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ABSTRACT: The ingress of miscible mixtures of a good and a bad solvent (methyl ethyl ketone and
ethanol) into poly(styrene) has been visualized using magnetic resonance imaging (MRI). The use of both
2H imaging with selectively deuterated solvents and 13C-1H cyclic cross-polarization (CYCLCROP)
chemically selective imaging with normal solvents allows the individual components of the solvent mixtures
to be measured separately. The two solvents are found to ingress together. However, the spatial
concentration profiles are markedly different. The methyl ethyl ketone profile shows a sharp solvent
front at the interface between the swollen rubber and the noninvaded glass and has a high solvent fraction
throughout the rubber. The ethanol profile shows that the ethanol fraction decreases smoothly across
the rubber and approaches zero at the front. These results are explained in terms of a simple
multicomponent diffusion model, wherein the diffusion of the bad solvent is enabled by the presence of
the good solvent.

Introduction

The ingress of pure solvents into glassy polymers has
been investigated by numerous researchers1-5 to the
extent that the controlling mechanisms are now reason-
ably well understood. In everyday situations, however,
polymers are often exposed to mixtures of solvents. One
example is polymer composite in aircraft and cars
exposed to mixtures of water and the solvents compris-
ing petroleum. Another is dental resin exposed to water
and trace solvents in the mouth.6 The resulting ingress
is of obvious importance but is less well understood than
single-component ingress. The manufacturing of indus-
trial asymmetric membranes relies on the mass transfer
of good and bad solvents in a glassy polymer. Either a
solvent/nonsolvent/polymer ternary mixture or a polymer/
solvent binary mixture is exposed to a coagulation bath
of nonsolvent. Precipitation times have been shown to
be dependent on the ternary diffusion coefficients.7 It
has been highlighted in the literature8 that the diffu-
sivity of a binary solvent mixture cannot be considered
to be the additive sum of its components when they
differ in molecular volumes and polarities.

The ingress of solvent mixtures has been measured
experimentally by a number of groups. Kwei and Zupko9

used optical methods to measure binary solvent ingress
into cross-linked glassy epoxy polymers. For a mixture
of methanol (a bad solvent) and methyl ethyl ketone (a
good solvent) they found a single advancing front that
progressed with Fickian dynamics. However, they could
not distinguish the individual solvent component con-
centrations in the swelling sample. Miller et al.10

studied mixtures of 2-propanol with varying proportions
of toluene, benzene, acetone, and carbon tetrachloride
ingressing into poly(carbonate). They inferred from
subsequent gas chromatography experiments that 2-pro-
panol, which, unlike the other solvents, does not cause
stress cracking, was not sorbed. In other work, van der
Zeeuw et al.11 have assumed that when a miscible
solution of methyl ethyl ketone and water is in contact
with poly(styrene), the water, which is a bad solvent
for the polymer, does not enter the polymer at all. In

stark contrast to this assumption, Cooper et al.8 ob-
served binary mixtures of methyl ethyl ketone and
alcohols with various chain lengths ingressing poly-
(methyl methacrylate) (PMMA) and found that a small
amount of kinetically good (i.e., small molecular size)
but thermodynamically bad solvent mixed with a ki-
netically bad but thermodynamically good solvent in-
creased the polymer dissolution rate. They concluded
that smaller nonsolvent molecules diffuse ahead of
larger good solvent molecules, thereby increasing the
dissolution rate. Manjikow et al.12 observed similar
results for other systems.

Webb and Hall13 studied Fickian diffusion of two
solvents in rubbery polymers using magnetic resonance
imaging (MRI) techniques. Chemical shift selection
enabled them to observe the solvent components inde-
pendently. For the system of benzene and acetone
ingressing vulcanized rubber, they found that the
ingress rates of the two components when mixed were
identical and intermediate between the two pure com-
ponent rates. However, they made no assessment of the
solvent concentration profiles of the two components
within the swelling polymer. In further work, Webb and
Hall14 placed vulcanized rubber in a reservoir containing
a mixture of water and acetone. An NMR spectrum of
the sample recorded after 2 weeks of solvent exposure
showed that only acetone had ingressed the polymer.
Last, Lane et al.15 used MRI to show that a small
quantity of acetone could induce a transition between
Fickian and linear case II16,17 ingress for methanol
diffusion into PMMA.

