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INFRARED SPECTRA OF THIOLANE AND
TETRAMETHYLENE SULFOXIDE ADSORBED
ON MONTMORILLONITE!
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Abstract—Infrared spectra (4000~1200 cm~!) were obtained for several homoionic montmorillonite films
on which tetramethylene sulfoxide (TMSO) or thiolane were adsorbed at various temperatures and for
different periods of exposure. The spectra indicate that the Na-, H-, and natural montmorillonite complexes
contain a physically adsorbed species, whereas transition metal-montmorillonite complexes contain both
physically adsorbed and metal-complexed species in their interlamellar spaces. Apparently, thiolane ad-
sorbed on most montmorillonites undergoes oxidation to TMSO in an air atmosphere. Consistent with the
mechanism proposed earlier for aqueous solutions, the rate of sulfoxide formation increases by increasing
the pH of the suspensions from which the clay films were deposited or by increasing the concentration of
the water molecules in the interlamellar spaces. The infrared spectra of y-thiolactone adsorbed on Co-
montmorillonites suggest that sulfoxide-type molecules are formed which chelate to the Co ions in the

interlamellar spaces.
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INTRODUCTION

Thiophanes which possess saturated heterocyclic
rings containing sulfur atoms occur as impurities in var-
ious sources of petroleum (Rall et al., 1972; Hubbard
et al., 1952). These types of sulfur-containing com-
pounds can be absorbed by soils or sediments during
oil spillages or seepages. Also, clays, such as cation-
substituted montmorillonites, can be used as cheap, en-
ergy-nonintensive adsorbers for removing these im-
purities from crude oil. Knowledge about the structures
of the adsorbed species for such compounds on clays
can lead to a better understanding of the nature of in-
teraction of such sulfur-containing compounds either
with soils and sediments or with clays that can be used
to adsorb such impurities from petroleum.

Hidalgo er al. (1969) and Cloos et al. (1973) obtained
structural information for a related compound, thio-
phene, adsorbed on montmorillonites using infrared
spectroscopy. They noted that thiophene is physically
adsorbed on nontransition metal-montmorillonites and
forms m-bonded complexes with Cu ions on Cu-mont-
morillonite. Recently, Lorprayoon and Condrate (1981)
found from infrared spectra that the nature of sulfolane
(C,H,SQ,) adsorbed on various cation-substituted
montmorillonites strongly depends upon the type of ex-
changeable cation in the interlamellar spaces along with
the period of exposure and the temperature of treat-
ment. Whereas metal complexes and physically ad-
sorbed sulfolane were both observed for transition

! Based on a Ph.D. thesis submitted by V. Lorprayoon to
Alfred University.
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metal-montmorilionites, only physically adsorbed sul-
folane was noted for natural and H-montmorillonites.

The present paper presents the results of an infrared
spectroscopic investigation of thiolane (C,H,S) ad-
sorbed on various catjion-substituted montmorillonites
in an air atmosphere in an attempt to obtain structural
information about its adsorbed species. This simplest
thiophane generates adsorbed species which serve as
structural models for the adsorbed species present for
thiophanes in general. Its infrared properties are com-
pared to those of two other thiophanes, tetramethylene
sulfoxide (C,HzSO) and vy-thiolactone (C,HSO), ad-
sorbed on montmorillonites. These two compounds
generate adsorbed species which directly relate to the
final adsorbed species present for thiolane.

