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ABSTRACT

Raman spectra were obtained from the (001), (010), and (100) faces of a St. Claire
dickite specimen of known orientation. Raman spectra collected from the (010) and (100)
faces of dickite are reported for the first time and reveal vibrational features significantly
different from the (001) spectra. Variations in intensities of the n(OH) bands in polarized
spectra were used to confirm previous band assignments, to determine the shape and ori-
entation of the local Raman tensors for the OH1 and OH3 groups. The most striking
polarization effect observed in the n(OH) region of dickite was the behavior of the a(c9c9)ā
spectrum relative to Raman and IR spectra of other orientations. Unlike previously reported
spectra, the dominant feature in this spectrum was the 3643 cm21 band. This large increase
in intensity of the 3643 cm21 band in comparison with the other n(OH) bands was related
to the fact that Raman spectra were recorded from the edge faces of dickite with the
electric vector of the incident laser polarized along the c axis. This permitted observation
of vibrational modes polarized along the c axis. Raman frequencies of the n(OH) bands
assigned to the OH2 and OH4 groups differ from their IR counterparts by 12 cm21, sug-
gesting that these groups may be related by a center of symmetry. For comparison, Raman
spectra in the n(OH) region were also obtained from individual micro-crystals of kaolinite
that were approximately 5 mm across the (001) face.

INTRODUCTION

Since the first structures of kaolinite and dickite were
reported over sixty years ago (Pauling 1930; Gruner
1932) the structure and bonding of kaolin group minerals
have continued to attract attention. However, structural
details concerning the H atom are incomplete. Knowledge
of the OH groups for this group of minerals is crucial to
understand the many important bulk crystalline properties
including interlayer bonding, stability of polytypes, struc-
tural disorder, and dehydroxylation reactions (Brindley et
al. 1986; Giese 1990). OH groups also influence surface
properties and reactions (Costanzo et al. 1984; Lipsicas
et al. 1985; Sugahara et al. 1989; Costanzo and Giese
1990; Johnston and Stone 1990). Finally, knowledge of
the positions and spectral properties of the H atoms is
critical for application of quantum chemical methods to
the study of phyllosilicates (Bleam 1993), particularly ka-
olin group minerals (Hess and Saunders 1992; Kubicki et
al. 1996). Thus, the combined application of advanced
spectroscopic and structural methods to the study of phyl-
losilicates provides essential data for developing an im-
proved theoretical understanding of clay minerals.

Recently, Bish and Johnston (1993) determined the po-
sitions of the H atoms in dickite in a combined neutron
powder diffraction, Rietveld refinement, and low-temper-
ature Fourier transform infrared spectroscopy (FTIR)
spectroscopy study of dickite. The space group of dickite
is Cc. The unit-cell formula of dickite is Al2Si2O5(OH)4

with Z 5 4 for a total of 16 OH groups within the unit
cell. The unit cell contains four crystallographically
unique OH groups each having a local site symmetry of
1 (Fig. 1). Because of the low symmetry of dickite, all
four of the OH groups are expected to produce distinct
n(OH) stretching bands and all are expected to be Raman
and IR active. The structural environments of the OH2
and OH4 groups are very similar, and these two OH
groups were assigned (Fig. 1) to the 3655 cm21 band
(Bish and Johnston 1993).

In principle, vibrational spectroscopy and diffraction
methods provide complementary information about the
structural OH groups of clay minerals. The intrinsically
small X-ray scattering cross section of the H atom limits
the ability of powder X-ray diffraction methods to deter-
mine the positions of H atoms in fine-grained mineral
samples (Post and Bish 1989; Moore and Reynolds 1989;
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FIGURE 1. Crystal structure of dickite projected along [100]
showing the positions of the four unique OH groups OH1, OH2,
OH3, and OH4. In addition, the FTIR spectrum of St. Claire
dickite (Bish and Johnston 1993) is shown illustrating the band
assignments.

