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The Infrared Pleochroism of Lawsonite: The Orientation
of the Water and Hydroxide Groups
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Abstract

Polarized infrared absorption spectra of thin single crystals of lawsonite, CaAlL(OH).Si:O.*
H:0, have been measured at room temperature and near 78 K. These data suggest a structural
model in which the hydrogen atoms of both OH and H:O lie in planes parallel to (001). The
polarization data demand that the order of the energies of the symmetric and antisymmetric
stretch of the crystallographically ordered water in lawsonite be reversed from that of liquid

water.

Introduction

Lawsonite, CaAl,(OH).Si,0;-H,O, a mineral
which forms in high pressure, low temperature meta-
morphic environments, contains both discrete hy-
droxide groups and water molecules. Since the posi-
tions of the hydrogen ions have not been determined,
the present study was undertaken to test the feasibil-
ity of using infrared spectroscopic techniques to
locate hydrogen atoms within a mineral containing
both hydroxide groups and water molecules. While
the primary applications of infrared spectroscopy to
mineralogy have dealt with mineral identification and
the determination of information about composition
in a solid solution series (Lyon, 1967; White, 1971;
Burns and Law, 1970), information can also be
obtained regarding the structural state of minerals
and polymerization of the silica units (Rutstein and
White, 1971; Lazarev, 1972). Single crystal infrared
spectra with polarized light and factor group analy-
sis have been applied to study the orientation of
water molecules in gypsum (Haas and Sutherland,
1956). The orientation of the hydroxide groups in
micas has been investigated (Vedder, 1964 ; Rouxhet,
1970; Arkhipenko, 1960) by the study of the infra-
red pleochroism of the hydroxide stretching fre-
quency, and a series of papers by Zemann, Beran,
and co-workers (Beran, 1971a,b; Tillmanns and
Zemann, 1965) has dealt with the infrared pleo-
chroism of hydroxide present both as a crystal-
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chemical constituent and as a trace impurity in a
variety of minerals.

Lawsonite is particularly well suited for the study
of O-H bond orientations using the technique of
infrared spectroscopy because its crystal structure
is known, and large, well-formed crystals are avail-
able. While it contains both water and hydroxide, the
water is not coordinated to any cation and can be
treated theoretically as isolated molecular water.

The unit cell dimensions of lawsonite as first de-
termined by Gossner and Mussgnung (1931) are
8.87 A, 13.25 A, and 5.88 A. The lattice constants
of lawsonite from the Kantdé Mountainland are
8.75 A, 13.09 A, and 5.84 A (Seki, 1957), and
the cell dimensions of synthetic lawsonite given
by Pistorius (1961) are 8.787 A, 13.123 A, and
5.836 A. Wickman (1947) determined the crystal
structure of lawsonite and described the space group
as C222. The crystal structure (Fig. 1) was refined
by Ruminova and Skipetrova (1959) who placed
lawsonite in the space group Ccmm. Pabst (1959),
Davis and Pabst (1960), Ruminova and Belov
(1960), and Pabst (1961) have resolved the dis-
crepancy and confirm the space group to be Cemm.

The designation of the crystallographic axes of
lawsonite has not been consistent in. the literature; in
order to conform to the convention described in
Mason and Berry (1968, p. 35), the axes are defined
asa = 88 A, b =13.1 A, ¢ = 5.8 A. Thus the
longest dimension of the crystal is parallel to the ¢
crystallographic axis, and the space group designa-
tion should be Bbmm.
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FiG. 1. Projection of the crystal structure of lawsonite on (001) and (010). Atoms are offset in the third dimension for display. Crystal
structure data from Ruminova and Skipetrova (1959).

Experimental Methods

The natural lawsonite used in this study originated
from Reed Station, Marin County, California. The
crystals are approximately 1 cm long, equant to
tabular on (010), and display a {101} prism and
a {010} pinacoid. The lawsonite is orthorhombic,
biaxial positive, 2Vy = 78° with o« = 1.666 = c,

= 1.672 = a and y = 1.687 = b. Analytical data,
obtained with an automated Mac V electron micro-
probe on a few samples at selected points, indicate
a typical cation formula proportion of Caj; ¢2(Al; g6
Feg.04)Siy.00. The only other element detected was Ti
at the 0.00x formula proportion level.

