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Abstract—The frequency, v, for O--D stretching in D,O films between the superimposed layers of different

micas and montmorillonites was measured at several

film thicknesses and temperatures of 2° and 25°C by

infrared spectroscopy. The molar absorptivity, €, for O-D stretching in HDO films between the mont-
morillonite layers was also measured at different film thicknesses and 25°C. It was found that v is related
to m,/m,,, the mass ratio of D,O to mica or montmorillonite, by the equation » = »* exp 8/(m,/m,)

where 1° is the O-D stretching frequency in pure D,O and g8 is a constant. Since m,/m,, is proportional to
a, the area under the absorption peak, m,,/m,, can be replaced by a in this equation. It was also found that
€ decreased dramatically as the thickness of the water film between the montmorillonite layers decreased.
These results were interpreted to mean that the structure of the intertayer water is perturbed by the inter-

layer cations and/or silicate surfaces.
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INTRODUCTION

Infrared spectroscopy has been used to study the
nature of hydrogen bonding in bulk water (Pimentel and
McClellan, 1960; Walrafen, 1972; Luck, 1973) and in
the interlayer water of clays (Serratosa, 1960; Fripiat
etal., 1960; Russell and Farmer, 1964; Jorgensen, 1968;
Leonard, 1970; Low and White, 1970; Lerot and Low,
1976). However, most of the spectroscopic studies of
interlayer water were conducted with relatively dry
clays and were largely concerned with the frequency
of O-H stretching. The frequency of O-H stretching
increases as the length of the hydrogen bond increases
(Nakamoto et al., 1955; Pimentel and McClellan, 1960;
Kamb, 1968; Bellamy and Pace, 1969). The present
work is concerned with the nature of hydrogen bonding
in the interlayer water of relatively wet clays. Also,
since the frequency of the O-H stretching band is less
sensitive to perturbations of the hydrogen bond than is
the intensity (Swenson, 1965; Wall and Hornig, 1965),
it was also of interest to examine the intensity of this
band as a function of the ratio of water to clay.

MATERIALS AND METHODS

Dry, <2-um, Na-saturated fractions of montmoril-
lonites from Upton, Wyoming; Polkville, Mississippi;
Otay, California; and Cameron, Arizona; were pre-
pared as described by Davidtz and Low (1970). To ex-
amine O-D stretching in their interlayer water by in-
frared spectroscopy (IR), the clays were mixed with
specific amounts of D,O or a solution of D,O in H,O to
form mixtures having different values of m,/m,,, the
mass ratio of water (i.e., D,O or D,O + H,0) to mont-
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morillonite. The O-D stretching frequency is lower
than the O-H stretching frequency by a constant factor
of 1.36 and cannot be confused with the stretching fre-
quency of the hydroxyls in the montmorillonite crystal.

Infrared spectra were obtained with a Perkin-Elmer
(Model 180) double-beam recording spectrometer.
Sheets of freshly cleaved muscovite or phlogopite mica
were used as windows. Neither mica absorbs IR radia-
tion in the frequency range where absorption occurs
due to O-D stretching, i.e., ~2500 cm~!. Also, mica
sheets are durable and inexpensive, unlike commercial
windows of Irtran and AgCl. In addition to being re-
corded on the recorder chart, the output of the spec-
trometer was digitalized by an analog-to-digital con-
verter, recorded on a cassette tape, and subsequently
analyzed by a computer which was programmed to
compute the area of the absorption peak, the center of
the peak at half height, and the centroid of the peak.
Also, the computer was programmed to smooth and
replot the data.

In most of the experiments, the temperature of the
sample was maintained at either 25° or 2°C by enclosing
it in a Beckman (Model VLT 2) variable low-tempera-
ture unit. This unit could be cooled with ice and heated
with heaters controlled by a thermoregulator activated
by a thermocouple near the sample.

