Techniques. An alternative approach is
to use stimulated echoes. Figure 5 is the timing diagram for
the stimulated echo acquisition mode (STEAM) diffusion imag-
ing pulse sequence.?#?® The STEAM pulse sequence uses three
90° rf pulses to generate a stimulated echo. The difference
between STEAM and a spin-echo sequence is that the second
90° rf pulse stores magnetization along the z direction and the
third 90° rf pulse recovers the magnetization. Since the mag-
netization is stored in the z direction, the time between the last
two 90° rf pulses permits the spins to diffuse with loss of sig-
nal due to spin-lattice rather than spin-spin effects. Since Ts
are generally longer than Ts, longer intervals and weaker gra-
dients are used to see the effects of slow diffusion with mini-
mal effects from T, relaxations.

The signal is determined according to eq 7 which differs from
eq 1 by the exponential term containing the effects of T, relax-
ation occurring during the storage interval, T1.26 While the T,

M = M, exp (— TT};:) exp (— ’I%) exp(-v2G*8D) 7

effects still contribute to the signal attenuation, any increase
in A can be added to TI instead of TE. In this situation, sig-
nal attenuation due to relaxation is considerably less. For exam-
ple given a T, of 100 ms and a T, of 20 ms, a 10-ms increase in
A results in a 10% further attenuation by 7';s when added to
TI but a 40% further attenuation by the T,s when added to
TE.

Equipment and Materials. The imaging system is based
on the Bruker MSL 300 spectrometer with microimaging. The
gradients are generated by using gradient coils inside of the
probe. Gradient amplification is achieved with NAD amplifi-
ers and pre- and post-emphasis are used with all gradients. Gra-
dient strength for the read direction is typically 6 G cm™ pro-
ducing a resolution of about 90 um. Gradient strength of the
motion probing gradients range from 3.5 to 13.9 G cm™! for the
acetone system and from 13.9 to 68.8 G cm™! for the methanol
system.

Gaussian-shaped rf pulses are generated by using a selective
excitation unit and are 1 ms long producing a 2-mm slice thick-
ness. The nonselective 90° rf pulses are about 40 us. The echo
times used in the multiecho sequence are multiples of 5.25 ms.
The repetition time, TR, used is 3 s. The echo times used for
the series method are 8, 12, 16, 20, and 24 ms with a repetition
time of 10 s. The repetition times used for T, determination
by the series method are 1, 2, 4, 6, 8, and 10 s with an echo time
of 8 ms. The stimulated-echo version of the diffusion pulse
sequence uses a TE of 7.5 ms, a TI of 103 ms, and a TR of 3 s.
Four echoes of each phase-encoding step are coadded by using
cyclops phase cycling. The data set is 256 points spread across
62.5 kHz with 256 phase-encoding steps.

Images are transferred from the Aspect 3000 computer of
the imaging system to a MicroVax II via Ethernet communica-
tions. They are then processed by using software written in
Fortran 77 by J. Liu of this group. Processing includes noise-
filtering and color-scale manipulation. T, and T, images are
generated from several images using Ticauss and T2EXP, respec-
tively. These programs are nonlinear least-squares fits on a pixel-
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Figure 5. The timing diagram for the pulsed gradient stimu-
lated-echo imaging pulse sequence for determining self-diffu-
sion coefficients spatially.

by-pixel basis to the equations given previously in this paper.
The averages and standard deviations for each relaxation para-
meter were established by sampling the region of interest of
the reconstructed images.

The self-diffusion coefficient images are generated by using
the magnitude images collected and TeExp. The images are
fit to eq 8 as a function of the gradient attenuation factor, d,
where d = v2G28. This generates an image based on the dummy

I =I,exp(-d/B) (8)

variable, B. The inverse of the image is taken to generate the
self-diffusion coefficient image based on D according to eq 7.
It is possible to use this procedure since only the motion prob-
ing gradients are changed. The remainder of the attenuation
terms in eq 7 cancel in the fitting procedure.

