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SYNOPSIS 

Magnetic resonance imaging (MRI) was used to determine swollen resin morphology in 
cation-exchange beads. The study of the nonuniformity of the swelling of cation-exchange 
beads [sulfonated styrene-divinylbenzene (SDVB) copolymers] is of interest because the 
exchange kinetics and other properties are expected to be strongly influenced by the swelling. 
MRI can replace current invasive and destructive methods for studying the morphology of 
these resins. Several types of ion-exchange resins were examined including beads which 
exhibit homogeneous swelling, heterogeneous swelling, and partially sulfonated beads. The 
variation in intensity observed is due to a variation in crosslink density, degree of sulfonation, 
composition, sulfone bridging, or a combination of these variables. Due to their small size, 
the beads were also imaged using a small coil insert. Results are compared to commercially 
available insert images in terms of signal-to-noise and experiment time. 0 1995 John Wiley 
& Sons, Inc. 

INTRODUCTION 

Synthetic ion-exchangers have been in use since 
the 1930s. Today, the most popular exchange ma- 
terials are based on crosslinked polystyrene-di- 
vinylbenzene.' Other ion-exchange resins include 
poly(methy1 metha~rylate)-polystyrene,~-~ poly- 
(butyl acrylate)-poly~tyrene,~ and latex-poly- 
~ t y r e n e ~ , ~  with varying morphologies. The most 
common cation exchangers have either the sul- 
fonic group (- S03H) or the carboxylic group 
(-COOH) as the active site. 

The sulfonated derivative of linear polystyrene 
could be used as a cation-exchange resin, but it does 
not possess good properties for an ion-exchange 
resin. By adding about 8% divinylbenzene as a 
crosslinking agent, the polymer becomes mechani- 
cally stronger and less porous, becomes less soluble 
in water, swells less in water, and undergoes a change 
in the equilibrium constant for the exchange reac- 
tion to allow for good ion-exchange properties.' The 
structure of sulfonated polystyrene-divinylbenzene 
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crosslinked ion-exchange resin (SDVB) is shown in 
Figure 1. The typical sulfonated SDVB resin has a 
high molecular weight and is insoluble in, but per- 
meable to, water. The sulfonated SDVB resin swells 
when wet, but the amount of swelling is controlled 
by the crosslinking: The greater the crosslinking, 
the less the swelling.' 

Ion-exchange resins can have various mor- 
phologies depending on preparation method, type 
of polymerization p r o ~ e s s , ~  type and amount of 
crosslinking agent added,' monomer concentra- 
tion,' type of initiator used,4 polymer molecular 
weight," and difference in hydrophilicity of the 
two  polymer^.^.^^"^'^ B y varying some or many of 
these parameters, numerous morphologies, each 
having certain kinetics and exchange properties, 
have been polymerized. These include confettilike, 
raspberrylike, void-containing, core-shell, half- 
moon, sandwichlike, and inverted ~ o r e - s h e l l . ~ - ~ , ~ ~ ~  

The control of morphology, from a scientific 
standpoint, is accomplished by a combination of 
thermodynamic and kinetic forces. Berg et al. re- 
ported the thermodynamic considerations for ion- 
exchange resins such that the structure with mini- 
mal interfacial tensions constituted the thermody- 
namically favored arrangement.13 The kinetic forces 
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Figure 1 
rene-divinylbenzene ion-exchange resin. 

Structure of crosslinked sulfonated polysty- 

are essentially the degree of mobility of the poly- 
meric phase.' This determines the kinetic control of 
the battle between the low-energy state and some 
other structure. The result is a complex combination 
of thermodynamic and kinetic forces that control 
the resin morphology. 

Analysis of ion-exchange beads has been, until 
this point, done invasively. The beads have been cut 
and studied by microscopyg and other spectroscopic 
methods including ESR, SEM, and TEM.2-4,'4,'5 
Another group of methods has involved staining the 
ion-exchange resin with Ru04 or OsO, to highlight 
the double bonds in the resin, sectioning the bead 
with an ultramicrotome, and scanning these thin 
sections with transmission electron micro~copy.~ .~~J~ 
A final method employs placing the dried beads in 
an ion sputter and coating with a layer of gold about 
500 nm thick. Scanning electron micrographs of 
these modified beads were obtained and the three- 
dimensional shapes observed., All these methods 
yield little information about the bead in the swollen 
state. 

This study shows the first application of MRI to 
visualize swollen ion-exchange beads prepared by 
suspension polymerization and their morphology. 
MRI is an ideal, noninvasive technique to view vari- 
ations in the degree of swelling these beads exhibit 
when placed in an appropriate solvent. The non- 
uniformity of swelling of sulfonated styrene-divi- 
nylbenzene beads is an important area of study be- 
cause the exchange kinetics and other chromato- 
graphic properties of the beads are expected to be 
influenced by the degree of swelling." Several dif- 
ferent ion-exchange beads were examined using both 
a conventional insert and a small coil insert. Results 
of each are reported. 