EXPERIMENTAL
Materials

The montmorillonite used in this study originated from
a Wyoming deposit and was obtained from O. Hommel
Company, Pittsburgh, Pennsylvania. Jang (1971) re-
ported the following chemical analysis and cation-ex-
change capacity (CEC): SiO, = 64.80, TiO, = 0.16,
Al,0,; = 20.50, Fe,0; = 3.60, MgO = 2.46,
CaO = 1.03, K,O = 0.47, Na,0 = 2.12, L.O.I. (loss
on ignition) = 5.7, CEC = 100 meq/100 g. Clay films
were prepared by sedimenting clay particles whose
equivalent diameters were less than 2 um. Transition
metal-montmorillonite was prepared by twice saturat-
ing the natural clay with a 1 N aqueous solution of the
appropriate metal chloride. The clay was washed sev-
eral times with distilled water to eliminate excess metal
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and chloride ions. H-montmorillonite was prepared im-
mediately prior to use from a 1% suspension of the nat-
ural clay by passing it through a column of Amberlite
I.R.-120 (H-form). The concentrations of the resulting
suspensions were adjusted so that the clay made up ap-
proximately 2.4% of the weight of the aqueous suspen-
sions. Self-supporting thin films (approximately 3.2 cm
diameter, 20 um thick) were prepared by evaporating
2-ml aliquots of the clay suspensions on an aluminum
foil supported by a flat glass plate. Because some of the
exchangeable cations can react with the aluminum foil,
the foil was lined with a thin film of collodion to protect
the clay from chemical reactions. The resulting air-dried
samples were stripped from the foil by drawing the foil
over a sharp edge. Each type of clay film was then put
in a sealed bottle and kept under vacuum in a desiccator
over P,O; until further use.

Thin films of the Cu-, Ni-, Co-, Zn-, Cd-, Cr-, Na-,
H-, and natural montmorillonites were sealed in bottles
containing liquid thiolane or tetramethylene sulfoxide
for the appropriate exposure period at room tempera-
ture. For y-thiolactone, only films of Co-montmorillon-
ite were treated and analyzed. Clay films treated with
tetramethylene sulfoxide and +y-thiolactone were ex-
posed to the liquid for one day; clay films treated with
thiolane were exposed for periods of 10 min, 1 hr, 1 day,
1 week, and 1 month. After the exposure, the treated
clay films were removed from their bottles and dried for
one day in a partially evacuated desiccator at ambient
temperature. Some of the clay films treated with one of
the three sulfur-containing compounds were then heat-
ed for one day at 150°C in air. Also, some clay films
treated with thiolane or tetramethylene sulfoxide were
heated at 120°C in air rather than at 150°C. Wet chem-
ical, trace emission spectrographic, scanning electron
microscopic, and X-ray powder diffraction analyses
were used to characterize the films.

Spectral measurements

Infrared (IR) absorption spectra (4000-1200 cm~)
were obtained by placing the clay film in the sample
beam of a Perkin-Elmer Model 621 double-beam, grat-
ing spectrophotometer. An air-purging unit was used to
eliminate absorption bands due to atmospheric water
and carbon dioxide. Calibration of the spectrophotom-
eter was carried out using polystryrene bands, and a
wavenumber accuracy of =2 cm~! was obtained.

RESULTS AND DISCUSSION

Figure 1 illustrates the IR spectra of Cu-, Ni-, and
H-montmorillonites treated with tetramethylene sulf-
oxide (TMSO) in an air atmosphere for one day at room
temperature and the spectra of these materials after
being heated in air at 150°C for one day. The very strong
band at ~3625 cm™! has been assigned to the OH-
stretching mode of the hydroxyl ions in the octahedral
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Figure 1. Infrared spectra of (a) liquid tetramethylene sulf-
oxide (TMSO), (b) and (¢) treated Cu-montmorillonite, (d) and
(e) treated Ni-montmorillonite, and (f) and (g) treated H-mont-
morilionite. (b), (d), and (f) = montmorillonites immersed in
liquid TMSO for one day at ambient temperature. (¢), (e), and
(g) = films further heat-treated at 150°C for one day.

sheet of the clay lamellae, which remains unaffected by
the various treatments. The 2600-1800 cm™! region is
omitted because this region contains no significant
spectral features for any of the investigated clay-ad-
sorbate systems. Band maxima locations and assign-
ments are listed in Table 1 for the Cu-montmorillonite-
TMSO complex along with those for liquid TMSO. The
assignments are consistent with those made previously
for liquid TMSO (Klaeboe, 1968). The IR band at ~ 1625
cm~!, due to physically adsorbed or coordinated water,
decreases in intensity after adsorption for all clay sys-
tems indicating the replacement of water molecules in
the clay by the more polar TMSO molecules (the dipole
moment of TMSO is 4.17 debyes). The replacement of
water molecules is greater in the TMSO-clay systems
than in the sulfolane (TMSQO,)-clay systems after the
same period of exposure to the liquid organic phase.
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Table 1. Wavenumbers (cm™') of band maxima and band
assignments for Ni-montmorillonite films treated with TMSO
and TMS.