The samples are 12.7-mm lightly cross-linked PMMA rods
from Commercial Plastics and Supplies Corp., Cleveland, OH.
The methanol is deuterated at the hydroxy position (99.5%)
and is used as received from Aldrich Chemical. The acetone is
lab grade from Fischer Scientific. Each sample is submersed
in the appropriate solvent at 30 °C until the desired swelling is
achieved, 20 days for the methanol samples, and 12 h for the
acetone samples. Each sample is sealed in a vial with only enough
bulk solvent to cover the bottom of the vial. Although this stops
the diffusion process, the desorption of the solvent is slow enough
in the presences of the methanol vapor to maintain the solvent
concentration distribution in the polymer long enough for the
images to be acquired. The removal of the solvent permits low-
ering the receiver gain to the level of the imbibed solvent rather
than the more intense bulk solvent, thus substantially increas-
ing the signal-to-noise ratio of the imbibed regions.

A spin-echo image was also acquired by using perdeuterated
methanol to determine the signal contribution from the pro-
tons of the swollen PMMA under the same experimental con-
ditions used for the hydroxy deuterated samples. No signal
from the protons of the polymer was apparent after four acqui-
sitions. Apparently, the T,s of these protons are still too short
to be detectable at this echo time.

Results

Figure 6 contains a series of images of methanol in
PMMA at different echo times from the multiecho exper-
iment. The intensities are represented here by colors with
red being the highest intensity and dark blue being the
lowest. The T, attenuation of the intensity is more appar-
ent for the longer echo times. Figure 7 is the calculated
T, image from the images in Figure 6. In this case red
represents the longer Tos and dark blue the shorter. Fig-
ure 8 is a profile of the image in Figure 7 showing an
almost linear decrease of Ts to the center core. Figures
7 and 8 show a substantial decrese in Tys from the outer
edge of the sample to the glassy core.

Figure 9 is an inversion recovery image of methanol in
PMMA with a 7 of 100 ms. The bright regions (yellow,
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Figure 6. Eight images acquired with the multi-echo pulse sequence of a 12.7-mm PMMA rod swollen in methanol at 30 °C. TE
(reading from the top left to lower right) (A) 5.25, (B) 10.50, (C) 15.75, (D) 21.00, (E) 26.25, (F) 31.50, (G) 36.75, and (H) 42.00 ms.

orange, and red in increasing order) are positive values,
and the dark regions (light blue through dark blue in
decreasing order) are negative values. The nulled regions
are where the intensities are the same shade of green as
the area surrounding the rod. Figure 10 is a profile across
the image in Figure 9. The poor signal-to-noise in Fig-
ure 10 is a result of being near the null point for most of
the regions in the sample. Both figures indicate that the
T,s are smaller toward the glassy core of the polymer.
The area at the outside edge of the rod appears lighter
than the background indicating a positive intensity and
a short T,. This is possibly due to the influence of the
paramagnetic oxygen in the surrounding methanol vapor.

Table I contains the Ts and T'ys for the various tech-
niques and different locations in the samples. Table I
indicates that the methanol relaxation times near the core
are 40-66% lower than those near the polymer surface.
The acetone T';s only decrease by 16% between the outer
and inner regions, but the acetone T,s decrease by 66%
from the outer to the inner regions.

Figure 11 is a series of images of methanol in PMMA
taken at different gradient strengths. Each successive
image is the result of a more intense motion probing gra-
dient. The first image shows a more intense signal on
the outer regions of the rod with the intensity decreas-
ing toward the core. The decrease is due to the T, atten-

uation as described in a recent paper.'® This does not
affect the calculation of the self-diffusion coefficients since
the T.s for each region remain constant and since nei-
ther TE nor TI are varied in the STEAM diffusion pulse
sequence. Figure 12 is the calculated self-diffusion coef-
ficient image generated from those images in Figure 11.
Figure 12 shows a range of coefficients. The region within
100 pm of the glassy core exhibits a self-diffusion coeffi-
cient of (3.2 £ 0.9) X 1077 cm? s”’. The outer region of
the swollen polymer exhibits an self-diffusion coeffi-
cient of (9.2 £ 0.9) X 107 cm?® s™'. The self-diffusion
coefficient image has more noise than the original images.
The pulse sequences described previously use motion prob-
ing gradients in only one direction. Since the solvent
self-diffusion is a random process, the spins travel in all
directions. Those spins traveling in a direction other than
that of the motion probing gradient cause the wide vari-
ation in pixel intensities.