In one set of experiments, a film of D,O was intro-
duced between freshly cleaved mica sheets of compa-
rable dimensions, and the frequency for O-D stretching
was determined at several film thicknesses. The film
thickness was varied either by allowing the D,O to
evaporate between measurements or by introducing
different amounts of D,O initially. In both cases, evap-
oration during the measurements was prevented by
sealing the open edges of the windows with polyeth-
ylene wax.
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In another set of experiments, 1:1 weight mixtures
of montmorillonite and D,0 were squeezed between
the mica windows until the O-D absorption peak was
on scale. The frequency of this peak was then measured
at successively lower D,O contents at the desired tem-
perature. The D,O content was reduced between mea-
surements by raising the temperature of the control unit
to 80°-~100°C and allowing evaporation to occur for
about one-half hour. D,O contents below the initial one
were determined by assuming that the ratio of peak
areas is the same as the ratio of D,O contents.

The intensity of an absorption peak is supposed to be
more sensitive to structural perturbations involving the
absorbing dipoles than the frequency (Swenson, 1965;
Wall and Hornig, 1965). Therefore, in a third set of ex-
periments, the several montmorillonites were mixed in
different proportions with a D,0-H,O mixture contain-
ing 3% D, O by volume. The intensities of the respective
peaks due to uncoupled O-D stretching were than de-
termined by supporting the mixtures in a Beckman
(Model AG-01) cell between AgCl windows separated
by exactly 0.0025 cm, the depth of the recess for the
sample in one of the windows. To insure that the sep-
aration between the windows was not changed by ov-
erfilling the recess, the surface of the sample was
scraped level with the flat rim of the recess. Also, if the
increase in weight of the cell due to the introduction of
the sample did not approximate the calculated weight
of the sample required to fill the recess, the recess was
refilled.

It was assumed that Beer’s law applies to the ab-
sorption of IR radiation by O-D stretching. This law
can be written

A =ecl ¢}

where A is the absorbance, € is the molar absorptivity,
c is the concentration of HDO and ¢ is the path length.
The true value of A can be determined experimentally
only if monochromatic radiation is used. However,
even if monochromatic radiation is not used, a good
approximation of A can be determined from the maxi-
mum height of the absorption peak provided the ratio
of the spectral slit width of the spectrometer to the ap-
parent half peak width is small (Ramsay, 1952). In our
experiments, this ratio was <0.2. Therefore, the value
of A was determined from the height of the absorption
peak at its center (2500 cm™1). The value of ¢ was 0.0025
cm. The value of ¢ in moles/cm® of mixture was cal-
culated by the equation

0.00322(m,./m,,)

- : @
[(my/m,,) + 0.3582]

In deriving this equation, the equilibrium constant
for the reaction

D,O + H,0 = 2HDO 3)
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Figure 1. Characteristic infrared absorption peaks for O-D
stretching in films of D,0O between phlogopite mica sheets at
25°C ( relatively thick film; relatively thin film).

was assigned a value of 3.96, the density of the D,O-
H,O mixture was assigned a value of 1.0032 g/cm?, and
the density of the montmorillonite was assigned a value
of 2.80 g/cm?. The above value for the equilibrium con-
stant was reported by Swenson (1965), that for the den-
sity of the D,0O-H,0 mixture was calculated from the
proportions and densities of the pure components, and
that for the density of the montmorillonite was reported
by Low and Anderson (1958). Although interaction be-
tween the D,0-H,O mixture and the montmorillonite
causes their respective densities to differ from those
cited above (e.g., Anderson and Low, 1958; Ravina and
Low, 1977) the differences do not introduce sufficient
error into Eq. (2) to preclude its use for the present pur-
pose.

RESULTS

Figure 1 shows characteristic O-D absorption peaks
for arelatively thick film (solid line) and a relatively thin
film (dashed line) of D,O between phlogopite sheets at
25°C. Note that the latter absorption peak is at a higher
frequency than the former. Also note that on either side
of it there are small recurring peaks. These peaks be-
came increasingly apparent as the film thickness de-
creased. They are probably due to interference effects
arising from reflections from closely spaced interfaces.
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Figure 2. The relation between the frequency, v, of O-D
stretching in films of D,0 between phlogopite mica sheets at
2°C and the area, a, under the O-D absorption peak.

One of them may be responsible for the high-frequency
shoulder on the main absorption peak. However, it is
more likely that the development of this shoulder was
caused by an increase in the proportion of O-D dipoles
whose vibrations are influenced by surface forces. At
the present time, no definite conclusion is possible in
this regard.