EXPERIMENTAL 

Several types of ion-exchange resins (sulfonated 
SDVB beads) were obtained from The Dow Chem- 

ical Co., Midland, MI. These included ion-exchange 
beads that exhibit homogeneous swelling, beads that 
show heterogeneous swelling, and partially sulfo- 
nated SDVB beads. These ion-exchange cation res- 
ins were prepared by sulfonating SDVB copolymer 
precursors. The precursors were made via suspen- 
sion polymeri~ation.'~ The beads were swollen with 
distilled water before study by MRI. The swollen 
resins varied in diameter from 0.5 to 2.0 mm. 

Various mounting techniques were employed for 
placing the beads in the NMR tube. First, multiple 
beads that exhibit homogeneous swelling were 
placed in a 5 mm-0.d. precision NMR tube (Norell, 
Inc. Mays Landing, NJ)  surrounded by distilled wa- 
ter. Several single-bead mounting methods were at- 
tempted. The method of choice positioned one swol- 
len ion-exchange resin in a capillary tube (or on top 
if the bead was large enough in diameter). The cap- 
illary tube was placed in a 5 mm-0.d. NMR tube and 
positioned in the center of the rf coil by placing a 
glass rod in the bottom of the NMR tube and a piece 
of glass around the capillary tube. This arrangement 
positioned the bead in the center of the rf coil and 
prevented movement in any direction. 

All MRI experiments were performed on a Bruker 
MSL-400 with microimaging accessory. The nucleus 
observed was proton at a frequency of 400.130 MHz. 
A conventional spin-echo sequence was used which 
employed a soft (selective) 90" pulse and a hard 
(nonselective) 180" pulse. A 10 mm rf coil was placed 
in the probe to accommodate the 5 mm NMR tube. 
One size smaller tube is used to lessen the effects of 
rf inhomogeneities within the coil by reducing sam- 
ple cross section.'' There were 128 phase-encode 
steps and 128 values for frequency encoding, giving 
a pixel dimension of 128 X 128. The slice thickness 
was 0.5 mm. Gradient strengths of 30 G/cm in the 
x-direction, 26 G/cm in the y-direction, and 4.7 G/ 
cm in the z-direction were employed. The field of 
view (FOV) was 4.2 mm, giving an in-plane reso- 
lution of 33 pm/pixel. The echo time of the spin- 
echo sequence was 9.66 ms and the repetition time 
was varied between 0.250 and 1.0 s. 

A prototype of the Magnifier developed by Dave 
Cory at Bruker Instruments, Billerica, MA, was used 
with a spin-echo sequence to compare results with 
the conventional 10 mm insert. The Magnifier has 
a coil with an i.d. of 2.5 mm. Parameters of the ex- 
periment were 128 phase- and frequency-encode 
values, giving a pixel dimension of 128 X 128. The 
slice thickness was 0.5 mm. Gradient strengths of 
30 G/cm in the x-direction, 24.7 G/cm in the y-di- 
rection, and 4.7 G/cm in the z-direction were used. 
The FOV was 2.0 mm, giving an in-plane resolution 
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Figure 2 
mounted in a capillary tube. 

Single, water-swollen sulfonated SDVB bead 

of 16 pm/pixel. The echo time was 9.66 ms and the 
repetition time was either 0.250 or 1.0 s. All final 
images of the resins were postprocessed on an Everex 
386 computer using Ansel software to convert the 
images to laser quality. 

RESULTS AND DISCUSSION 

Multiple sulfonated SDVB ion-exchange beads were 
imaged first in an effort to choose the best mounting 
method for visualization of solvent distribution 
throughout the beads. The ion-exchange resins were 
placed in distilled water, allowed to swell, and imaged 
at  room temperature in a 5 mm NMR tube. Several 
things were observed in these images including no 
apparent uniformity of bead size or consistent 
swelling with solvent. The beads vary in size, shape, 
and degree of swelling. Ion-exchange beads prepared 
by suspension and/or emulsion polymerization have 
been reported to be spherical due to surface tension 
forces which exist during the polymerization pro- 
cess.2*5,21 Since the image obtained using the mul- 
tiple-bead method does not show the beads to be 
spherical with homogeneous solvent distribution, it 
is not an appropriate mounting technique and was 
not pursued further. 