The crystals of lawsonite were hand picked and
identified by X-ray powder diffraction. Single, un-
twinned crystals were oriented on a primary axis by
the back reflection Laue method and ground flat
parallel to (001) and (010). The crystals were
then ground to approximately 40 uym in thickness
and both sides of the crystal were polished with
0.3 pm alumina to minimize surface scattering of
incident light. The orientations of remaining axes
within crystal chips were then determined optically.

It was necessary experimentally to determine the

infrared spectrum in two stages. In order to measure
the absorption of lawsonite in the 3500 cm™ region,
the crystal must be ground to 10 um or less. The
many perfect cleavages in lawsonite preclude the
accomplishment of this task without permanently
mounting lawsonite on a more easily handled ma-
terial. A synthetic aluminum oxide crystal was
chosen, and the lawsonite was mounted on this sub-
strate in a rigid wax. The wax and the Al,O; sub-
strate are almost completely transparent in the
range of 4000-3000 cm™; however, the wax has
two sharp absorption bands at 2905 cm™ and at
2840 cm and Al,O; becomes opaque at approxi-
mately 2000 cm™. The bands near 1600 cm™
were first measured on a 40 pm self-supporting
crystal of lawsonite, and then this crystal was
mounted on the Al;O; substrate and ground to 8 um
in order to measure the bands around 3500 cm™.
A potassium bromide pellet was also prepared and
the infrared spectrum of lawsonite was measured
in the region from 4000 cm™ to 300 cm™. Law-
sonite powder mounted in paraffin wax on a poly-
ethylene substrate was used to obtain the far-infrared
spectrum in the range 400-35 cm™. These measure-
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ments were made on a Perkin-Elmer model 180
double beam spectrophotometer equipped with a
rotatable gold grid on silver bromide polarizer. The
polarization ratio (I,/I,) at a wavelength of 3 pm
is 100, so at 3500 cm™ a small component of
unpolarized light is present. The efficiency of the
polarizer increases rapidly with increasing wave-
length.

Infrared Spectra and Pleochroism

Figure 2 shows the absorption spectrum of law-
sonite in the regions from 4000 cm™ to 35 cm™.
The prominent broad absorption bands in the regions
3250-2700 cm and 1600 cm™ correspond to
absorption by H,O. Also present is a narrower
absorption band centered at approximately 3560
cm corresponding to the absorption of radiation
by the hydroxide anion. The spectrum at lower
energy corresponding to the absorption by the alumi-
nosilicate groups. is also presented because it differs
significantly from that of Moenke (1962). The
pleochroism of lawsonite was measured in the region
from 4000 cm™ to 1300 cm™ in which the internal
vibrational modes of water and hydroxide occur.

Spectra taken with the sample temperature near
78 K help to clarify the features in the OH stretch-
ing region by narrowing the bandwidths and increas-
ing the intensity of the bands. Shifts in the positions
of the bands also occur, a common phenomena in
cryogenic temperature spectra of OH groups which
is probably related to changes in the hydrogen
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bonding framework with temperature. Two narrow
bands at 3618 and 3543 cm™ are now observed
in the hydroxide ion band, and the water absorp-
tions are well-resolved into two bands at 3160 and
2778 ecm™ (Fig. 3).

The absorption spectrum of lawsonite in the
middle infrared region (Fig. 4) was obtained with
the infrared radiation plane polarized and the elec-
tric vector orientated parallel to the a, b, and c,
axes of lawsonite. The general features shown in
Figure 2 are better defined. With E || g, there is a
sharp, well-defined band at 1600 cm™ and absorp-
tion maxima at 3560 cm™ and 3250 cm™. The
E || b spectrum does not show the 1600 cm™ peak,
but rather two less intense and slightly broader
bands at 1550 cm™ and 1695 cm™. The band at
3560 cm™ is nearly identical to that with E || a,
but with slightly less intensity. The 3250 cm™ peak
with E || b is subdued, but there is a relatively broad
band centered at ~3070 cm™. Finally, the E || c
spectrum shows no absorption at 1600 cm™, no
absorption in the 3200 cm™ region, and weak
bands centered at 3500 cm™ and 3070 cm™. The
averaging of the features near 1600 cm* will cause
a broad band centered at 1620 c¢cm™, as seen in
Figure 2; similarly the features near 3500 cm™
will average to the broad bands shown in Figure 2.