Peaks of the kind shown in Figure 1 were obtained
for different film thicknesses between both muscovite
and phlogopite sheets at 2° and 25°C. The area of every
composite peak (primary peak plus its high-frequency
shoulder) and the frequency of its center at half-inten-
sity were determined by means of the computer. Plots
of frequency, v, vs. peak area, g are presented in Fig-
ures 2 and 3. In both figures, the circles represent data
obtained when the thickness of the D,O film between
the mica sheets was controlled by evaporation, and the
triangles represent data obtained when the thickness of
this film was controlled by varying the amount of D,O
introduced initially. Note from these figures that v in-
creases as a, the film thickness, decreases. Insufficient
data were available at 2°C to obtain a reliable equation
for the dependence of v on a. However, the equation
that describes the data at 25°C is

v = 2516 exp 3.47%a. “
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Figure 3. The relation between the frequency, v, of O-D

stretching in films of D,0 between muscovite and phlogopite
mica sheets at 25°C and the area, g, under the O-D absorption
peak (O, ®—film thickness controlled by evaporation; A, A—
film thickness controlled by amount of D,O introduced ini-
tially).

It is important to note that, within experimental error,
the results for the phlogopite and muscovite mica were
the same. However, their b dimensions are ~9.2 and
8.99 A, respectively. This suggests that the surface ge-
ometry of the mica is not the primary factor influencing
the perturbation of the vicinal D,O.

Superimposed spectra in the region of O-D absorp-
tion for mixtures containing the Upton and Polkville
montmorillonites at two D,O contents and 2°C are pre-
sented in Figures 4 and 5. Similar spectra were obtained
for mixtures containing each of the four montmorillon-
ites at several D,O contents and at temperatures of 2°
and 25°C. Observe that the spectra in both figures in-
dicate the existence of two closely spaced absorption
peaks which are not resolvable at the higher D,O con-
tent but are easily resolvable at the lower D,O content.
Also observe that the composite peak has shifted to a
higher frequency at the lower D,O content. Thus, the
results for the montmorillonites are similar to those for
the micas.

Figures 6 and 7 show plots of v, the frequency of the
composite peak, vs. m,/m,,, the mass ratio of D,O to
montmorillonite, for the different montmorillonite-D,0O
systems at 2° and 25°C, respectively. It is evident that
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Figure 4. Characteristic infrared absorption peaks for O-D

stretching in D,O mixed with Upton montmorillonite at two

different values (in parentheses) of the mass ratio of D,O to
montmorillonite.

v shifts to higher frequencies with decreasing m,,/my,,
i.e., with decreasing thickness of the film of interlayer
D,O. This shift, and the comparable shift in the micas,
is attributed to an enhancement of the perturbing ef-
fects of the exchangeable cations and/or silicate sur-
faces on the associated D,0. Farmer and Russell (1971)
demonstrated that such effects exist at low water con-~
tents.

The best-fitting curves in Figures 6 and 7 are de-
scribed by equations of the form

®

where ' is the value of v for pure D,O (m,/m,, = %)
and 8 is a constant that is characteristic of the mont-
morillonite with which the D,QO is associated. Note that,
since m,/m,, is approximately equal to g, the form of
the relation between v and m,,/m,, (or a) is the same for
the montmorillonites as for the micas. Values of »* and
B for the different montmorillonite systems were ob-
tained by linear regression analysis with In v and m,,/
m,, as variables. To improve the reliability of the
regression analysis for any system represented by rel-
atively few data points {e.g., the Cameron system at
2°C and the Otay and Cameron systems at 25°C), the
average of the values of »* calculated for the other sys-

v = ° exp BHm,/m,,)
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Figure 5. Characteristic infrared absorption peaks for O-D

stretching in D,0O mixed with Polkville montmorillonite at two
different values (in parentheses) of the mass ratio of D,0 to
monimorillonite.

tems at the appropriate temperature was included as the
value of v in the given system for m,/m,, = 0. The re-
sults are presented in Table 1.