Liquid* Liguid? TMSO-treated TMS-treated

TMSO TMS film film Assignments
3625 (vvs) 3625 (vs)  OH-stretch

2950 2048 2945 (vs 2950 (vs

2875 2860 2877 Es)) 2867 Ez)) } CH-stretch
1628 (w) 1628 (w) HOH-bend

1465 1462 1463 (sh) 1460 (sh) }

1450 1442 1447 1443 (s) CH,-scissor

1414 1410 (vs) 1410 (s)

1307 1306 1300 (m) 1300 (m) }

1275 1272 1260 (vw) CH,-wag

1264 1256 1243 (w, sh) 1250 (m)

1 Klaeboe, 1968.

% Giorgini et al., 1977. s = strong; sh = shoulder; vs = very
strong; m = medium; w = weak; vvs = very very strong;
vw = very weak.

The type of exchangeable cation in the montmoril-
lonite film significantly affects the desorption rates of
TMSO, similar to TMSO, (Lorprayoon and Condrate,
1981). After heat treatment at 150°C for one day, the IR
spectra of the TMSO-treated samples of Na-, H-, and
natural montmorillonites indicate lower sulfur contents
and lower intensities of the TMSO bands than those of
transition metal-montmorillonites (see Figure 1). This
notable difference in desorption rate suggests that the
adsorption process for TMSO in Na-, H-, and natural
montmorillonites mainly involves physical adsorption,
whereas for the transition metal cation-exchanged clays,
stronger metal-oxygen bonding develops between the
TMSO molecules and the exchangeable cations in the
interlamellar spaces. Garwood and Condrate (1978)
noted that metal complexes are formed in transition
metal-montmorillonites that adsorb dimethyl sulfoxide
(DMSO) which involve bond formation between the
transition metal ions and the oxygen atoms of DMSO
molecules. The color changes for the transition metal-
clays after adsorption of TMSO also indicate such com-
plex formation in these treated clays. The color changes
can be explained by ligand field theory as being due to
the replacement of the ligands which coordinate to the
exchangeable cations (i.e., water molecules being re-
placed by TMSO molecules). For Co-clays, the color
changes from light reddish-orange to light orange-yel-
low after exposure to TMSO at ambient temperature for
one day. Heat treatment of these TMSO-adsorbed, Co-
montmorillonites at 150°C causes a further change in
color to dark violet. This latter color change can also
be produced by placing the treated Co-containing clay
film in a desiccator containing P,O; under a vacuum.
However, the color reverts back rapidly to light orange-
yellow upon reexposure to an open air atmosphere at
room temperature. Garwood and Condrate (1978) not-
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ed a similar reversible color change for dimethyl sulf-
oxide-Co-montmorillonite films. Such changes can be
explained on the basis of a change in the coordination
of the Co?* from octahedral to tetrahedral states upon
heating and vice versa upon cooling and exposure to air
(see Weyl, 1959). This process can occur by the loss of
two ligands by the metal complex upon heating and the
readsorption of two water molecules from the atmo-
sphere upon cooling.

No new bands appeared in the IR spectra of the
montmorillonite-TMSO complexes under the condi-
tions of treatment in this study that cannot be assigned
to vibrational modes of TMSO, indicating that large
amounts of new polymerized or further oxidized prod-
ucts did not form under these conditions. Direct evi-
dence of metal complex formation can not be obtained
from the IR spectra of transition metal-montmorillon-
ites by observing the expected larger wavenumber shifts
of the S-0 stretching mode of TMSO upon bonding of
the oxygen atom of TMSO with a transition metal ion.
Its band maximum occurs at ~1023 cm™! for liquid
TMSO and is hidden by the bands of the clay matrix
upon adsorption in the clay. As may be noted in Table
1, all other bands of TMSO shift slightly from those of
the liquid state upon adsorption of TMSO into the clay.
Their vibration modes involve mainly vibrational mo-
tions of the methylene C-H bonds or the heterocyclic
rings. It is difficult to determine whether these slight
shifts are due to changes in the environment around the
methylene C-H bonds and the heterocyclic rings upon
adsorption or due to perturbations by the formation of
M-O bonds between oxygen atoms of the sulfoxide
groups and transition metal ions.