Bish 1993). In contrast, H has a very large scattering
cross section for neutrons, and neutron diffraction is
therefore useful for determining H locations in minerals.
Likewise, the vibrational modes associated with the
stretching and deformation motions of the structural OH
groups of clay minerals are generally strong and sensitive
to subtle changes in the local environment of the H atoms
(Farmer 1974).

Attempts to determine the orientations of the structural
OH groups of kaolin group minerals using IR absorption
spectroscopy have met with limited success. Pleochroic
studies of oriented deposits of kaolinite and dickite (Wada
1967; Rouxhet et al. 1977; Prost et al. 1987) provided
qualitative information about the relative orientation of
the structural OH groups tilted with respect to the (001)
plane. More recently, Johnston et al. (1990) used FTIR
microscopy to study single crystals of dickite and kaolin-
ite to determine the angle of the OH groups with respect
to the crystallographic a and b axes. Using a linearly
polarized IR beam normal to the (001) face of single
crystals of dickite, the change in IR absorbance was mon-
itored as the electric vector of the IR beam was rotated
about the c axis. The inferred orientations of the OH in
kaolin group minerals compared poorly with the struc-
tural data (Bish and Johnston 1993).

Raman spectra collected from oriented single crystals

provide a unique opportunity to correlate the observed
vibrational spectra with structural information about the
orientation and local environment of the OH groups. Un-
like IR absorption where light must be transmitted
through the sample, Raman spectroscopy is based on in-
elastic light scattering by the sample. This avoids a sig-
nificant problem encountered in IR spectroscopy in that
mineral specimens are often too thick and the IR signal
is strongly attenuated by the sample. In the case of the
St. Claire dickite specimen, the micrometer-sized crystals
were thin enough along [001] to permit collection of IR
spectra (Johnston et al. 1990). However the crystals were
much too thick (on the order of 30 mm) along [010] or
[100] for transmission micro-FTIR spectra to be obtained.
Optical transmission of the incident laser beam through
the sample is not required for Raman spectroscopy, so
this restriction does not apply.

The intensity of Raman-scattered radiation from crys-
tals depends strongly on the orientation of the crystal and
the polarization of incident and scattered light. Raman
scattering from an anisotropic crystal is associated with
an induced change in polarizability in which amplitude
depends on the orientation of the crystal, scattering ge-
ometry, and polarization of the incident and scattered ra-
diation (Turrell 1972; Bremard et al. 1989). This study
presents a complete set of polarized Raman spectra from
the (001), (010), and (100) faces of a St. Claire dickite
specimen of known orientation, relates the observed vari-
ation in Raman intensities of the n(OH) bands and lattice
modes to the structure of dickite, and examines the com-
plementary relationship between IR and Raman results.

MATERIALS AND METHODS

The ,325-mesh fraction (,44 mm) of a sample of
dickite from St. Claire, Pennsylvania, obtained from
Wards Natural Science Establishment, Inc., was used in
this study. Other than sieving, the dickite sample was not
treated or ground in any way. Raman spectra were ob-
tained on a ISA-JY HR64000 micro-Raman spectrograph.
An Ar1-ion laser operating at the 514.5 nm wavelength
at 100 mW of incident power was used as the excitation
source. The laser power at the sample was estimated to
be 10–15 mW and the laser spot size was focused to
about 2 mm. Because the FWHM of the narrowest band
in the n(OH) region is greater than 4 cm21, the spectro-
graph slits were set to provide a spectral resolution of 3
cm21. The spectrograph used a 1800 groove/mm holo-
graphic grating and an intensified diode array detector. At
514.5 nm excitation in the n(OH) region, approximately
a 300 cm21 portion of the Raman spectrum was incident
upon the diode array detector.