It has been shown recently by Low (1979) that such
properties as viscosity, specific expansibility, specific
heat capacity, and specific entropy of compression of
the interlayer water in montmorillonites are described
by the equation:

Pw = Py exp ‘)//(mw/mm) (6)

Table 1. Values of v* and $ in Eq. (5) for the different D,O-
montmorillonite systems.!
Montmoril- Temperature I

lonite O (cm™) A
Upton 2 2501 = 7 0.0042 + 0.0010
Polkville 2 2498 = 5 0.0045 + 0.0008
Otay 2 2505 = 7 0.0032 = 0.0008
Cameron 2 2501 = 10 0.0024 = 0.0009
Upton 25 2511 = 3 0.0042 = 0.0005
Polkville 25 2511 £ 5 0.0039 = 0.0006
Otay 25 — —
Cameron 25 2508 + § 0.0031 = 0.0007

! The confidence coefficient = 95% for the confidence in-
tervals reported herein.
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Figure 6. The relation between v, the frequency of O-D
stretching, and m,/m,, , the mass ratio of D,O to montmoril-
lonite, for different montmorillonites at 2°C.

where P, is the average value of the property for the
interlayer water, PY, is the value of the property for
pure bulk water, and v is a constant that depends on
both the property under consideration and the nature
of the associated montmorillonite. Attention is called
to the fact that this equation with P, = v and P*,, = »*
is the same as Eq. (5). Evidently, perturbations in the
water structure affect all structure-sensitive properties
of the water in a similar way.

In other studies on interlayer water involving differ-
ent montmorillonites (Low, 1976; Ruiz and Low, 1976)
it was found that y in Eq. (6) is a linear function of the
b dimension and cation exchange capacity of the as-
sociated montmorillonite, the cation exchange capacity
being of secondary importance. At first, the depen-
dence of y on b dimension was regarded as evidence in
favor of epitaxy between the water and montmorillon-
ite. Subsequently, however, it was found that the frac-
tion of layers that expand (and, hence, the surface area
available to the water) is linearly dependent on the b
dimension (Odom and Low, 1978). Therefore, it is hy-
pothesized that vy is essentially a linear function of S,,,,
the specific surface area of the montmorillonite.

To see if the present results are consistent with the
foregoing hypothesis, values of S,, were obtained for
the various montmorillonites from the report of Odom
and Low (1978) and plotted against the corresponding
values of 3 from Table 1. The resulting graph is shown
in Figure 8. Evidently, g8, like v, is a linear function of
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Figure 7. The relation between v, the frequency for O-D
stretching, and m,/m,,, the mass ratio of D,0 to montmoril-
lonite, for different montmorillonites at 25°C.

S... The regression equation relating g8 and S, in cm?/g
is

B =277 x 107195, + 1.95 x 103, @)

As mentioned above, the intensity of an absorption
peak is usually more sensitive to structural perturba-
tions than is the frequency. Therefore, the absorbance,
A, for uncoupled O-D stretching was determined at
different values of the concentration, ¢, of HDO in
montmorillonite~water mixtures of constant thickness,
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Figure 8. Relation between the value of g in Eq. (5) and S,,,
the specific surface area of the montmorillonite.
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Figure 9. Relation between the absorbance, A, and the prod-
uct of the HDO concentration, ¢, and the path length, ¢.

€. The results are presented in Figure 9. Also included
in this figure are results that would be expected for a
solution of HDO in H,O without montmorillonite. The
latter results were calculated by using in Eq. (1) the
experimentally determined value of e for uncoupled O-
D stretching in a solution of HDO in H,O, namely,
4.232 x 10* cm*mole. This value of € compares favor-
ably with those obtained by Bayly et al. (1963) and Falk
and Ford (1966). The values of A in the figure are re-
garded as approximate because the base line used in the
determination of this quantity had a significant slope
due to the absorption of H,O in the spectral region of
interest (~2500 cm~!). Nevertheless, it is evident that
values of A for the montmorillonite-water systems are
appreciably smaller than those for the HDO solution
and that the difference increases with decreasing ¢ X
¢. A decrease in ¢ X ¢ corresponds to a decrease in the
proportion of water in the montmorillonite-water sys-
tem.