The short review above leads to the conclusion that
the understanding of the ingress of mixed solvents into
glassy polymers is far from complete. It is particularly
unclear whether a bad solvent will diffuse ahead of,
alongside, or behind a miscible good solvent. The issues
raised highlight the need for spatially resolved and
solvent-specific concentration data. The availability of
this kind of data is extremely limited. It is the purpose
of this paper to explore the separate concentration
profiles of binary mixtures of miscible good and bad
solvents ingressing a glassy polymer. We chose to study
the system of a miscible mixture of methyl ethyl ketone* To whom correspondence should be addressed.
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and ethanol ingressing glassy poly(styrene). This system
is chosen first because the molecular size of the good
solvent (methyl ethyl ketone) is larger than that of the
bad solvent (ethanol) and second because it exhibits
Fickian behavior as opposed to more complicated case
II behavior. Measurements are made using 1H MRI,18

2H MR profiling, and chemically selective 13C-1H cyclic
cross-polarization MR profiling techniques. The 2H and
cross-polarization methods allow separate mapping of
the two solvents in the swollen polymer. A simple model
is described that reproduces the essential features of
the experimental data.

Samples and Methods
The poly(styrene) of molecular weight Mn ) 3.14 × 105 g/mol

and polydispersity (Mw/Mn) of 1.04 was obtained as a powder
from Polymer Laboratories (UK). It was pressed into small
cylindrical pellets at 50 kN m-2 and 180 °C for 8 h in a vacuum
and slowly cooled to room temperature still under vacuum.
The pellets were 8 mm in diameter and 4 mm long. Once
formed, they were pushed into close-fitting cylindrical poly-
(tetrafluoroethylene) sleeves open at one end. The use of these
sleeves ensured that the solvent ingress was unidirectional,
as was confirmed by two-dimensional 1H magnetic resonance
microscopy measurements. The sleeved pellets were immersed
in liquid solvent within the imaging magnet. The volume of
liquid far exceeded that of polymer, so that it could be
considered to be an infinite reservoir. The HPLC-grade
solvents, methyl ethyl ketone (MEK) and ethanol (EtOH), were
obtained from Sigma-Aldrich (UK). In some experiments, one
of the solvents in the mixture was deuterated, and 2H MR
profiling was used so as to separately visualize the MEK or
EtOH component. For this purpose CH3CD2COCD3 and CD3-
CH2OH were also purchased.

For 1H magnetic resonance imaging measurements, carried
out at 400 MHz, a standard two-dimensional Fourier trans-
form imaging sequence was used18 with the following experi-
mental parameters: echo time, 14.5 ms; maximum phase
gradient and read gradient strengths, 2.45 and 9.79 G/cm,
respectively; and repetition time, 1 s. The chosen slice width
was typically 1 or 2 mm, and 512 and 128 read points and
phase encode steps, respectively, were used. After standard
Fourier data processing, the resulting in-plane image pixel size
was 23 µm by 94 µm. However, the true resolution was
somewhat less. Images, with data averaging, were typically
recorded in 20 min. In the case of 1H MRI, one-dimensional
profiles were extracted from the central region of the image
data. The two-dimensional measurement with slice selection
was preferred over direct one-dimensional profiling as it was
possible to verify that the sample was swelling uniformly and
that there was minimal swelling distortion. For 2H experi-
ments, the gradient strengths and NMR frequency were
adjusted in accordance with the change in the gyromagnetic
ratio of 1H and 2H. Moreover, for the most part, only one-
dimensional profiles were acquired in order to maintain an
adequate data signal-to-noise ratio in a comparable data
acquisition time.

