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INTRACRYSTALLINE SWELLING OF MONTMORILLONITES 
IN WATER-DIMETHYLSULFOXIDE SYSTEMS 
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Abstract-The basal spacings of montmorillonites with Li, Na, K, Cs, Mg, Ca, Sr, Ba, and Pb interlayer 
cations were measured after immersion in dimethylsulfoxide (DMSO) and in water-DMSO mixtures. In 
DMSO alone, the spacings were in the range 18.3-19.3 A and fell on or near a single curve when plotted 
against ionic field strength, qlr2 , where q = valence and r = ionic radius. These spacings correspond to 
double layers of DMSO molecules between the silicate layers. Water had practically no effect on the spac
ings when the mole fraction of DMSO exceeded about 35-45%. Osmotic swelling of Li-, Na-, and K-mont
morillonite occurred up to mole percentages ofDMSO 45%,30%, and 10%, respectively. K- and Cs-mont
morillonite formed single-layer complexes in appropriate water-DMSO mixtures with spacings of 14.3 A 
prior to development of double-layer complexes when the mole fraction of DMSO exceeded 35% and 15%, 
respectively. 
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INTRODUCTION 

The present work extends an earlier study of the be
havior of montmorillonite in water-organic mixtures 
(Brindley et al., 1969). The water-dimethylsulfoxide 
(DMSO) system is of interest because both molecules 
are highly polar, and in the previous study unusual be
havior was observed with Ca-montmoriIlonite in water
acetone mixtures. Acetone, 0=C(CH3)z, and DMSO 
(0=S(CH3)z) have similar molecular forms. 

The structure of the DMSO molecule was determined 
by Thomas et al. (1966) by a detailed structure analysis 
of crystalline material at 5°C. The molecule is markedly 
pyramidal with the S atom 0.706 A away from the nearly 
equilateral triangle formed by the atoms 0, C l , Cz , with 
OC I = 2.656 A, OCz = 2.697 A, and C1CZ = 2.685 A 
(notation of Thomas et aI., 1%6). The dipole moment 
of DMSO, 3.96 D (Dreizler and DendI, 1964), arises 
mainly from the covalent S=O bond; the value is con
siderably greater than the dipole moment of water, 1.87 
D. 

Camazano and Garcia (1966) and Garcia et al. (1967) 
found that the basal spacings of DMSO-montmorillon
ite complexes decreased almost linearly with an in
crease of layer charge and increased linearly with the 
radius of the exchangeable cations, but on separate 
lines for R+- and R2+-montmorillonites. Camazano and 
Garcia (1968) studied DMSO-vermiculite complexes. 
Olejnik et al. (1974) and Berkheiser and Mortland 
(1975) concluded that the swelling of montmorillonites 
in various polar organic liquids could not be correlated 
in any simple way with bulk properties of the liquids, 
such as dielectric constant and surface tension, nor 
with their dipole moments. Berkheiser and Mortland 
(1975) considered that the degree of dehydration of the 
montmorillonite prior to solvation in the organic liquids 

Copyright © 1980, The Clay Minerals Society 369 

had little effect on the basal spacings of the complexes, 
but possibly had an effect on the positions of the inter
layer cations. 

The present experiments consider the swelling of 
montmorillonites in water-DMSO mixtures and, in par
ticular, whether unusual swelling can occur similar to 
that found in water-acetone mixtures. Since water and 
DMSO are both strongly polar molecules, it was of in
terest to determine whether or not long-range osmotic 
swelling was possible in mixtures of the two liquids. It 
was also of interest to consider if the size or the elec
trical field of the interlayer cations is the more impor
tant factor determining the swelling of montmorillonite 
in DMSO. 

EXPERIMENT AL 

Materials 

A Wyoming montmorillonite, previously saturated 
with Na and sedimented to give a particle size of <2 
/Lm was saturated with Li+, K+, Cs+, Mg2+, Ca2+, Srz+, 

BaH, and Pb2+ by several treatments with 0.1 N chlo
ride solutions followed by washing until free of CI
(AgN03 test). Particular attention was given to Cs+ 
saturation, as will be described below. A chemical anal
ysis of the Na-montmoriIIonite (A. Tsunashima, an
alyst) gave the following formula for material dried at 
110°C: 
Nao.3iH20)o.31(AlL55Feo.19Mgo.26)(Si3.9ZAlo.os)01O(OH)2· 

Solvation procedure 

Thin, oriented samples of the montmorillonite were 
prepared on glass slides using materials dispersed in 
deionized water. They were dried in air near 3SO-40°C 
and at relative humidities near 30%. 

Water-DMSO solutions, prepared with desired mole 
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Table 1. Basal spacings of DMSO-montmorillonite com-
plexes. 