Polarized spectra at (ca) 85 K in the ab plane
are shown in Figure 5. The 3160 cm™ band is
clearly polarized in the a direction and the 2778
cm! band, partly admixed with the wax CH bands,
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FiG. 2. Infrared spectrum of lawsonite powder in KBr pellet (4000 cm~-300 cm™?) and in wax on a polyethylene substrate (300 cm™-
35 cm™Y).
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FiG. 3. Infrared spectrum of lawsonite in KBr pellet near
78 K showing improved resolution of water and hydrox-
ide features.

is clearly b-polarized. The twin features at 3618 and
3543 cm™ remain unpolarized in this plane,

Pleochroism in the infrared is indeed present and
can be interpreted in terms of the orientation of
oxygen-hydrogen bonds within the crystal structure
of lawsonite.

Assignment of Bands

The stretching motion of the hydroxide ion is
characterized by a sharp absorption band in the
region of 3700-3500 cm™, usually at a higher
frequency and greater intensity than the OH stretches
in water (Nakamoto, 1963). Thus the 3560 cm™
band in lawsonite is assigned to the hydroxyl stretch-
ing motion. Water, a molecule with C., symmetry,
has three internal modes of vibration, a symmetric
stretch (A4;), an antisymmetric stretch (B2), and
a bending motion (A4,). Each of these modes of
vibration of water in the liquid state absorbs at a
different frequency, the bending mode at about
1600 cm™ and the two stretching modes in the

region of 3500 to 3200 cm™* (Nakamoto, 1963).
The band occurring in lawsonite at 1600 cm™ is
assigned to the bending mode of water and those at
3250 cm™ and 3070 cm™ correspond to the OH
stretching modes in water (at this point the two
are not distinguished). Numerous weak absorptions
appear in the various polarizations which represent
overtone and combination bands. These features
such as the weak bands in the 1500-1700 cm™
region in the b polarization will not be further
discussed.

Orientation of Hydroxide Groups

Because lawsonite is an orthorhombic crystal, the
axes of any three-dimensional figure corresponding
to some physical property of lawsonite must coincide
with the crystallographic axes. The symmetry of the
crystal demands that the three-dimensional figure
for the absorption of radiation at an energy of 3560
cm? by OH also follows this requirement. The
measured absorption figure does satisfy the sym-
metry and is shown in Figure 6. The figure is roughly
circular in the (001) section and dumbbell shaped
in the (010) section. If the axes of the figure are
labelled according to the crystallographic axes with
which they coincide, the axial ratio a:b:c is
1.0:0.96:0.24. Figure 6 illustrates the figure for a
crystal 10 pm thick.

In order for an isolated hydroxide ion to absorb
radiation, a component of the electric vector must
project onto the O-H bond axis. The data indicate
(Fig. 6) that the OH bond lies parallel to (001) but
do not specifically define the orientation of the OH
bond with respect to the a axis of lawsonite. Assum-
ing that the orientations of hydroxide bonds are
related by reflection symmetry, the almost circular
a-b section probably represents two orientations,
90° apart, for the OH bond.

The two peaks which are observed at low temper-
ature are manifestations of splitting of OH absorp-
tion due to the reduced symmetry of the site. Site
group analysis (see below) indicates that four modes
of vibration closely spaced in energy can occur in
this frequency region.

Orientation of Water Molecule

Figure 4 shows that the bending mode of water
(1600 cm™) absorbs when the electric vector is
parallel to the a axis of the crystal. Similarly, one
of the stretching modes of water (3250 cm™) ab-
sorbs with the electric vector parallel to the a axis
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and the other (3070 cm™) parallel to the b axis.
In order for a transition to occur in the infrared,
the transition moment, (¥’| g |¥), must be non-zero.
This integral is non-zero when the integrand is
totally symmetric. For the totally symmetric vibra-
tions of free HoO (the symmetric stretch and the
bending mode), the electric vector must be parallel
to the two-fold axis of the water molecule in order
for the vibration to occur. But for the antisymmetric
stretching mode of water, the electric vector must
lie in the plane of the molecule, perpendicular to
the molecular axis.

Although the water in lawsonite is crystallograph-
ically ordered, the crystal structure indicates that
the water is neither coordinated nor strongly bound
to any cation, but rather the molecule is held in a
cage. For this reason, the normal modes of vibration
of the water molecule in lawsonite can be treated
as those of free HoO. The data indicate that the
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two-fold axis of the molecule is parallel to the
a crystallographic axis of lawsonite, that the plane
of the molecule lies in the (001) plane, and that
the 3250 cm™ absorption band corresponds to the
symmetric stretching mode of water.