The two different solvents could not both be seen separately
in the same sample. Such a separation would have required
quasi-simultaneous 1H and 2H measurements with one solvent
fully deuterated. To overcome this limitation, and thereby
image both solvents sequentially in the same sample, 13C-
edited chemically resolved images were obtained using cyclic
cross-polarization methods (CYCLCROP), described in detail
elsewhere.19 With CYCLCROP, all the 1H signal is excited. The
magnetization of a particular chemical subspeciesshere the
CH3 linked to the CH2 of the MEK or the CH3 of the EtOHsis
then selectively transferred to 13C for storage while the
remaining 1H magnetization is destroyed. The stored 13C
magnetization is then returned to the 1H and imaged as usual.
In this manner, chemical specific images are obtained. In the
CYCLCROP experiments reported here, the PRAWN variant
of the method20 was used with 15 coupling pulses of nominal

flip angle 24° applied over 4.5 ms. The 13C was naturally
abundant, and profiles typically took 2.4 h to acquire. They
were not therefore acquired during the early part of the ingress
when the concentrations were varying rapidly.

All the magnetic resonance images and profiles showed the
region of swollen polymer and solvent solution. The signal
intensity was, however, variably attenuated by nuclear spin
relaxation and self-diffusion. Nonetheless, a distinct rubber/
glass interface could be resolved. The spin-spin relaxation
time of the nuclei in the polymer glass was too short for this
region to be seen.

To assess the spin-spin relaxation times of the solvents in
the polymer, a series of equilibrated mixtures of MEK, EtOH,
and poly(styrene) were prepared. The MEK concentration
ranged from 10 to 40 wt %, and the EtOH concentration ranged
from 2.5 to 10 wt %. The samples were made by adding known
quantities of the solvents to poly(styrene) in NMR tubes which
were then cooled in liquid nitrogen prior to sealing under
vacuum. The samples were equilibrated for 48 h at 80 °C before
the 1H relaxation times of the individual components were
measured using the Carr-Purcell-Meiboom-Gill (CPMG)
sequence weighted NMR spectroscopy.

In passing, we comment on the use of conventional magnetic
resonance microscopy with an echo time of 14.5 ms rather than
conventional microscopy with a shorter echo time or indeed
rather than a broad line technique, such as stray field imaging
(STRAFI) (with an echo time as little as 50 µs), which we have
used elsewhere.15 While it is possible to measure quantitatively
the polymer solvent volume fractions at low solvent fractions
using relaxation contrast in STRAFI, since all components are
quantitatively reflected in the measurement, the separation
is technically difficult at higher fractions. At higher fractions
the T2* of the mobile solvent is reduced by diffusion in the
strong field gradient to values comparable to that of the
increasingly mobile polymer. Conventional microscopy with a
shorter echo time, on the other hand, introduces a significant
(but not quantified) polymer signal into the image. As with
many NMR techniques, a compromise is required.

Experimental Results

We consider first the equilibrated samples of poly-
(styrene) in mixed solvents. In general, samples in
which the weight ratio of MEK:EtOH exceeded 4:1 did
not form a homogeneous phase but phase-separated into
a two-phase mixture that was optically opaque. When
the MEK weight fraction in the sample exceeded about
20 wt %, narrow spectral lines were resolved, and the
EtOH and MEK relaxation times were both very long.
For example, well above the glass transition at a
composition of 68.0 wt % poly(styrene), 25.7 wt % MEK,
and 6.3 wt % EtOH, the T2 of the MEK methyl groups
is measured at 2.54 s, and the T2 of the EtOH methyl
group is 3.43 s. Spectra representative of those from
which these values are calculated are shown in Figure
1a. Both values are substantially longer than the
imaging echo time (14.5 ms) so that, for this composi-
tion, the solvent signals will be insignificantly attenu-
ated by T2 relaxation in 1H images. The poly(styrene)
shows only as a broad baseline to the spectrum and is
therefore not seen in the images. At lower MEK fraction
(<20 wt %) the lines broadened somewhat, making it
more difficult to clearly resolve the MEK and EtOH. The
broadened lines represent reduced T2 of both MEK and
EtOH. For example, Figure 1b shows representative
spectra recorded close to the glass transition at a
composition of 78.1 wt % poly(styrene), 18.9 wt % MEK,
and 3.0 wt % EtOH. The methyl group T2 values
measured from these and other spectra are 25 ms
(MEK) and 57 ms (EtOH). These are still longer than
the image echo time so that, although the solvent
signals close to the glass transition will be attenuated
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by T2 relaxation in 1H images, both solvents will be seen.
Importantly for the conclusions discussed below, the
MEK signal will be more attenuated than the EtOH
signal.