Figure 13 is the plot of natural log of intensities from
Figure 11 against the gradient attenuation factor, d, for
two regions in the sample, one near the core and one near
the surface. The line through each set of data is the least-
squares fit to eq 9 where I is the intensity, d is the gra-

In(l)=-Dd+ A 9)
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Figure 7. The T; image calculated from the images in Figure
4. The color scale at the top of the image represents Tss rang-
ing from A (red), 7 ms, to B (dark blue), 24 ms.
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Figure 8. The profile through the center of the T, image in
Figure 7.

dient attenuation factor that accounts for the gradient
strength, durations, and the interval between them, D is
the self-diffusion coefficient, and A is the intercept.

Figure 14 is the calculated self-diffusion coefficient image
of acetone in PMMA. This image also shows that the
self-diffusion coefficients are smaller toward the glassy
core. The self-diffusion coefficient image shows that the
self-diffusion coefficients from 1.8 mm from the glassy
core out to the surface of the rod are constant. The self-
diffusion coefficient within 100 um of the core is (2.1 +
0.9) X 107° cm? s, The self-diffusion coefficient in the
regions where equilibrium is established the self-
diffusion coefficient is (3.2 £ 0.9) X 10® cm?s™*. Figure
15 is the profile of the image in Figure 14.

Discussion

The characteristics of Case II diffusion are exten-
sively reported throughout the literature,'*1%273¢ Twg
static characteristics concern the shape of the concentra-
tion profile of the solvent in the polymer. The first is
the solvent concentration goes from zero in the glassy
core to a finite value over a short distance producing a
nearly steplike profile at the glass—rubber interface. The
second is the imbibed solvent concentration is constant
throughout the swollen regions of the polymer. These
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Figure 9. The T, inversion recovery image acquired with r =
100 ms of a 12.7-mm PMMA rod swollen in methanol at 30 °C.
The color scale is in arbitrary intensity units ranging from A
(red), —0.10, to B (dark blue), 0.13.
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Figure 10. The intensity profile through the center of the image
in Figure 9.

characteristics indicate that the volume fraction of sol-
vent in the polymer is the same throughout the swollen
regions of the sample including in the vicinity of the glassy
polymer core and have been verified by several tech-
niques including NMR imaging,14719-28-30

Spatial T; and T, Measurements. NMR relaxation
parameters have been a useful probe of molecular motions
in polymers and other organic molecules. However, each
correlation time represents the average value of the sys-
tem with some distribution around that average. NMR
imaging permits the determination of the spatial distri-
bution of NMR relaxation times. This distribution pro-
vides information concerning the local motions of the sys-
tem. In this case, the polymer is partially swollen with
solvent and the spatial distributions of relaxation times
reveal the interactions between the solvent, the polymer
and the diffusion process.

The volume fraction of methanol in the polymer is con-
stant from the polymer surface to the glassy core.419-28-30
However, the methanol Ts and T,s decrease toward the
glassy core. Since the volume available to the methanol
molecules are the same from the surface to the core, the
relaxation times should be constant throughout the region
if no other interactions exist. The Ts and Tys change
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Table I
NMR Relaxation Parameters for Solvents in PMMA Determined from the Techniques Discussed in the Text®

sample (location)

NMR parameter (technique) MeOD (inner)

MeOD (outer)

acetone (inner) acetone (outer)

T,, ms (ME) 10.0+ 0.8
Ty, ms (S} 12+1

T,, s (S) 0.390.1
T,, s (IR) 0.08 + 0.01

19.8 £ 0.7 130 £ 50 380 + 20
18+ 4

0.5+ 0.1

0.17 £ 0.01 2001 2.4£0.1

Abbreviations: inner = 200 um from the glassy polymer core; outer = 500 um from polymer surface; ME = multiecho experiment; S = series

technique; IR = inversion recovery experiment.

Figure 11. Six images of methanol in a PMMA rod acquired with the stimulated-echo imaging pulse sequence at different gradi-
ent strengths (reading from upper left to lower right); (A) 0, (B) 13.9, (C) 27.8, (D) 41.4, (E) 55.1, and (F) 68.8 G/cm.

substantially from the surface to the core indicating that
a physical effect other than just free volume is affecting
the mobility of the solvent. Infrared spectroscopy studies®!
indicate that no spectroscopically detectable chemical inter-
actions occur between the polymer and the solvent, so
that the controlling interaction must be physical.