A schematic of the Raman instrument (Fig. 2) illus-
trates the laboratory coordinate system used here. The
excitation laser beam is incident along the z axis. Scat-
tered light from the sample was collected in a 1808 back-
scattering geometry and passed through a polarization an-
alyzer that could be switched between two positions to
pass the Raman-scattered radiation with a polarization
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FIGURE 2. Schematic diagram of the Raman spectrograph
showing the laser, polarizer, optics, sample orientation, analyzer,
spectrograph, as well as the laboratory axes. An expanded view
of the sample stage shows the dickite crystal attracted to the glass
fiber by electrostatic attraction. The sample stage had xyz trans-
lation and rotation about x and z.

parallel to the x or y axis (Fig. 2). Single-crystal speci-
mens of the St. Claire dickite were mounted on a thin
glass fiber drawn from a glass tube and mounted on the
translation stage of the microscope (Fig. 2). The clay
crystals were electrostatically attracted to the glass fiber
and could be manipulated on the glass fiber without fall-
ing off. The glass fiber mounted on the sample stage had
xyz translation and rotation about x and z. The Raman
spectrograph was coupled to an Olympus BH2 micro-
scope, and a 503 objective was used to observe the Ra-
man signal in this study. Initially the dickite crystal was
placed with the (001) face parallel to the x-y plane of the
microscope stage. Using crossed polarizers and a 550 nm
quartz retardation plate, the crystallographic a axis was
aligned parallel to the x axis. The laser was incident on
the (001) face, the electric vector of laser was parallel to
the x axis, and the analyzer was set parallel to the x axis
(Fig. 2). In this configuration, the Raman scattering ge-
ometry for this spectrum is described by c9(aa)c̄9 using
the Porto notation (Swanson 1973). In this study, Raman
spectra were collected at a 908 angle from the (001) face.
The designation of c9 is used to indicate that spectra were

collected at 908 from the (001) face rather than along the
c axis that makes an angle of 96.58 with respect to the
(001) face. Because the efficiency of the spectrograph de-
pended strongly on the polarization of the laser, spectra
were obtained by positioning a selected crystal in the de-
sired orientation while keeping the polarization of the la-
ser constant. This approach also eliminates the need to
correct for unwanted depolarization effects introduced by
the beamsplitter and use of wide-aperture objectives (Bre-
mard 1985). Optical determination of the crystallographic
a and b axes for the Keokuk kaolinite sample was pre-
cluded because of the small particle size.

In the OH-stretching region, 60 accumulations were
signal averaged with a count time of 5 s for each accu-
mulation for a total observation time of 300 s. The dickite
crystals produced very stable Raman spectra, and there
was no evidence for visible laser damage of the dickite
crystals after several hours of continuous excitation of a
single specimen. In addition, very little fluorescence was
observed. The low frequency region, 215 to 1200 cm21,
was obtained in four separate measurements. For each
sub-section, 15 accumulations were co-added with a data
collection time of 5 s per scan for a total sample obser-
vation time of 60 s per sub-section. The Grams-386 pro-
gram (Galactic Software) was used for spectral data ma-
nipulation and curve-fitting. In the n(OH) region, the
bands were fitted using a pseudo Voight lineshape (mixed
Gaussian and Lorentzian) with a linear baseline correc-
tion and were optimized by a non-linear least-squares fit-
ting algorithm consisting of four adjustable parameters
per band (position, FWHM, intensity, and percent Lor-
entzian character).

RESULTS

The n(OH) region

Polarized Raman spectra of the St. Claire Dickite spec-
imen in the n(OH) stretching region are shown in Figure
3, along with IR results. The Raman spectra are charac-
terized by four bands in the n(OH) stretching region at
3623, 3643, 3655, and 3708 cm21 as shown in Figure 3.
The relative intensities of these four n(OH) bands depend
strongly on the orientation of the crystal and scattering
geometry. The scaling for each spectrum plotted in Figure
3 was relative to the strongest feature in that spectrum.
Peak parameters of each n(OH) band is listed in Table 1.