In order to obtain values of € for the HDO in the in-
terlayer water, the data in Figure 9 were used in Eq.
(1). Corresponding values of A, the interlayer distance
or thickness of the film of water separating the layers,
were than calculated by means of the approximate
equation:

A = 2mW/pWSIHmm (8)

in which p,, is the density of the interlayer water (~1.0
g/cm®). The applicability of this equation is indicated by
the fact that it yields values for the c-axis spacing of
montmorillonite (¢ spacing = 10°A + 9.8) which agree
well with those measured at various water contents by
Norrish (1954), Fink et al. (1968), Barclay and Ottewill
(1970) and Ravina and Low (1972). Hence € could be
plotted as a function of A as shown in Figare 10. It ap-
pears from this figure that € is smaller for O-D absorp-
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Figure 10. Relation between e, the molar absorptivity for O—
D stretching, and A, the thickness of the film of water (HDO
in H,0) between the montmorillonite layers.

tion in the interlayer water than in the bulk solution (A =
x). Below A =2 X 107% cm, the relation between ¢ and
\ is linear for the Upton and Otay systems. For the
Cameron system, it is linear over the entire range of A.
Apparently, the different montmorillonites have differ-
ent effects on ¢ at low values of A.

DISCUSSION

In discussing these results, it is important to realize
that inferences regarding the O-D dipole apply to the
O-H dipole as well because the only difference be-
tween them is the reduced mass of the atoms involved.
Likewise, inferences regarding D,O apply to H,O.
Hence, the existing data can be used to elucidate the
nature of the interlayer water in montmorillonites.

The frequency (expressed in wavenumbers) of an
absorption band due to a stretching vibration is given
by (e.g., Szymanski, 1964; Colthup et al., 1975)

v = (a2 2av &)

where v is the velocity of light, f is the force constant,
and u is the reduced mass. Different empirical formulas
have been developed (Badger, 1934; Gordy, 1946)
showing that f is inversely related to the internuclear
distance of the vibrating atoms. The integrated inten-
sity of such a band is proportional to the square of the
change in the dipole moment caused by the vibration
(Tsubomura, 1956; Colthup et al., 1975), that is,
f € dv =« (du/dr)? (10
band

where p is the dipole moment and r is the internuclear

distance.
When hydrogen bonds form in bulk water, the fre-
quency of the O—H stretching band shifts toward lower
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wave numbers and the intensity of the band increases
markedly (Pimental and McClellan, 1960; Vinogradov
and Linnell, 1971). In keeping with Eq. (9), the down-
ward shift in frequency is due to a weakening of the
force constant, probably because the H atom is dis-
placed along the O-H- - - O axis and the O-H distance
is increased. In keeping with the proportionality ex-
pressed in Eq. (10), the increase in intensity is due to
a change in (du/dr) which arises because of a redistri-
bution of charge.