IR spectra were also measured for homoionic mont-
morillonite films containing thiolane (TMS). For clay
films exposed to liquid TMS for short periods of time,
the dominant IR bands in the window region of the clay
films occurred at the approximate band locations ob-
served for liquid TMS, indicating the presence of either
physically adsorbed TMS or metal-complexed TMS in
the interlamellar spaces. Slight color changes were not-
ed for transition metal-montmorillonites upon treat-
ment with TMS, indicating metal complex formation
between TMS molecules and the transition metal cat-
ions in the interlamellar spaces. After longer periods of
exposure for most clay systems, new bands were noted
that dominated the spectra, whereas the initial bands
decreased in intensity and/or slightly shifted their
wavenumber locations. These band changes can be at-
tributed to the oxidation of thiolane to TMSO. Only for
Cu-montmorillonites, did the TMS bands remain dom-
inant during the exposure times in this study. Accel-
eration of sulfoxide formation was noted for all the clay
films except Cu-montmorillonite by heat-treating the
films at 150°C for one day.

Figure 2 illustrates the IR spectra of Ni-montmoril-
lonite films exposed to liquid thiolane for different pe-
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Figure 2. Infrared spectra of Ni-montmorillonite exposed to
thiolane (TMS) at room temperature for different periods of
time (a) 10 min, (b) 1 hr, (¢) 1 day, and (d) 1 month.

riods of time (10 min to 1 month). The spectra of this
clay are typical of those for all other investigated clays
except Cu-montmorillonite. The replacement of water
molecules in the clay after adsorption is clearly indi-
cated by the decrease in intensity of the band at ~1625
cm~!. Initially, bands were noted at ~2960, 2870, 1720,
1442, 1300, and 1250 cm~! which correlate with those
observed for liquid TMS. The wavenumber positions
of bands that either increased in intensity or shifted upon
longer exposure to TMS are listed in Table 1 for a Cu-
montmorillonite that had been exposed to liquid TMS
for one month at room temperature. The band features
and band locations in the IR spectra of adsorbed species
in clay films exposed to TMS for long periods of time
in an air atmosphere or heat-treated at 150°C for one
day resemble those observed for clay films treated with
TMSO. Apparently, TMS is oxidized to TMSO on these
clay films in an air atmosphere. However, no other ox-
idized products formed during the treatment of the clay
complexes under the conditions defined in this study.
For example, a very strong band at ~1292 ¢cm™* due to
the antisymmetric O=S=0 stretching mode of sulfo-
lane (TMSO.) did not increase in intensity during the
treatment. Lorprayoon and Condrate (1981) noted this
strong band when montmorillonites were treated with
TMSO.. The intensities of the bands for TMS-treated
H-, Na-, and natural montmorillonites associated with
TMS or TMSO decreased more rapidly than those of
treated transition metal-montmorillonites when the
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Figure 3. Infrared spectra of (a) liquid y-thiolactone and (b)

Co-montmorillonite exposed to y-thiolactone for one day at
ambient temperature and heat-treated at 150°C for one day.

samples were heated for one day at 150°C, indicating
that TMS and TMSO molecules were only physically
adsorbed in the former clay films.

Thiolane can undergo oxidation in aqueous solutions
without the presence of clay. Mockel et al. (1975} stud-
ied the oxidation of thiolane in aqueous solution using
a pulse radiolytic technique. They proposed a mecha-
nism in which the rate of sulfoxide formation increased
with increased amounts of the hydroxyl ions and radi-
cals, and of the water molecules in the solutions. IR
spectra were measured for natural montmorillonite films
that were prepared from clay suspensions at different
pHs (2.5, 3.5,4.6,54,6.7,7.2, 8.5, and 9.4) and that
were exposed to TMS for one day at ambient temper-
ature. The major difference in the spectra after treat-
ment was between the relative intensities of the bands
at 1410 and 1442 cm™ which related to the ratio of the
concentrations of thiolane to TMSO on the clay. The
band at 1442 cm™! increased its intensity with respect
to the band at 1410 cm~! as the pH of the clay suspen-
sion, from which the film was prepared, increased. The
intensity of the former band was much stronger than
that of the latter band when the pH was above 3.5. This
trend in the relative intensities of the two bands with
pH change is consistent with Mockel’s mechanism.