Two effects contributing to the differences between bulk
solvent and imbibed solvent diffusion properties are the
obstruction effect and the hydrodynamic drag.3>3® The
obstruction effect is the presence of the polymer forcing
the solvent to take an extended pathway. Hydrody-
namic drag is the localized slowing of solvent molecules
near a polymer chain. Both of these factors were stud-
ied by other groups on fully swollen gels where an equi-
librium exists throughout the samples,3%33

The data presented here are from an intentionally aniso-
tropic sample and the factors discussed above are inad-
equate to explain the decrease in T';s and T,s toward the
center of the sample. A dynamic obstruction effect is
more appropriate for this situation. The polymer core
effectively fixes the position of the chains at the inter-
face between the swollen and the glassy regions of the
polymer. The polymer chain dynamics go from the usual
anisotropic motions with a variety of frequencies and

amplitudes to anisotropic motions with the frequencies
and amplitudes dependent on the position along the poly-
mer chain. Frequencies and amplitudes decrease toward
the fixed point of the chain, i.e. the glassy core.
However, the solvent relaxation times are measured
here not the polymer relaxation times. The polymer relax-
ation times are not available as a spatial image with cur-
rent technology, since the shortest echo time that accom-
modates gradient switching is around 5 ms. The solvent
relaxation times measured here are indicative of the
motions of the polymer chains because of the hydrody-
namic drag. Since the solution is highly concentrated,
most solvent molecules are influenced by the hydrody-
namic drag. So the two sets of motions, that of the poly-
mer and of the solvent, must be cooperative, and the sol-
vent relaxation times reflect the motions of the polymer
chains. This is consistent with the findings of Blum et
al.,>* who show that the local segmental motions of the
polymer are similar to the movement of the solvent mol-
ecules by comparing deuterium T',s of the polymer back-
bone and solvent self-diffusion coefficients from NMR.
In polymers, the T, and T, data are sensitive to two
different motional regimes. The T}s are sensitive to mega-
hertz motions which are typically short range and are
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Figure 12. The self-diffusion coefficient image for methanol
in PMMA calculated from the images in Figure 11. The color
scale represents self-diffusion coefficients from A (red), 2 X 1077
cm?/s, to B (dark blue), 11 X 1077 cm?/s.
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Figure 13. A plot of the natural log intensity versus the gra-
dient attenuation factor, d, for a region near the glassy core (A)
and a region near the surface (0).

often side chain motions. The T,s are sensitive to the
longer range segmental motions of the polymer back-
bone. Insolvents, the number of bonds over which inter-
actions take place is much smaller and the T';s and T,s
are usually similar in magnitude. The significant decrease
in T';s compared to Ts indicates that the solvent is inter-
acting with the polymer on a longer distance scale. This
may indicate the influence of the network structure on
the motions of the cross-linked polymer.

The acetone data represent a condition in which the
solvent volume fraction is much higher than in the meth-
anol case. The T,s are significantly larger for acetone
because of the greater free volume available to the sol-
vent. The difference between the inner and outer T,s is
almost a factor of 3 rather than 2 seen in the methanol
system. The acetone system also reaches a level of con-
stant Tys a few millimeters from the glassy core. The
acetone system reaches a constant T, level, and the meth-
anol system continues to change out to the surface. The
difference between the two systems indicates that the
acetone system has reached an ultimate motional state
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Figure 14. The self-diffusion coefficient image for acetone in
PMMA calculated from four images acquired with gradient
strengths from 3.5 to 13.9 G/em. The color scale represents
self-diffusion coefficients from A (red), 0 cm?/s, to B (dark blue),
4 X 107 cm?/s.
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Figure 15. The profile from the self-diffusion coefficient image
in Figure 14.
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in the region of constant T, and the methanol system
has not established this condition.

The distance over which the T,s decrease in the meth-
anol system is long compared to molecular distances. This
sample is slightly cross-linked, and the decrease in T,s
from the surface to the core may reflect the structure of
the network. A non-cross-linked sample may reach
motional equilibrium a specific distance from the glassy
core depending on the polymer molecular weight and the
solvent temperature and activity.