Present data 

Cation r (A) d(OOI) (max (I) 

Li+ 0.76 18.91 ± 0.05 9 18.47 
Na+ 1.02 19.25 ± 0.10 6 18.79 
K+ 1.38 19.27 ± 0.07 9 18.98 
Rb+ 1.52 19.11 
Cs+ 1.67 19.11 ± 0.08 9 19.28 

Mg2+ 0.72 18.35 ± 0.07 9 18.32 
Ca2+ 1.00 18.78 ± 0.03 10 18.79 
Sr2+ 1.18 18.97 ± 0.04 10 18.98 
BaH 1.35 19.24 ± 0.10 9 19.19 

Pb2+ 1.19 18.83 ± 0.08 9 

r (A) Ionic radii given by Shannon (1976). 
(1) Garcia et al. (1967). 
(2) Olejnik et al. (1974). 
(3) Berkheiser and Mortland (1975). 

Other data 

(2) (3) 

19.0 
18.9 18.8 

18.8 

18.3 
18.6 18.8 

ratios, were contained in closed tubes in which the clay
coated slides stood vertically. The liquids overlapped 
part of the clay coating, and the remaining clay, to be 
examined by X-ray powder diffraction, was wet by im
bibition. The slides with some excess liquid were trans
ferred to the diffractometer enclosure after periods of 
about 1, 2, 4, ... days. Usually no further change was 
observed after 1 day, but in a few cases longer periods 
were necessary to obtain maximum swelling ofthe clay. 
The open tube containing the water-DMSO solution 
also was placed in the diffractometer enclosure. 

X-ray powder diffraction examination (XRD) 

Data were obtained with Ni-filtered CuKa radiation, 
with a recording rate of 1°2B/min and a chart speed of 
2°2B/inch. Recordings were made to the highest ob
servable ooe diffractions, usually e = 9 or 10. 

RESULTS AND DISCUSSION 

DMSOcomplexes 

The basal spacings of complexes formed with various 
cation montmorillonites are listed in Table 1, together 

Table 2. Basal spacings of DMSO-montmorillonite com
plexes in order of qlr2. 

Cation q/r2 d(OOI) (A) 

Cs+ 0.359 19.11 ± 0.08 
K+ 0.525 19.27 ± 0.07 
Na+ 0.961 19.25 ± 0.10 
BaH 1.097 19.24 ± 0.10 
Pb2+ 1.412 18.83 ± 0.08 
Sr2+ 1.436 18.97 ± 0.04 
Li+ 1.731 18.91 ± 0.05 
Ca2+ 2.000 18.78 ± 0.03 
Mg2+ 3.858 18.35 ± 0.07 

q = valency; r = ionic radius (Shannon, 1976). 
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Figure 1. Basal spacings of DMSO-montmorillonite com
plexes plotted against qlr2, where q = valency and r = ionic 
radius. Bar length indicates mean deviation of spacings for 
different 00£ diffractions from the average spacing. 

with previously published data. For the R2+ -montmo
rillonites, the results obtained here and by other in
vestigators are in very close agreement, but for the R+
montmorillonites, the results in some cases vary con
siderably. 

A relationship was sought to correlate the spacings 
for both series of montmorillonites. Table 2 and Figure 
1 show that, within the limits of experimental error, 
most results fit a common curve when d(OOI) is plotted 
against q/r2 (q = valency; r = radius of the exchange
able cations). The spacings for Cs- and Pb-montmoril
Ilonite are clearly off the curve. This result for Pb-mont
Imorillonite may be a consequence of the electron 
configuration of the Pb2+ ion, which is not of the rare 
gas type. No obvious explanation can be given for the 
rather low value for Cs-montmorillonite; Garcia et al. 
(1967) obtained a somewhat larger spacing, 19.28 A, 
which more nearly fits the curve in Figure 1. 

The swelling of Na-, K-, Cs-, and Ba-montmorillon
ites in DMSO was noticeably slower than that of the 
other montmorillonites. These slow-swelling mont
morillonites (i.e., in DMSO) contain interlayer cations 
having weak electrical fields. Na-, K-, and Ba-mont
morillonite expanded to a 14.3-A spacing prior to full 
expansion to 19.25 A. These two levels of expansion 
correspond to single-layer and double-layer complexes 
with each layer about 4.8 A thick. Cs-montmorillonite 
did not show a single-layer 14.3-A spacing when ex-
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Figure 2. Basal spacings ofwater-DMSO-R+-montmorillon
ite complexes with excess liquid present vs. mole percent 
DMSO. Solid and open symbols indicate accuracy of mea
surements (see text). 

posed to DMSO, but expansion to 19.1 A appeared to 
be slow and possibly was incomplete. 