We now consider the spatially resolved ingress data.
Figure 2 shows typical 1H profiles extracted from spin-
echo images of poly(styrene) exposed to a binary mixture
of 80 wt % MEK and 20 wt % EtOH in a liquid reservoir,
with those shown being recorded at 2 h intervals. The
central part of each profile shows signal from the
swollen rubber region of the sample. With time, this
region is seen to swell. The solvent reservoir is to the
left. The signal from the reservoir is strongly attenuated
by rapid self-diffusion of the liquid molecules in the
magnetic field gradient and by the short repetition time
of the experiment compared to the free liquid nuclear

spin-lattice relaxation time. The polymer glass (not
visualized) is to the right. The width of the rubber region
has been directly measured from these and other
profiles and is shown in Figure 3. It is clear that the
polymer swelling is in accordance with generalized
Fickian diffusion since the width increases with the
square root of time. No evidence was found, either in
the profiles or from subsequent NMR spectroscopy of
the solution above the polymer sample, for polymer
dissolution when the solvent reservoir contained 20 wt
% EtOH and 80 wt % MEK.

To assess whether both solvents are ingressing to-
gether, Figure 4 shows 2H profiles recorded in two
further experiments in which one or the other of the
solvents was partially deuterated. The profiles have
been transformed according to the Boltzmann trans-
form,21 η ) z/2t1/2, where t is time and z is position, and
are therefore presented in the form of a master experi-
mental profile. Use of the Boltzmann transform means
that profiles recorded at different times can be directly
compared. The MEK master profile is calculated from
69 individual data profiles and the EtOH master profile
from 53 data profiles. The intensities of the two profiles
presented in Figure 4 have been normalized such that
the rubber surface concentration of each solvent is set
equal to the equilibrium concentration. These latter
values were determined from quantitative NMR spec-

Figure 1. (a) Representative CPMG weighted spectra ob-
tained from an equilibrated solution with a PS:MEK:EtOH
weight ratio of 68.0:25.7:6.3. The spectra shown (from the top)
are recorded after relaxation weighting delays of 0.02, 1.6, and
6.0 s. The two MEK methyl group lines and the one EtOH
methyl group line used to measure T2 are labeled m and e,
respectively. The spectra are offset one from the next to aid
viewing. (b) As in (a), but for delays of 1, 10, and 100 ms and
PS:MEK:EtOH ratios of 78.1:18.9:3.0. The OH line of EtOH
is not seen.

Figure 2. 1H profiles of a 80 wt % methyl ethyl ketone/20 wt
% ethanol mixture ingressing into poly(styrene) recorded at 2
h intervals. The solvent is to the left, the progressively swelling
rubber is in the center, and the glass is to the right. The
original sample surface is at 0 mm on the scale.

Figure 3. Width of the rubber region in swelling poly(styrene)
exposed to a 80 wt % methyl ethyl ketone/20 wt % ethanol
mixture recorded using 1H (squares), 2H methyl ethyl ketone
(circles), and 2H ethanol (triangles) profiling. The solid lines
are fits to the equation z ) At1/2. The solvent fronts go in
together. For clarity, only alternate data points are shown.