The T';s of the acetone system only decrease 17%. This
is considerably less than the other measurements dis-
cussed. This is consistent with the dynamics of the T,
measurements. The solvent volume fraction is consider-
ably more than in the other cases, and the T's are sen-
sitive to short-range motions. The solvent molecules are
more influenced by the surrounding solvent molecules
than by the presence and the motions of the polymer.
The acetone T';s are only moderately effected by the
restricted motions of the polymer chains near the glassy
core.
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Self-Diffusion Coefficients. Since the volume frac-
tion of solvent is constant, the free volume available for
self-diffusion is also constant. This implies that the self-
diffusion coefficient should be constant throughout the
swollen region in the absence of other effects. Clearly
from Figure 12, the methanol/PMMA system exhibits a
distribution of self-diffusion coefficients. Muhr and
Blanshard?®? outline several effects that contribute to the
decrease in self-diffusion coefficients from the bulk sol-
vent values to those for imbibed solvents. The obstruc-
tion effect, which is the additional distance traveled by
the solvent because of the presence of the polymer,
accounts for the differences between the bulk and imbibed
methanol self-diffusion coefficients but does not account
for the differences within the polymer.

Blum et al.33%® have studied the self-diffusion coeffi-
cients of small molecules in polymer solutions and have
shown that the polymer segmental mobility plays an impor-
tant role in decreasing the solvent self-diffusion coeffi-
cients because of the polymer’s restricted ability to move
from the path of an oncoming solvent molecule. They
also demonstrate that a surfce can exert a frictional effect
on solvent mobility out to a few monolayers of solvent.

The decreasing self-diffusion coefficients can be
explained by extending Blum et al.3* to an anisotropic
sample where one region of the polymer is swollen and
the other has no solvent intrusion. Since the interface
between the two regions is sharp for Case 11 diffusion, it
is effectively a surface and exerts a frictional effect on
the solvent molecules in the vicinity. However, the change
in diffusion rates occurs over a much larger region than
would be influenced by the surface effect alone.

The polymer segmental mobility dominates the decrease
in solvent mobility. The polymer molecular motions in
the glass are severely restricted compared to those in the
swollen region. Since the sharp front exists, the poly-
mer chains associated with both regions must be consid-
ered anchored at the interface between the swollen and
the glassy regions. On the swollen side of the interface,
one end of the chain is fixed and the remainder of the
chain is free to move so that the motions of the chains
decrease toward the interface. The rigidity of the poly-
mer chains in the swollen region near the glass hinders
the solvent mobility reducing the solvent self-diffusion
coefficient.

Acetone swells PMMA to a greater extent than meth-
anol. The self-diffusion coefficient image in Figure 14
shows several features caused by the increased activity
and consequently the increased solvent volume fraction.
The self-diffusion coefficients of the system are about 2
orders of magnitude greater than those of the methanol/
PMMA system. This is clearly due to the increased vol-
ume available to the acetone molecules. The static obstruc-
tions (i.e. the polymer chains) decrease from 75% (vol-
ume) in the methanol case to 5% in the acetone system.
The dynamic obstruction effect also decreases but is still
evident in Figure 14. The self-diffusion coefficients of
the system decrease by 35% from equilibrium to the region
near the glassy core. The decreasing motions of the poly-
mer chains as the core is approached reduces the solvent
mobility in the same fashion as they did in the metha-
nol case. But, the increased activity imparts more motions
on the polymer chains in the acetone case so that the
effective self-diffusion coefficient near the surface is 2
orders of magnitude greater than in the methanol sys-
tem.

The glassy core influences the solvent behavior in the
region bound by the glassy core and the area where the
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self-diffusion coefficients become constant as shown in
Figure 14. The remainder of the swollen region has reached
an equilibrium mobility for the solvent and the polymer
and thus has a constant self-diffusion coefficient. Sev-
eral factors contribute to the determination of this dis-
tance including the temperature, the solvent activity, and
the polymer molecular weight. Further work is needed
to determine the extent of each of these factors.

The currently postulated Case II theories make assump-
tions concerning the solvent diffusion in the swollen region.
Thomas and Windle!” assume that the diffusivity, D,
increases exponentially with methanol concentration until
an equilibrium value is reached. Hui et al.'®*!® assume
that the solvent diffusivity in the rubber, D, is so much
greater than that in the glass, D,, that the ratio is con-
sidered to be infinite.