Various methods of preparing Cs-DMSO-montmo
rillonite were used. In particular, after initial dispersion 
of the Na-montmorillonite in water, CsCI solution was 
added to give a resulting solution about 0.02 N; the clay 
remained dispersed. After partial settling of the clay by 
centrifugation, part of the solution was removed, and 
more CsCI solution was added. By repeating this pro
cess five or more times, a dispersed Cs-montmorillonite 
was obtained. After washing the clay and evaporating 
excess water, a gel was obtained which showed no bas
al spacings. DMSO was added to the gel, but a crys
talline complex was not obtained until most of the liquid 
was evaporated. Despite these precautions to avoid 
flocculation during Cs saturation, the maximum spac
ing obtained with DMSO was 19.10 A (Figure 1). 

Swelling in water-DMSO mixtures 

The results for R+- and R2+-montmorillonites are pre
sented in Figures 2 and 3, respectively. Solid symbols 
indicate spacings obtained from integral or nearly in
tegral ooe diffractions, with t extending to 9, 10, and 
occasionally 7. These values are considered to be ac
curate to ±0.05 A. Open symbols indicate values less 
accurately known because of fewer diffractions and/or 
non-integral effects. 

When the mole fraction of DMSO exceeded about 
4090, the observed spacings were almost identical with 
those in 10090 DMSO. The results fully confirm the 
statement of Berkheiser and Mortland (1975) who were 
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Figure 3. Basal spacings of water-DMSO-R2+-montmoril
lonite. See legend to Figure 2. 

concerned only with the possible effects of small 
amounts of residual water. For R2+-montmorillonites 
(Figure 3), small additions of DMSO to water tended 
to increase the basal spacings, but the results are not 
comparable with those previously found for Ca-mont
morillonite in water-acetone mixtures. 

The results for R + -montmorillonites (Figure 2) are 
more diverse. Li-, Na-, and K-montmorillonite in water 
exhibited osmotic swelling, i.e., expansion beyond the 
crystalline state, where no basal reflections are ob
tained. This large scale swelling occurred also in water
DMSO mixtures up to about 45,30, and 10 mole percent 
DMSO, respectively. Whereas Li- and Na-montmoril
lonite collapsed to spacings near 18.6 and 18.9 A, re
spectively, when the limit of osmotic swelling was 
reached, K-montmorillonite collapsed to a 14.3-A spac
ing from 10-30 mole percent DMSO, and then expand
ed to 19.1 A when the proportion of DMSO exceeded 
about 35 mole percent. Cs-montmorillonite expanded 
in water to about 12.45 A (a single water layer com
plex), but with small additions of DMSO (5-15 mole 
percent), a 14.3-A spacing (single layer DMSO com
plex) was obtained. Beyond 20 mole percent DMSO, 
a 19.0-19. I-A spacing (double layer DMSO complex) 
was formed. Thus, Cs- and K-montmorillonite were 
similar in giving complexes indicative of single layers 
ofDMSO, though H20 also may have been present. By 
contrast, Li- and Na-montmorillonite remained fully 
dispersed in the water-DMSO mixtures until the pro
portion of DMSO reached the level where the spacing 
was governed by double layers of DMSO. 