The effect of water in the interlamellar space upon
oxidation was also investigated. Prior to treatment sev-
eral montmorillonite films (Zn, Co, and Ni) were heated
at 150°C for one day to drive off water from the inter-
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lamellar spaces. The films, along with those of samples
not preheated, were then exposed to liquid TMS in an
air atmosphere for one day at ambient temperatures.
Consistent with Mockel’s mechanism, the ratios of the
intensity of the band at 1410 cm~! to the intensity of the
band at 1442 ¢cm ™ are larger for the clay films that were
not preheated and that contain more water in their in-
terlamellar spaces, indicating that more of the oxidized
species was formed. Heating the clays to 150°C could
irreversibly collapse some interlayers making these in-
terlayers unavailable for adsorption and reaction. One
would expect this change in the number of available in-
terlayers in the clay films to cause a change in the ab-
solute intensities of the IR bonds but not in their relative
intensities.

The reversible change of the TMS-treated, Co-clay
films to a purple color after heating and back to light
orange-yellow after cooling in an air atmosphere is sim-
ilar to that observed for the TMSO-Co-montmorillonite
films. This result further supports the formation of sim-
ilar cobalt-ligand complexes in which the cobalt ions
can undergo octahedral-tetrahedral coordination
changes.

The IR spectra noted for the adsorbed species pres-
ent when vy-thiolactone was adsorbed on Co-montmo-
rillonites are consistent with that expected when thio-
phane oxidizes to sulfoxide. Figure 3 illustrates the IR
spectra for liquid y-thiolactone and Co-montmorillonite
exposed to y-thiolactone for one day at ambient tem-
perature and heated at 150°C for one day. The band a
~1700 cm™! for liquid y-thiolactone decreased in inten-
sity with respect to the other bands upon treatment of
the Co-montmorillonite with y-thiolactone, and a new
band appeared at ~1615 cm~!. The intensity decrease
of the former band and the appearance of the latter band
can be explained by sulfoxide formation, assuming that
the generated adsorbed species in the clays involve the
following type of chelated complex:

Both metal-oxygen bond formation between the cobalt
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ion and the oxygen atom of C=0 bond, and the delo-
calization of the C=0 bond by conjugation with the
formed S=0 bond should lower the bond order and also
the force constant of the C=0 bond. Therefore, the band
maxima of the C=0 stretching mode should shift to a
lower wavenumber. However, the effects of delocali-
zation and metal-oxygen bond formation were not ob-
served for S=0 because the S=0 stretching mode at
1200-1100 cm™! is overlapped by the intense bands of
the montmorillonite matrix. Similar shifts have been
noted for many metal chelate complexes that involve
delocalization and metal-ligand bond formation (Naka-
moto, 1978). A reversible color change was noted upon
hydration or dehydration with these vy-thiolactone-
treated, Co-clay films similarly to Co-montmorillonite
films treated with TMSO or DMSO, indicating coor-
dination changes also for the Co-ions in the former films.
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Pestome—bBbum nonyuens! mAdpakpacHble cnekTpol (4000-1200 cM™") 111 HECKONBKHX TOMOHOHHBIX
(pUIEMOB MOHTMOPHJUIOHHTA, HA KOTOPBIX afCOpOHPOBANIMCE YETHIPE METHUIIEHOBASL CEPOOKHUCH (TMSO)
HJIM THOJIAH TIPY Pa3JIMYHbLIX TEMIEPATypax M BpeMeHax sKcmosuiH. CIEKTpbl YKa3bIBAIOT Ha TO, YTO
Na-, H-, u HefiTpa/ibHble MOHTMOPHJUIOHATOBBIE KOMILIEKCHI COREPKAT (hu3mueckd ajcopOupoBaHHble
BeliecTsa, B TO BPEMSI KaK NepeXoiHble KOMILIEKCHI METAII-MOHTMOPHJIIOHHT CofiepkaT oba: ¢usn-
JyecKu acOpOMpOBaHHbIE H METAILIO-COCTABHBIE BEIECTBA B MEKCIOHHBIX HpocTpaHcTBax. [lo BuauMOMy,
THOJIAH, aACOPOMPOBANHEIH Ha GOJBLIMHCTBE MOHTMOPHILIOHHTOB, okucisieTcs: o TMSO B atmocgepe
BO3gyxa. COrMACHO ¢ paee MPEOXKEHHBIM MEXAHU3MOM [JIst BOJHBIX PACTBOPOB CKOPOCTH GOPMHPO-
BAHMA CEPOOKMCH YBEMYUBAECTCA NpU yBenndeHun pH cycneH3nB, U3 KOTOPBIX OCAXKAAIMCH INIMHOBbIE
dUIBMBI N TIPM YBeJIHUeHHHM KOHLEHTPAIMA MOJIEKYIl BOJbI B MEXCJIOHHBIX MPOCTpaHcTBaX.udpa-
KPACHBIE CHEKTPLI y-THONAKTOHA, aCOPOIPOBAaHHOTO Ha CO-MOHTMOPW/IJIOHHTAX, YKa3bIBalOT Ha 06pa3o-
BaHHE MOJIEKYJI THIIA CEPOOKHCH, KOTOPbIE IPUCOSTUHSIOTCS K 1oHOM CO B MEXKCTIOHHBIX IPOCTPAHCTBAX.
[E.C.]