The final mounting method attempted gave the 
best results in terms of image quality and accurate 
representation of the material. This construction 
employed a glass rod at  the bottom of the NMR tube 
to provide the correct positioning of the sample along 
the vertical z-axis. The swollen bead with no external 
solvent was placed in a capillary tube that was 
heated and drawn out to a narrow point. Figure 2 
shows an image of a successfully mounted bead using 

this glass rod/capillary combination. The intensity 
of the image is homogeneous throughout the bead. 
This homogeneous intensity represents homoge- 
neous solvent distribution in the ion-exchange bead. 
The row profile taken through row 76 (the center of 
the bead) confirms the visually observed homoge- 
neity with a constant intensity profile. The shape 
of the bead is circular in the image also. This 
mounting technique was used in all the subsequent 
single-bead imaging experiments. 

Since the swollen resin was not surrounded by 
solvent in the single-bead mounting technique, sol- 
vent evaporation from the bead became a possible 
cause of intensity variation in the images. A set of 
consecutive experiments were run on a homogeneous 
bead, and the intensity was measured as a function 
of time. The bead was imaged for six consecutive 
2.2 h experiments for a total time of 13.2 h. Intensity 
measurements were taken from the row profile of 
the bead at the same position. 

Table I is a collection of intensity values from 
each of the six experiments. The values show a con- 
sistent intensity for each of the six experiments. 
Over the 13.2 h, the intensity varied by only 1.8%. 
Since all experimental parameters were kept con- 
stant, only proton density contributes to intensity 
in this collection of experiments. Therefore, solvent 
concentration is proportional to intensity. By only 
varying 1.8% in intensity over the 13.2 h, the beads 
do not lose an appreciable amount of solvent due to 
evaporation over the experiment time of 2.2 h. 
Therefore, the intensity that is observed is due to 
solvent distribution and is not an evaporation ar- 
tifact. 

Another collection of ion-exchange beads were 
examined that demonstrated inhomogeneous solvent 
distribution when swollen with water. Beads pre- 
pared by emulsion and suspension polymerization 
show similar nonuniformities in solvent ~ p t a k e . ~ , ~ . ~ ~  
This nonuniformity in solvent uptake could be due 
to a variation in crosslink density, degree of sulfo- 

Table I 
Bead 

Intensity vs. Time for Sulfonated SDVB 

Time (h) Intensity 

2.2 
4.4 
6.6 
8.8 

11.0 
13.2 

10.834 
10.928 
10.925 
10.756 
10.766 
10.735 

Average 10.824 ? 0.086 
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Figure 3 
swelling with water. T R  = 250 ms. 

Sulfonated SDVB resin showing inhomogeneous 

nation, composition, sulfone bridging, or some com- 
bination of these variables depending on the details 
of the synthesis." Figure 3 shows an image of an 
ion-exchange bead with inhomogeneous solvent dis- 
tribution. This is seen both visually and with the 
row profile. The two regions of solvent are expected 
to have different Tl values based on how tightly 
bound the solvent is in each r e g i ~ n . ~ ~ . ~ ~  This predic- 
tion was found to hold in this case. The two regions 
have vastly different TI values. The interior region 
has a TI  value of 180 ms, whereas the exterior region 
has a TI of 30 ms.24 This difference is probably due 
to how tightly bound the solvent is in these two re- 
gions and how much solvent is "bulklike" in the 
regions. Since the experiment in Figure 3 used a 
repetition time, TR, of 250 ms, the signal arising 
from the solvent in the interior region is effectively 
saturated due to the fact that the repetition time is 
less than 5T1. This effect is observed in Figure 3 
where intensity is seen only in the exterior ring. The 
value of TR was chosen without prior knowledge of 
the Tl value. 

By increasing the repetition time to 1 s, the ex- 
periment gave an image that represents the solvent 
concentration in the swollen resin without loss of 
intensity due to saturation. Figure 4 shows the image 
of an ion-exchange resin from the same preparative 
scheme as in Figure 3, but with an increase in TR 
to 1 s. The intensity in the interior region is higher 
than the exterior region, showing a larger concen- 
tration of solvent in the interior region. This bead 
has a more hydrophilic interior and a more hydro- 
phobic exterior based on the solvent swelling ob- 
served in Figure 4. This variation in intensity is also 
seen in the row profile. The shoulder on the row 
profile represents the intensity in the exterior hy- 

Figure 4 
neous swelling with water. T R  = 1 s. 

Sulfonated SDVB resin showing inhomoge- 

drophobic region, and the peak represents the in- 
tensity in the interior, hydrophilic region. By mea- 
suring the intensity values in each region from the 
row profile, a relative quantitative value for the dis- 
tribution of solvent in the two regions can be ob- 
tained. These values from four experiments are listed 
in Table 11. This data shows that in this ion-ex- 
change bead that exhibits inhomogeneous solvent 
swelling the interior region contains approximately 
1.6 times more water due to swelling than does the 
exterior region. Therefore, the interior region is more 
hydrophilic than is the exterior region. 