Figure 4. 2H Boltzmann-transformed master curves of 80 wt
% methyl ethyl ketone (top line) and 20 wt % ethanol (bottom)
in a mixture ingressing poly(styrene).
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troscopy of equilibrated swollen samples. Figure 5 shows
comparable results using 13C-1H cyclic cross-polariza-
tion chemical-edited natural abundance 13C profiling of
MEK and EtOH except that, in this case, a slightly
lower MEK fraction (70%) and higher EtOH fraction
(30%) was used so as to slow the ingress. The results
are presented in a similar format. Importantly, these
master curves are constructed from multiple profiles
recorded sequentially from a single sample. Each master
profile is calculated from 10 data profiles. From both
the 2H and 13C-1H experiments, it is clear that both
solvents ingress the polymer. Moreover, the MEK and
EtOH solvent fronts are coincident within experimental
error, as is shown in Figure 3 (circles and triangles)
despite the fact that the MEK is a good solvent and the
EtOH is a bad solvent for the poly(styrene). The width
of the rubber region in the 2H data is systematically
slightly larger than in the corresponding 1H data. The
most likely reason is that the 2H experiments required
larger imaging-gradient-current strengths which slightly
warmed the probe and sample.

The basic result, that the MEK and EtOH fronts move
in together, was also discovered for mixtures of acetone
and methanol ingressing PMMA.22 It is, however,
counter to the conclusions of Miller et al.10 and the
assumptions of van der Zeeuw et al.11 and Manjikow et
al.12 but is consistent with some of the experimental
results obtained for ingress into vulcanized rubber by
Webb and Hall.13,14

Although the MEK and EtOH fronts move in together,
there is strong evidence in both the 2H and 13C-1H
results that the concentration profiles of the two sol-
vents in the swollen region are different. Since the
spin-spin relaxation times of the MEK and EtOH are
comparable at any given location within the rubber, we
conclude that the MEK concentration profile is signifi-
cantly more square than the corresponding EtOH
profile. In particular, the MEK shows a sharp interface
at the rubber-glass transition while the EtOH does not.
The EtOH concentration profile varies only slowly
across the rubber, and the interface is much less
distinct. In practice, at lower solvent fractions close to
the interface between the rubber and the glass, where
T2 attenuation starts to have an impact, the MEK T2
(albeit measured only for 1H) is shorter than that of the
EtOH. Hence, the MEK signal is attenuated by T2 more
than the EtOH signal. This serves only to accentuate
the differences in the solvent profile shapes highlighted
above in the region of the interface. This observation of

different profile shapes is a significant new result which
requires further explanation.

Analysis
Various attempts have been made to explain mixed

solvent diffusion in polymers beginning with the work
of Cussler and Lightfoot.23 More recently, Devotta and
Mashelkar24 have presented a model, in part to explain
the unexpected dissolution behavior in some systems
already discussed,8,12 which predicts that, in general,
competition between thermodynamic and kinetic factors
will lead to differential solvent uptake rates. They
predict that smaller bad solvent molecules will diffuse
ahead of larger good solvent molecules. However, their
modelsthe test of which was the original driving force
for this particular studyscannot explain our results
since it neglects coupling between the three components
in the diffusion problem.

We prefer to build on the earlier ideas of Cussler and
Lightfoot.23 For a ternary multicomponent diffusion
system such as this, one can write25

where Fi is the flux of component i, Di,j is a multicom-
ponent diffusion coefficient, φj is the concentration of
component j, and z is position measured from the
solvent-polymer interface. In general, Di,j * Dj,i and the
coefficients are strongly concentration-dependent. Con-
servation of mass and total flux means that only four
of the nine components Di,j are mutually independent.
For systems such as dilute gases, the equations can be
reformulated in terms of the pairwise binary diffusion
coefficients Di,j

/ . However, for condensed liquids and
polymers this is not so straightforward. Some authors26

develop the analysis in terms of chemical potential
driving forces and Flory-Huggins theory.27 Such analy-
sis is attractive from the viewpoint of trying to charac-
terize fully the ingress. However, it suffers in that it
relies on adequate models of the chemical potential in
the nonequilibrium swelling polymer and on models of
the mobilities of the different components, both of which
are difficult to obtain. Moreover, the approach then
requires a larger number of fit parameters with which
to apply the model. We base our analysis on a model
derived from pairwise exchange of components as might
be used in a simple Monte Carlo calculation.