The c9(aa)c̄9 spectrum (Fig. 3) corresponds to the Ra-
man spectrum obtained from an oriented single crystal of
dickite with the laser beam directed normal to the (001)
face with the electric vector of the laser aligned parallel
to the a axis. The scattered light was collected in a 1808
backscattering geometry as shown in Figure 2 with the
analyzer set parallel to the a axis. In this configuration,
the bands resulting from the aa polarization element of
the Raman polarizability tensor have maximum intensity.
The aa spectrum is comprised of a strong feature at 3623
cm21 corresponding to the OH1 group (Fig. 1) with three
weaker bands appearing at 3643, 3655, and 3708 cm21
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FIGURE 3. Polarized, single-crystal Raman spectra and FTIR
absorbance spectrum (polycrystalline) of the St. Claire dickite
specimen in the n(OH) region. From top to bottom, the spectra
correspond to the FTIR absorbance spectrum of the St. Claire
dickite specimen, polarized single crystal Raman spectra of an
oriented dickite specimen corresponding to the c9(aa)c̄9, c9(bb)c̄9,
a(c9c9)ā, b(ac9) , a(c9b)ā, c9(ab)c̄9 Raman scattering geometries,b̄
and a single-crystal Raman spectrum of kaolinite from Keokuk.
Raman excitation was normal to the (001) face, however, the
orientation of the cyrstallographic a and b axes for this sample
was not known.

TABLE 1. Band positions, intensities, linewidths and Lorentzian character of n(OH) bands of dickite in the 5* Raman scattering
geometries

Polar-
ization

element

3623 cm21 band

Band
pos

Inte-
grated
area

Full
width
at half
maxi-
mum

Frac-
tional

Lorent-
zian
line-

shape

3643 cm21

Band
pos

Inte-
grated
area

Full
width
at half
maxi-
mum

Frac-
tional

Lorent-
zian
line-

shape

3654 cm21 band

Band
pos

Inte-
grated
area

Full
width
at half
maxi-
mum

Frac-
tional

Lorent-
zian
line-

shape

3707 cm21 band

Band
pos

Inte-
grated
area

Full
width
at half
maxi-
mum

Frac-
tional

Lorent-
zian
line-

shape

c9(aa)c̄9 3622.9 6862 4.6 0.9 3642.9 2162 13.0 1.0 3654.0 1073 12.2 0.5 3707.5 2595 16.5 0.7
c9(bb)c̄9 3622.8 17764 4.2 0.8 3644.5 2641 22.8 1.0 3656.2 260 9.0 0.0 3708.8 5305 17.4 0.8
a(c9c9)ā 3623.9 11685 7.9 0.6 3642.8 67549 12.2 1.0 nd nd nd nd 3706.3 23843 14.9 0.8
a(c9b)ā 3623.1 2054 4.9 1.0 3642.8 3568 13.1 1.0 3654.0 370 10.9 0.0 3706.7 1946 16.0 1.0
b(ac9)b̄ 3624 194 8.1 1.0 3642.3 186 11.3 0.7 nd nd nd nd 3708.2 99 16.1 0.7
Average 3623.3 5.9 0.9 3643.1 14.5 0.9 3654.7 10.7 0.2 3707.5 16.2 0.8
Std. dev. 0.6 1.9 0.2 0.8 4.7 0.1 1.3 1.6 0.3 1.0 0.9 0.1

* Parameters for c9(ab)c̄9 were not determined.

corresponding to the inner surface OH groups OH2, OH3,
and OH4. A detailed discussion of the FTIR spectra of
dickite in the n(OH) region has been reported by Bish
and Johnston (1993).

The Raman intensities of the n(OH) bands observed in
the off-diagonal elements c9(ab)c̄9, a(bc9)ā, and b(ac9)b̄
were very weak relative to the intensities in the c9(aa)c̄9,
c9(bb)c̄9, and a(c9c9)ā spectra (Table 1). In obtaining the
off-diagonal elements the analyzer settings were changed.
Because of this change in configuration, these elements
were not used for Raman tensor analysis. For example,
the most intense band in the a(bc9)ā spectrum (Fig. 3f )
had an integrated area of 194 photon counts per second
(Table 1) and no bands were detected in the c9(ab)c̄ spec-
trum (Fig. 3g). In contrast, the integrated area of the 3643
cm21 band was 67 549 photon counts per second in the
a(c9c9)ā spectrum (Fig. 3d).