Ion-exchange resins can also be prepared by sul- 
fonating only a particular region. When these beads 
are swollen with water, the sulfonated, hydrophilic 

Table I1 
Beads 

Intensity Values for Sulfonated SDVB 

Exterior Interior 
(Intensity) (Intensity) Ratio 

TR = 250 ms 

22.960 16.537 0.720 
22.798 16.328 0.716 
22.485 16.281 0.724 
22.116 16.212 0.733 

0.727 k 0.008 

T R = l s  

10.374 15.881 1.531 
9.791 15.970 1.631 
9.931 15.414 1.552 
9.184 15.090 1.643 

1.589 k 0.056 
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Figure 5 
water. TR = 250 ms. 

Partially sulfonated SDVB resin swollen with 

regions will swell with solvent, whereas the unsul- 
fonated organic region will not swell due to the hy- 
drophobicity of the SDVB copolymer. This variation 
in solvent swelling should be easily visualized with 
MRI. Figures 5 and 6 show two images of an ion- 
exchange resin sulfonated only in an exterior circular 
region of the bead. The images show that solvent 
only swells the sulfonated regions of the resin. The 
interior, unsulfonated region shows no intensity- 
hence, no solvent swelling. This intensity distribu- 
tion is also represented in the row profile shown in 
Figure 6. Changing the repetition time from 250 ms 
in Figure 5 to 1 s in Figure 6 does not affect the 
intensity in the image as it did in Figures 3 and 4. 
Therefore, the intensity is due to solvent that pen- 
etrates the sulfonated region and the lack of inten- 
sity represents the unswollen region that is hydro- 
phobic. No saturation effects due to short repetition 
times relative to TI  values are observed. This also 
eliminates partial sulfonation as one of the possible 
contributing factors for the inhomogeneity of solvent 
swelling observed in Figures 3 and 4. Since the in- 
tensity of the partially sulfonated bead is not affected 
by variation of TR, partial sulfonation is not a cause 
of the variation in solvent uptake observed in the 
beads of Figures 3 and 4 which do show intensity 
distribution differences dependent on the repetition 
time. 

Ion-exchange resins are small so that the images 
of these beads could be improved using a smaller 
coil which would give a better filling factor. Figure 
7 is an image of the same bead as Figure 4 taken 
using the Magnifier. The Magnifier, developed by 
Dave Cory at Bruker Instruments, is an insert placed 
in the imaging probe that has a coil with an i.d. of 
2.5 mm. This small coil allows for an increase in the 

Figure 6 
water. TR = 1 s. 

Partially sulfonated SDVB resin swollen with 

filling factor for small samples. Therefore, an in- 
crease in S/N of the image can be obtained or an 
image of comparable S/N can be obtained in less 
time. Figure 7 shows the bead to have the same in- 
tensity distribution as in Figure 4. The image in Fig- 
ure 7 took only 1.2 h to acquire compared to 2.2 h 
for Figure 4 for comparable S/N. The profile shows 
the shoulder on the left representing the region of 
lower intensity due to less solvent swelling. 

CONCLUSIONS 

This study shows the first application of MRI to 
visualize solvent distribution in ion-exchange resins, 
sulfonated SDVB copolymers. Due to its noninva- 
sive nature, MRI provides a map of the swollen 

Figure 7 Sulfonated SDVB bead imaged with the Mag- 
nifier showing inhomogeneous swelling. Experiment time 
1.2 h. 
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polymer network without interferences from stain- 
ing dyes, stresses, and deformation due to cutting 
and addition of gold to aid in visualization in SEM. 
Images of beads that exhibit both homogeneous and 
heterogeneous swelling were examined. Also, par- 
tially sulfonated beads were imaged. 

Images of multiple vs. single beads show that sin- 
gle-bead images are least affected by susceptibility 
differences and partial volume effects. Various sin- 
gle-bead mounting techniques showed that a capil- 
lary mounting method is the most efficient and suf- 
fers the least from susceptibility differences from 
nearby glass and physical deformations. Solvent 
does not evaporate from the bead during the time 
of data acquisition as was proven with repeated ex- 
periments of a bead with homogeneous solvent dis- 
tribution. Resins which exhibit nonuniform swelling 
were imaged to differentiate the regions with differ- 
ing solvent concentration. The solvent in these re- 
gions showed variations in TI values due to the 
amount of bulk and bound water in the particular 
region. Partially sulfonated SDVB resins showed 
that only the sulfonated regions were swollen and 
only those swollen regions have intensity in the im- 
age. The intensity distribution was not affected by 
TI weighting. A small coil, called the Magnifier, was 
used to increase the filling factor for small samples 
and allowed for an increase in S/N or a decrease in 
experiment time of nearly one-half in the given ex- 
ample for comparable S/N when compared to con- 
ventional 10 mm insert images. 
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