According to this very much simpler model, we write

and hence

where Di,j
+ are an alternate (but related) set of diffusion

coefficients. The number of independent parameters is
now reduced to three since, in a model based on
exchange, we require Di,j

+ ) Dj,i
+ . The set of diffusion

Figure 5. Cyclic cross-polarization 13C-1H chemically edited
Boltzmann transformed master curves of 70 wt % methyl ethyl
ketone (top line) and 30 wt % ethanol (bottom line) in a mixture
ingressing poly(styrene).
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equations are solved numerically for the boundary
conditions,

The first condition states that the surface of the sample
is maintained at equilibrium concentration throughout.
The second states that the interior of the sample is
initially pure polymer. The characteristic features of the
data now result if we assume the following diffusivities:

The first of these equations describes a single, concen-
tration-independent mutual diffusivity for the two
solvents. The second describes a strongly concentration-
dependent diffusivity for MEK in poly(styrene). The
simplest possible form is chosen: a step function. The
critical concentration, φTG, is the MEK fraction in poly-
(styrene) (PS) required to induce a glass-to-rubber
transition at the experimental temperature and is of the
order of 0.15. The last states that EtOH does not diffuse
in poly(styrene).

Figure 6 shows the resultant theoretical, Boltzmann-
transformed master profiles in which due allowance has
been made for the swelling of the polymer. The theoreti-
cal profiles should be compared directly to the experi-
mental data in Figures 4 and 5. An overlay is not
attempted, since the experimental data are weighted
by nuclear spin relaxation attenuation as discussed
above. Nonetheless, the essential features are seen. The
key point is that the solvent fronts move together, but
the shapes of the concentration profiles are very differ-
ent. The MEK shows a sharp solvent front, whereas the
EtOH concentration varies much more uniformly. The
MEK front arises because of the strong concentration
dependence of D+

MEK,PS. However, since the flux at the
solvent front is not limited by the viscoelastic polymer

swelling, the system is Fickian, not case II.1 The EtOH
cannot proceed beyond the front but can diffuse rapidly
in the swollen region in the presence of the MEK. The
flux of EtOH across the swollen region, which is
proportional to the concentration gradient, matches that
required to keep pace with the swelling of the polymer
by the ingressing MEK. In consequence, the EtOH
concentration at the glass/rubber interface remains
constant and small.

The values of diffusion coefficients used in this
simulation are D+

MEK,EtOH ) 1 × 10-9 m2 s-1 and
D+

MEK,PS ) 1 × 10-9 m2 s-1 for φMEK/(φMEK + φPS) > φTG
) 0.17. These values of diffusion coefficient are consis-
tent with experimentally measured diffusion coefficients
resulting from direct integration of the Boltzmann
transformed experimental data.The value of D+

MEK,EtOH
is also consistent with typical values for the diffusion
coefficient of small molecules to be found in the litera-
ture,28 and D+

MEK,PS for larger concentrations is consis-
tent with values reported for small molecules in swollen
polymers.2-5 The diffusion coefficients of both MEK at
low concentration and EtOH in the glass are expected
to be very small. The surface concentrations of MEK
and EtOH in the swollen rubber, φMEK and φEtOH, were
set equal to 0.40 and 0.09, respectively. These surface
concentrations have been estimated by comparison of
NMR spectra of equilibrated mixtures formed from poly-
(styrene) exposed to a large solvent reservoir and
spectra of the reservoir. The values are consistent with
expectation based on Flory-Huggins theory27 with the
three interaction parameters: øMEK-EtOH, øMEK-PS, and
øEtOH-PS set to 0.0, 0.5, and 1.5, respectively.

Conclusions

We have obtained the first data that provide separate
spatially resolved concentrations of the components of
mixtures of good and bad solvents ingressing into a
glassy polymer. For the system studied, methyl ethyl
ketone and ethanol ingressing poly(styrene), the two
solvents ingress simultaneously, with neither solvent
ingressing ahead or behind the other. However, the
concentration profiles appear rather different. The good
solvent exhibits a strong solvent concentration front,
whereas the bad solvent concentration varies smoothly
and slowly across the swollen region. The effects can
be explained in terms of a simple model wherein the
bad solvent diffuses within the swollen rubber only by
virtue of the presence of the good solvent.
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