Resiimee—Es wurden Infrarotspektren (4000-1200 cm~?) von verschiedenen gleichionigen Montmorillon-
itfilmen aufgenommen, an die Tetramethylensulfoxid (TMSO) oder Thiolan bei verschiedenen Tempera-
turen und wihrend unterschiedlicher Zeitspannen adsorbiert wurden. Die Spektren deuten darauf hin, da
Na-, H-, und natiirliche Montmerillonitkomplexe eine physikalisch adsorbierte Spezies enthalten, wihrend
Montmorillonitkomplexe mit Ubergangsmetalien sowohl physikalisch adsorbierte als auch durch die Me-
tallionen komplexierte Spezies zwischen den Schichten enthalten. Offensichtlich wird meistens das an die
Montmorillonite adsorbierte Thiolan an der Luft zu TMSO oxidiert. In Ubereinstimmung mit dem Me-
chanismus, der friiher fiir wiissrige Losungen vorgeschlagen wurde, steigt die Geschwindigkeit der Sul-
foxidbildung mit zunehmendem pH der Suspensionen, aus denen die Tonfilme ausgefallt wurden, oder mit
zunehmender Konzentration an Wassermolekiilen zwischen den Schichten. Die Infrarotspektren von
v-Thiolacton adsorbiert an Co-Montmorillonite weisen darauf hin, daB Sulfoxid-artige Molekiile gebildet
werden, die durch Chelatbildung mit den Co-Ionen in den Zwischenschichten gebunden sind. [U.W.]

Résumé—Des spectres infra-rouges (4000-1200 cm~?) ont été obtenus pour plusieurs films de montmoril-
lonite homoionique sur lesquels la sulphoxide tétraméthyléne (TMSO) ou la thiolane ont été adsorbées a
des températures variées et pour des périodes d’exposition différentes. Les spectres indiquent que les
complexes montmorillonite-Na, -H, et naturelle contiennent une espéce adsorbée physiquement, tandis
que des complexes de montmorillonite & métal de transition contiennent 2 la fois des espéces adsorbées
physiquement et des espéces complexées au métal dans leurs espaces interlamellaires. Apparemment, la
thiolane adsorbée sur la plupart des montmorillonites subit I’oxidation en TMSO dans lair. Suivant le
mécanisme proposé précédemment pour des solutions aqueuses; la vitesse de formation de sulphoxide
augmente avec I’accroissement du pH des suspensions & partir desquelles les films d’argile ont été déposés
ou en augmentant la concentration des molécules d’eau dans les espaces interlamellaires. Les spectres
infra-rouges de thiolactone-y adsorbée sur des montmorilionites-Co suggere que des molécules du type
sulphoxide sont formées, qui chélatent aux ions Co dans les espaces interlamellaires. [D.J.]
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