CONCLUSIONS 

The basal spacings of complexes formed by DMSO 
with R+- and R2+-montmorillonites are in the range 
18.3-19.3 A and, with two exceptions (Cs+ and Pb2+), 
fall on or near a common curve when plotted against 
q/r2 (q = valence; r = radius of the R+, R2+ ions). 
The spacings correspond to two layers of DMSO mol-
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ecules modified slightly by the intensities of fields of the 
interlayer cations. In water-DMSO mixtures with more 
than about 40 mole percent DMSO, the observed spac
ings were almost identical with those developed in 
100% DMSO. The results suggest that the DMSO mol
ecules played a dominant role, with only secondary ef
fects produced by the cations . The presence of DMSO 
did not suppress osmotic swelling of Li- , Na-, and K
montmorillonite until the mole proportion exceeded 45, 
30, and 10%, respectively. Li- and Na-montmorillonite 
then collapsed to double-layer complexes, and K
montmorillonite to a single-layer complex. With an in
crease of DMSO, Cs-montmorilIonite also formed a 
single-layer complex. Both K- and Cs-montmorilIonite 
formed double-layer complexes at higher proportions 
ofDMSO. 
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Pe3IOMe--OcHoBHble npoMelKYTKH MOHTMOPHJIJIOHHTOB c MelKCJIOHHblMH KaTIlOHaMH Li, Na, K, Cs, Mg, 
Ca, Sr, Ba, H Pb 6bIJIH H3MepeHbI nOCJIe norpYlKeHIDI HX B CMeCjiX AHMeTHJIcYJIbCPOOKHCH (,!J,MCO) 
H BOAa-,!J,MCO. ,!J,JIji coeAHHeHHH, norpYlKeHHblx TOJIbKO B ,!J,MCO, OCHOBHble npoMelKYTKH HaXOI\j\TCji 
B HHTepBaJIe OT 18,3 AO 19,3 A H paCnOJIaralOTCji Ha HJIH B n06JIH30CTH OAHOH KimBoH, eCJIII HX 
Ha4epTHTb KaK CPYHK~HIQ CHJIbI HOHHoro nOJIji q/J" , rAe q = BaJIeHTHOCTb H r = HOHHbIH pallHyc. 
3TH TIpOMelKYTKH cooTBeTcTBYIOT IIBOHHbIM CJIOjiM MOJIeKYJI ,!J,MCO, paCTIOJIOlKeHHbIM MelKl\Y 
KpeMHHeBbIMH CJIOllMH. IIpaKTH4ecKH, BOlla He HMeeT HHKaKoro BJIHlIHHji Ha 3TH npoMelKYTKH, 
KorAa MOJlllPH3jj AOJlll ,!J,MCO Bblwe 35-45%. OCMOTHqeCKOe Ha6yxaHHe Li-, Na-, H K-MOHTMOPHJI
JIOHHTOB nOjiBJIlIJIOCb, Korlla MOJlllpHHe npo~eHTH ,!J,MCO He npeBocxOIIHJIH COOTBeTCTBeHHO 45%, 
30%, H 10%, K- II CS-MOHTMOPHJIJIOHHTbI CPOTIMHPOBaJIH B cooTBeTcTBYIOIl\H BOlla-,!J,MCO CMeCliX 
OIlHO-CJIOHHble KOMnJIeKCbl C IIPOMelKYTKaMH 14,3 A nepell TIOCTPOHKOH IIBYX-CJIOHHbIX KOMTIJIeKCOB, 
B CJIyqae, eCJIH MOJIlIpHble IIOJIH ,!J,MCO TIpeBbIWaJIH COOTBeTCTBeHHO 35% H 15%. [E.C.) 

Resiimee--Nach Behandlung mit Dimethylsulfoxid (DMSO) und mit Wasser-DMSO-Mischungen wurden 
die BasisabsHinde von Montmorilloniten mit Li, Na, K , Cs , Mg, Ca, Sr, Ba, und Pb als Zwischenschicht
kationen gemessen. 1m Fall von DMSO allein sind die Basisabstande im Bereich von 18,3 bis 19,3 A und 
liegen auf oder nahe einer einzigen Kurve, wenn man sie gegen die Ionenfeldsilirke, q/r2 , auftriigt, wobei 
q die Valenz und r der lonenradius ist. Die Abstande entsprechen Doppellagen von DMSO-Molekiilen 
zwischen den Silikatlagen. Wasser hat praktisch keinen EinfluB auf die Abstande, wenn die Molfraktion 
von DMSO 35-45% iibersteigt. Ein osmotisches Quellen von Li-, Na-, und K-Montmorillonit trat bis zu 
DMSO-Molprozenten von 45%,30% bzw. 10% auf. K- bzw. Cs-Montmorillonit bildete in entsprechenden 
Wasser-DMSO-Mischungen Einzellagenkomplexe mit Basisabstanden von 14,3 A bevor sich Doppella
genkomplexe bilden , wenn die Molfraktion von DMSO 35% bzw. 15% iibersteigt. [U. W.] 

Resume-Les espacements de base de montmoriIlonites ayant des cations intercouche Li , Na, K, Cs, Mg, 
Ca , Sr, Ba, et Pb ont ete mesures apres immersion dans la sulfide dimethyl (DMSO) et dans des melanges 
eau-DMSO. Dans la DMSO seule, les espacements s'etagent de 18,3-19,3 A, et tombent sur ou pres d'une 
seule courbe lorsqu'ils sont releves sur un graphe avec la force de champ ionique, qlr2, ou q = valence, 
et r = rayon ionique . Ces espacements correspondent it des couches doubles de molecules DMSO entre 
les couches silicates. L ' eau n 'avait pratiquement aucun effet sur les espacements lorsque la fraction molaire 
de DMSO excedait it peu pres 35-45% . II y avait un gonflement osmotique de montmorillonite-Li , -Na, et 
-K jusqu'a des pourcentages molaires de DMSO de 45%, 30%, et 10%, respectivement. Les montmoril
lonites-K et -Cs ont forme des complexes it couche simple dans les melanges eau-DMSO appropries avec 
des espacements de 14,3 A avant Ie developpement de complexes doubles lorsque la fraction molaire de 
DMSO excedait 35% et 15%, respectivement. [D.l .) 
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