Qualitatively, the Raman spectra of the n(OH) region
contain of three strong bands at 3623, 3643, and 3708
cm21. The intensity of the 3623 cm21 band has maximum
intensity in spectrum bb (Fig. 3c; Table 1). In contrast,
the relative intensity of the 3623 cm21 band is at a min-
imum in the a(c9c9)ā spectrum (Fig. 3d) in comparison
with the intensities of the 3643 and 3708 cm21 bands.
Comparison of the c9(aa)c̄9 to c9(bb)c̄9 spectra shows an
increase in the intensities of 3623, 3643, and 3708 cm21

bands in the c9(bb)c̄9 spectrum. The weak band at 3655
cm-1 has maximum intensity in the c9(aa)c̄9 spectrum
(Fig. 3; Table 1). For comparison, the FTIR absorbance
spectrum of dickite at 300 K is characterized by three
bands at 3623, 3655, and 3708 cm21 as (Fig. 3a). The
observed band positions from the polarized Raman spec-
tra are listed along with literature values for Raman spec-
tra of kaolinite, dickite, and nacrite in Table 2.

Single-crystal Raman spectra of a Keokuk kaolinite
specimen in the n(OH) region (Fig. 3 bottom) are char-
acterized by two strong bands at 3620 and 3695 cm21 and
two weak bands at 3652 and 3668 cm21. The crystals of
Keokuk kaolinite were much smaller (and considerably
thinner) than those of the St. Claire dickite; they mea-
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TABLE 2. Comparison of single crystal Raman frequencies with published spectra and assignments for kaolinite, dickite, and
nacrite

Dickite Kaolinite Nacrite

Polarized single-crystal
Raman St. Claire dickite

(this study)

c9(aa)c̄9 c9(bb)c̄9 a(c9c9)ā

Raman
polycryst.

Nowa Ruda
dickite*

Raman
polycryst.
Keokuk

kaolinite*

Raman
polycryst.

KGa-1
kaolinite†

Raman
polycryst. API
#9 kaolinite‡

Raman
polycryst.

Yama Gata
nacrite* Type of vibrational motion

120 120 120 m
132 132 130 130 132

141 141 140
178
198 200 201 202 197

223 223
248 245 246 245 248 244 244 238
271 270 270 268 272 271 271 268 Structural lattice modes
339 339 339 336 338 335 334 332

397 396
420 420 418

437 439 437 434 434 431 430 433
468 484 462 463 461 461 462 462
525 525 512 511
750 750 749 748 749 750 752 748

792 791 790 790
799 797 797 798 .

847 846 m
921 919 916 916 915 915 916 OH deformation (bending modes)

935 935 940 941 935 .

1049 1050 1048 m
Si-O stretching modes1085

1104 1105 1102 .

3623 3623 3623 3623 3620 3620 3620 3618 m
3643 3643 3643 3648 3628
3655 3655 3650 3652 3652 3634 O-H stretching modes

3668 3668 3668 3650
3682 3688 3688

3683 3692 3695 3696 3698
3708 3708 3708 3700 .

* Wiewora et al. 1979.
† Johnston et al. 1985.
‡ IR frequencies compiled from (Farmer 1974; Ledoux and White 1964; Wada 1967; Ishii et al. 1967; Estep et al. 1968; Larson et al. 1972; and

Rouxhet et al. 1977).

FIGURE 4. Polarized, single-crystal Raman spectra of the St.
Claire dickite specimen in the 200–1200 cm21 region. From top
to bottom, the spectra correspond to the c9(aa)c̄9, c9(bb)c̄9, and
a(c9c9)ā polarization elements.

sured about 5 mm across the (001) face, on average. The
intensity of the Raman signal was much lower for this
sample and longer data acquisition times were required.
The crystal was rotated about the c9 axis and several
spectra were obtained to observe the change in relative
intensity of the n(OH) bands. Although the orientation of
the crystallographic a and b axes for this sample could
not be determined using crossed polarizers because of the
small thickness of the crystal, the spectra were strongly
influence by rotation about the c axis.