The range of solvent self-diffusion coefficients mea-
sured is from 107 to 108 cm? ™. This is 5 or 6 orders
of magnitude larger than Hui et al. calculated for D, (1
x 10713 em? s7%) for diffusion of iodohexane into polysty-
rene. So their assumption seems valid. However, the
decrease in solvent self-diffusion coefficients indicates that
the slope of the diffusivity profile may be less steep than
previously thought.

Comparison of Methods. The Ts and T,s are each
measured by using two different techniques. In both cases
the series method has a greater standard deviation than
the more specific sequence. T,s by the series method
suffer from two deficiencies. Each image from a differ-
ent echo time is collected at a different time. The total
elapsed time from the first image to the last is long depend-
ing on the number collected. In that time, the interface
between the glassy core and the swollen region may move
significantly.’® The sample may change its physical posi-
tion slightly due to mechanical vibrations. These fac-
tors contribute to misregistration between the different
images and cause the fitting routines to produce larger
errors. The solvent self-diffusion also causes attenua-
tion of the signal during long echo times adding addi-
tional losses.?® The multiecho sequence does not suffer
from these problems because signals from all of the echo
times are collected successively during each phase encod-
ing step of the imaging sequence. All of the images are
acquired in the time normally required to collect one image.
Also since the echoes are acquired rapidly, no attenua-
tion occurs from self-diffusion.

The T,s measured by the two different methods are
considerably different. The data from the partial satu-
ration method are probably skewed toward longer val-
ues because the TRs were longer than the Tys. The T,
inversion recovery experiment is more sensitive than the
series method because it is directly measuring the relax-
ation process rather than the saturation process mea-
sured by the series method. It is also more sensitive visu-
ally because the data are presented in a phase-sensitive
mode rather than a magnitude mode. The contrast is
enhanced because the real difference between intensi-
ties is greater than the differences between the absolute
value of the intensities.

Two pulse sequences are available to generate self-
diffusion coefficient images, the spin-echo technique and
the stimulated-echo technique. The stimulated-echo pulse
sequence was used in this investigation because of its abil-
ity to store magnetization along H, so that T, relaxation
is minimized. The stimulated-echo technique provides
the ability to look at solvents with small self-diffusion
coefficients with short T',s whereas the spin-echo sequence
permits study of solvents with longer Ts.
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Conclusion

NMR imaging has proven useful for probing the molec-
ular dynamics of polymer/solvent systems exhibiting Case
1I diffusion. The solvent dynamics are indicative of the
motions of the polymer chains in the swollen region because
of the physical interaction of the solvent with the poly-
mer. The mobility of the solvent and the polymer chains
decreases toward the glassy core. The decreases in both
the long- and short-range motions represent a mobility
gradient that occurs when one end of the polymer is fixed
and the other end is relatively free. From this informa-
tion, it is apparent that the mobility of the solvent near
the glass—rubber interface is different from the remain-
der of the imbibed or bulk solvent and should be con-
sidered in the current Case II theories.!”"*°

While Case II diffusion is characterized by a sharp front
and constant solvent concentration in the swollen regions,
it is clear from these NMR images that the molecular
dynamics of the process are not as well understood. The
decreases in solvent self-diffusion coefficients result from
the influence of the polymer motions on the solvent mobil-
ity. Since the polymer chains are effectively fixed at the
glass—rubber interface, the polymer segmental mobility
decreases toward the interface as reflected by the sol-
vent self-diffusion coefficients. The acetone/PMMA data
indicate that the solvent activity influences the distance
from the core where an equilibrium motional state is
reached. Other influences on this distance include poly-
mer molecular weight and temperature.

The magnitude of the self-diffusion coefficients sup-
ports current Case II theories that assume the solvent
diffusivity is much higher in the swollen regions than in
the glass. However, the spatial distributions of solvent
self-diffusion coefficients indicate that the change in dif-
fusivity is more gradual than assumed in current theo-
ries.

Several imaging techniques are demonstrated for mea-
suring NMR relaxation parameters of solvents in poly-
mers. The methods that measure the parameters quickly
and directly provide the best results especially when con-
sidering a dynamic system such as diffusion in a poly-
mer.
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