Note that this model requires that the symmetric
stretching mode absorbs at a higher frequency than
the antisymmetric mode, contrary to the rule of
thumb proposed by Nakamoto (1963). Hornig,
White, and Reding (1958) and Haas and Hornig
(1960) have found that the order of these absorp-
tions for ice is also reversed.

Starting with this model for the orientation of
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F1G. 4. Polarized infrared spectra of lawsonite with the electric vector oriented parallel to the a, b, and ¢ crystallographic axes
of lawsonite. Regions partially obscured by the mounting medium are shown in dotted lines (3000-2800 cm~1).A. (4000-2500 cm™Y):
Crystal thickness 8 um; the a and b spectra have been displaced vertically 0.1 and 0.2 units respectively for clarity. B. (1800

1300 cm™Y): no vertical displacement; crystal thickness 40 xm.
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Fie. 5. Infrared spectrum of lawsonité near 78 K with
the electric vector polarized parallel to a (solid line) and b
(dashed line) crystallographic axes. Crystal thickness, 8
pm. Dotted where partially obscured by nibunting medium.
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water in the lawsonite, the normal modes of vibra-
tion of free HyO can be compared with the mgdés
predicted by more theoretical arguments based on
the placement of an H,O molecule in a crystal
structure. Assuming that interactions between the
water molecule and the other ions in the crystal
structure are weak compared to the interactions
between the hydrogen atoms and oxygén within the
molecule, site group analysis can be applied to de-
termine the number of infrared-active normal modes
of vibration for the water molecules in the lawsdnite
structure. The model indicated by the data places
the oxygen of water on a C,, site and the hydro-
gen on an S; site within a crystal having Ds; sym-
metry. The factor group analysis (really site group
analysis in this case) outlined by De Angelis, Newn-
ham, and White (1972) predicts two infrared-
active modes absorbing parallel to ¢, three parallel
to b, and three parallel to @ (Table 1). The libra-
tional modes will absorb at the low frequency end
of the spectrum leaving three modes, one parallel
to b and two parallel to a, of completely internal

0.5 1.0

absorbarice

Fic. 6. Lawsonite absorption figure for a crys-
tal 10 um thick and at an energy of 3560 cm™
projected on (001) and (010). Absolute ab-
sorbance is the length of the vector from the
origin to the figure; the orientation of the vector
represents the orientation of the electric vector
with respect to the crystallographic axes of
lawsonite.

vibrations. This is exactly what is seen in the data.
Thus, for the orientation of H,O in lawsonite pro-
posed, the normal modes of vibration predicted by
a free HoO model are consistent with the modes of
vibration predicted by the more involved site group
analysis.

TaBLE 1. Invariance Conditions for H;O in Lawsonite
Dzp E Cale)  Cafb) Ca(a) £ o{ab) o(ac) o(be)
20's E - [+ - - o(ab) = ofbe)
onChy | 2 0 2 0 0 2 0 2
4 H's E o - = - o - =
on Sy 4 0 0 0 o & 0 0
w, 6 0 2 0 0 6 0 2
Yo 18 0 -2 0 0 6 0 2

IR active modes: ZBlu(HE) + 3Byu(] h:>) + 3Bay(| lg)
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Discussion

The crystal structure of lawsonite projected on
(001) with the hydrogen atoms positioned is shown
in Figure 7. The absolute coordinates of the hy-
drogen atoms cannot be accurately determined from
the infrared data, but all hydrogen-oxygen bonds
lie in planes parallel to (001).

The infrared data show that the plane of the
water molecule lies parallel to (001) and that the
axis of the molecule is parallel to the a axis of law-
sonite, but two possibilities remain for the position-
ing of the molecule within the structure. The mole-
cule can either point toward or away from the
Si=O-Si bridging oxygen in the (001) projection
(Figure 7). The orientation shown in Figure 7 is
chosen such that the interactions between the pro-
tons of the water molecule and the hydroxide ion
are minimized. The final configuration shown in
Figure 7 satisfies the space group requirements for
lawsonite.

(oon

Fig. 7. The (001) projection of the lawsonite structure
with the hydrogen atoms positioned according to the
proposed structural modél.
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Summary

Infrared spectra of lawsonite indicate that the
water molecules and OH groups are oriented within
the (001) plane. A structural model has been pre-
sented which accounts for the orientation of the
hydrogen-oxygen bonds within the crystal and agrees
with qualitative predictions made from symmetry
considerations regarding the bond orientation. It
has also been shown that the relative energies of
absorption for the symmetric and antisymmetric
stretching modes of water are not unique and should
be used with caution when assigning bands.
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