Lattice modes
Polarized Raman spectra of the St. Claire Dickite spec-

imen in the 200–1200 cm21 region are shown in Figure
4. Similar to the n(OH) region, the low-frequency modes
vary strongly in intensity among the scattering geometries
used here. Spectra were not collected below 200 cm21

because of a strong Rayleigh-scattering wing and the
stray-light characteristics of the spectrograph. Several
strong Raman bands exist in the 100–200 cm21 region
that were not recorded here (Wiewiora et al. 1979; John-
ston et al. 1985; Michaelian 1986). In general, good
agreement exists between the observed band positions ob-
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TABLE 3. Assignment of the n(OH) bands of dickite with a
comparison of Raman-derived OH orientations with
OH geometries from crystal structure

Assign-
ments

Peak
position
(cm21)

Intensity
ratio (Ibb/Iaa)

Angle of
OH group
with b axis

from
crystal

structure*

Angle with
(001) plane
calculated

from crystal
structure*

Raman
tensor

analysis

OH1
OH2
OH3
OH4

3623
3643
3707
3643

2.59
1.22
1.94
1.22

33.8
41.3
34.6
89.9

21.38
75.58
51.98
74.18

0.25
n.a.
0.47
n.a.

Notes: n.a. 5 not applicable because the OH stretching bands of the
OH2 and OH4 groups are degenerate.

* Bish and Johnston 1993.

FIGURE 5. Projection of the four OH groups of dickite on
the (001), (010), and (100) faces. The positions of the H atoms
are indicated by the arrows with the O atom for each OH group
set at a common origin.

served in the polarized Raman spectra with published IR
and Raman spectra of kaolin group minerals. All of the
observed bands in Figure 4 have been reported previously
with the exception of the band at 846 cm21 observed in
the c9(aa)c̄9 and c9(bb)c̄9 spectra. The band positions of
the polarized Raman spectra are tabulated with published
positions of Raman bands reported for kaolinite, dickite,
and nacrite in Table 2. The bands at 270, 339, 462, and
1049 cm21 showed maximum intensity in the a(c9c9)ā
spectrum (Fig. 4). The 1049 cm21 band was not observed
in either the c9(aa)c̄9 or c9(bb)c̄9 spectra (Fig. 4). The OH
deformation band assigned to the inner OH group (OH1),
on the other hand, showed maximum intensity in the
c9(aa)c̄9 and c9(bb)c̄9 spectra and is not observed in the
a(c9c9)ā spectrum. The OH deformation band at 937 cm21

assigned to the inner-surface OH groups OH2, OH3, and
OH4 was not observed in the Raman spectrum (Table 2).

DISCUSSION

The 3623 cm21 band

This band has been unambiguously assigned to the
OH1 group (Johnston et al. 1990; Bish and Johnston
1993). The OH1 group is oriented essentially within the
a-b plane (Table 3; Figs. 1 and 5b, 5c) and consequently
has the longest OH vector projected onto the (001) plane
of the four structural OH groups (Fig. 5a). As a result,
this band has the largest Raman intensity of all the n(OH)
bands observed in the c9(aa)c̄9 and c9(bb)c̄9 spectra. The
shape of the local Raman tensor for this band is a long,
thin polarizability ellipsoid directed along the H-O bond
axis (see Appendix). The ratio of polarizability r 5 axx/
azz 5 ayy/azz is 0.25, as calculated in the appendix where
the z axis is defined by the H-O bond axis as shown in
Appendix Figure 1. In other words, the largest change in
polarizability of this mode is along the H-O bond axis.
This band is IR-active (Fig. 3a) and its IR counterpart is
also the most intense n(OH) band in the IR spectrum of
dickite (Prost et al. 1987; Bish and Johnston 1993). The
FWHM value for this band is about 4.5 cm21 (Table 1).
Upon cooling to 12 K the band observed in the IR spec-
trum decreased in frequency to 3619 cm21. The corre-

sponding band in kaolinite occurs at 3620 cm21 and is
shown in Figure 3h. On the basis of the large change in
intensity of the 3623 cm21 band upon rotation about the
c9 axis, it is suggested that the observed change in inten-
sity could readily be used to spectroscopically determine
the orientation of the crystallographic a and b axes.