It should be recalled that an increase in v and a de-
crease in € for O-D stretching were observed as the
thickness of the film of interlayer water decreased. In
view of the above discussion, it can be concluded that
the increase in v is attributable to an increase in the
magnitude of f and that the decrease in e is attributable
to a decrease in the magnitude of (du/dr). These
changes could have been the result of a weakening of
the hydrogen bonds in the interlayer water under the
influence of the exchangeable cations and/or surfaces
of the montmorillonite layers. However, it is conceiv-
able that factors other than hydrogen bonding influ-
enced the magnitudes of f and (du/dr) and, hence, of v
and €. For instance, the strong electrical field emanating
from the layer surfaces could have altered the charge
distribution in the vicinal water molecules and, there-
by, the magnitudes of both fand (du/dr). Consequently,
it cannot be concluded unequivocally that there are
fewer or weaker hydrogen bonds in the interlayer water
than in bulk water. All that can be stated at the present
time is that this water is perturbed relative to bulk water
to a degree depending on its thickness.
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Pesrome—HbpakpacHO# CHEKTPOCKONHEH 3amepsiack 4acToTa v sl pactaruBanust O-D B mrenkax
D,0 Mexny OpHIETarolMH CIO0SIMH Pa3HbIX CJIIOJ © MOHTMOPHJUIOHUTOB ITPH HECKOJBKUX TOJMIMHAX
nieHkH ¥ Temnepatypax 2°n 25°C. Takoke 3amepsinach MOJISSpHasi IOTJIOIAEMOCTb, €, ISl PACTATHBAHUS
O-D B mnenkax HDO Mexay ci0osSIMEM MOHTMOPHJUIOHMTA MPH PAazHBIX TOJUMHAX TUeHKH u 25°C.
Bbino HaliicHO, YTO CBSI3b ¢ M,/My,, OTHOWeHWeM Macchl D,O K ciiofie MIM MOHTMOPHJUIOHWTY,
onmceiBaeTcA ypasaeHueM v = v° exp PBAm,/my), roe »* = yacrora pactsruBaruss O-D B umcrom
D,0, a 8 = nocrosuaas. ITockonsky m,/my NpONOpLAOHAILHO @, TJIOWA/IX NOJ MHKOM MOTJIOUIEHHS,
BMECTO m,/m, B 3TOM YpPAaBHEHWM MOXKHO NOJCTaBUTh a. TakXe Obu10 HafjieHo, 4TO € pe3KOo
NOHHU3UNACH, KOTA YMEHBIIKIACH TONMHA [UICHKH MEXIY CIOSIMU MOHTMOPH/IIOHNTA. JTH PE3yAbTAThHI
[NOKa3bIBAIOT, YTO CTPYKTYpa MEJKCIOHHOM BOOBI HMCKAXKAETCS MEXCJOHHBIMH KATHOHAMH H/WIH
CIUIMKATHbIMHE roBepxHocTsimu. [N. R.]

Resiimee—Die Frequenz, v, fiir die O-D-Streckung in D,O-Filmen zwischen den Schichten unterschied-
licher Glimmer und Montmorillonite wurde bei verschiedenen Filmdicken und bei Temperaturen von 2°
und 25°C mittels Infrarot-Spektroskopie gemessen. Die molare Absorptivitit, e, fiir die O-D-Streckung in
HDO-Filmen zwischen den Montmorillonitschichten wurde ebenfalls bei unterschiedlichen Filmdicken,
bei 25°C gemessen. Es zeigte sich, daB » mit m,/m,,, dem Massenverhéltnis von D,O zu Glimmer oder
Montmorillonit, durch die Gleichung v = v° exp g/(m,/m,,) zusammenhangt, wobei »° die O-D-Streck-
ungsfrequenz in reinem D,0 und g eine Konstante ist. Da m,/m,, proportional zu a ist, der Fliche unter
dem Absorptionspeak, kann m,/m,, in dieser Gleichung durch a ersetzt werden. Weiters zeigte sich, da8
€ sehr stark zuriickgeht, wenn die Dicke des Wasserfilms zwischen den Montmorillonitschichten abnimmt.
Diese Ergebnisse wurden dahingehend interpretiert, daB die Struktur des Zwischenschichtwassers durch
die Zwischenschichtkationen und/oder durch die Silikatoberflachen gestort wird. [U.W.]

Résumé—La fréquence, v, de I'étirement de films D,O entre les couches superposées de différents micas
et de montmorillonites a été mesurée & plusieurs épaisseurs de films et a des températures de 2° et 25°C par
spectroscopie infrarouge. L’absorptivité molaire, €, pour ’étirement O-D dans les films HDO entre les
couches de montmorillonite a aussi été mesurée a des épaisseurs de film différentes et 4 25°C. On a trouvé
que v est apparenté A m,,/m,, la proportion de masse de D,O au mica ou a la montmorillonite, par I’équation
v = v* exp Bl(m,/m,) oll » est la fréquence de I'étirement O-D dans D,0 pur et ot B est une constante.
Puisque m,,/m,, est proportionnel a a, la région sous le sommet d’adsorption, m,/m,, peut &tre remplacé
par a dans cette équation. On a aussi trouvé que e a décru dramatiquement a mesure que 1’épaisseur du
film d’eau entre les couches de montmorillonite décroissait. On a interprété ces resultats comme signifiant
que la structure de I’eau interfolaire est perturbée par les cations interfolaires et/ou par les surfaces silicées.
[D.J.]
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