The 3643 and 3655 cm21 bands
The most striking polarization effect observed in the

n(OH) region of dickite in the a(c9c9)ā spectrum relative
to the other Raman or IR spectra shown in Figure 3. The
relative intensity pattern for the a(c9c9)ā spectrum is com-
pletely different from those of the c9(aa)c̄9, c9(bb)c̄9, and
c9(ab)c̄9 spectra. The strong increase in intensities for the
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3643 and 3708 cm21 bands and concomitant decrease in
intensity of the 3623 cm21 is due to the fact that the inner-
surface OH groups are tilted toward the c axis. In partic-
ular, the 3643 cm21 band is the dominant n(OH) band in
the a(c9c9)ā spectrum. In fact, this band in the a(c9c9)ā
spectrum was the most intense Raman-active n(OH) band
observed among all of the crystal orientations (Table 1).
The change in relative intensities can be explained qual-
itatively by the OH projection vectors shown in Figure
5b. Unlike the OH1 group that is oriented nearly parallel
with the (001) plane, the OH2, OH3, and OH4 groups
are tilted between 52 and 768 with respect to the (001)
plane (Figs. 5b and 5c). Thus, by rotation of the dickite
crystal on edge with the electric vector oriented along the
c9 axis, the Raman-scattering cross sections of the OH2,
OH3, and OH4 groups are significantly enhanced. The
single-crystal Raman spectra reported here represent the
first time Raman spectra have been collected from the
edge of a specimen 1:1 phyllosilicate of known orienta-
tion. These data agree qualitatively with the spectra re-
ported recently by Frost et al. (1996), who examined the
spectra of the San Juanito dickite specimen. Their spectra
show similar trends in the n(OH) region, however, the
crystallographic orientation of their sample was not
determined.

The single-crystal Raman spectra are described by
three strong n(OH) bands at 3623, 3643, and 3708 cm21

(Fig. 3). In comparison, the room temperature FTIR ab-
sorbance spectrum of the St. Claire dickite is also char-
acterized by three strong bands at 3622, 3655, and 3710
cm21 (Fig. 3a). As shown in Figure 3a, the positions of
3622 and 3710 cm21 bands in the FTIR spectrum agree
well with the frequencies of the Raman bands. These
bands are assigned to the n(OH) modes of the OH1 and
OH3 groups, respectively. A noticeable difference in fre-
quency is observed, however, between the position of the
IR-active band at 3655 cm21 and its apparent Raman
counterpart at 3643 cm21 (Fig. 3). The 3655 cm21 band
observed in the FTIR spectrum (Fig. 3a) was assigned to
the OH2 and OH4 groups by Bish and Johnston (1993)
on the basis of its unusual change in frequency, distinct
line-narrowing behavior upon cooling, and strong pleo-
chroic character. A similar difference in the IR and Ra-
man frequencies was also reported by Wiewiora et al.
(1979), although no explanation was given.

There are two potential explanations for the 12 cm21

difference in frequency between the Raman- and IR-ac-
tive bands and both are related to the difference in selec-
tion rules of IR and Raman spectroscopy. Whereas a vi-
brational mode is Raman active if the mode produces a
change in the induced polarizability, IR activity is asso-
ciated with a change in the induced dipole moment. The
first explanation is that the n(OH) bands of the OH2 and
OH4 groups are coupled oscillators. The observed differ-
ence in frequency of the OH2 and OH4 groups suggest
that a local center of symmetry exists and the ‘‘Rule of
Mutual Exclusion’’ applies. This rule states that if a mol-
ecule has a center of symmetry, vibrations cannot be both

IR and Raman active. In this case, the vibrational fre-
quencies of the OH2 and OH4 groups combine to form
a symmetric and an asymmetric n(OH) component. The
symmetric n(OH) vibration is observed mainly in the Ra-
man spectrum at 3643 cm21 and the corresponding asym-
metric n(OH) band is observed predominantly in the IR
spectrum at 3655 cm21. It is interesting to note that a
weak band at 3655 cm21 is observed in the aa spectrum
shown in Figure 3b. This weak band may be attributed
to a small amount of Raman activity of the asymmetric
n(OH) stretch band observed primarily in the IR spectrum
(Fig. 3a).

A second explanation is due to dispersive effects re-
sulting from the fact that the induced dipole moment is
susceptible to longer range effects within the crystal than
the change in polarizability. In this case, the IR-active
mode is always shifted to lower frequencies compared
with its Raman counterpart (Turrell 1972). In this study,
however, the Raman band at 3643 cm21 occurs at a lower
frequency than the IR band at 3655 cm21 and the former
explanation is more likely.

On the basis of this Raman and IR spectra comparison,
the 3643 cm21 band is assigned to the symmetric n(OH)
band of a coupled oscillator involving OH2 and OH4
groups. Additional support for this assignment comes
from the large oscillator strength of this vibrational mode
observed in the c9c9 spectrum. The integrated intensity of
the 3643 cm21 band is 2.8 times greater than that of the
3708 cm21 band (Table 1). The a(c9c9)ā polarization el-
ement provides a unique opportunity to examine the vi-
brational modes of the dickite crystal normal to the (001)
face. The relative intensity of this group in comparison
with the other n(OH) bands is larger than can be assigned
to a single OH group and supports the assignment of this
n(OH) band to two OH groups.

These results are in agreement with the observed di-
chroic behavior of the 3655 cm21 band in the IR absorp-
tion spectrum (Prost et al. 1987). The dichroic character
is defined as the change in IR intensity upon tilting the
sample with respect to the plane of polarization of the
incident IR beam. Because most of the dickite particles
are oriented with the (001) faces parallel to the deposition
surface, the IR cross-section of the OH2, OH3, and OH4
groups is small (Fig. 5). Upon tilting the dickite crystal
with respect to the (001) plane, the IR cross-section of
these OH oscillators is increased and the 3655 and 3710
cm21 bands increase in intensity. The 3655 cm21 band has
the highest dichroic character of any of the dickite OH
bands, consistent with the orientation angles of the OH2
and OH4 (Table 3; Figs. 1 and 5).

The 3708 cm21 band
The highest frequency n(OH) band in the Raman spec-

trum occurs at 3708 cm21 and is assigned to the OH3
group. This band also occurs in the FTIR absorbance
spectrum (Fig. 3a) at approximately the same position
(Bish and Johnston 1993). This OH group makes an angle
of 528 with the 001 plane and has the longest interlayer
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O–H. . . .O distance of 3.14 Å of the inner surface OH
groups. Unlike the other n(OH) bands of dickite, this band
increases in frequency by over 20 cm21 upon cooling to
12 K and this increase is attributed to the long interlayer
O-H. . . .O distance. The shape of the polarizability ellip-
soid for this band determined from the variation in Raman
intensities is r 5 axx/azz 5 ayy/azz 5 0.47, which compares
with a value of 0.25 for the 3623 cm21 band (see appen-
dix for calculations). Thus, the polarizability ellispoid is
more spherical with an increased contribution from axx

and ayy (Table 3).
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APPENDIX: THEORY

In general, the Raman tensor of a crystal aXYZ is related
to the Raman tensor of a constituent molecule axyz by

aXYZ 5 û axyz u (1)

The transformation matrix û is defined following Wilson
et al. (1955). Here, (x,y,z) is a rectangular coordinate sys-
tem fixed on the molecule in question, and it is the prin-
cipal axis system of the Raman tensor of a localized vi-
bration of the molecule. This transformation matrix maps
the molecular axes for a particular vibrational mode in
xyz onto the laboratory axes in XYZ.

For every crystal system, the individual components of
the crystalline Raman tensor are given as a function of
the components of the molecular Raman tensor by the
following set of equations (Ueda et al. 1996).

2 2 2a 5 l a 1 l a 1 l a (2)XX x xx y yy z zz

2 2 2a 5 m a 1 m a 1 m a (3)YY x xx y yy z zz

2 2 2a 5 n a 1 n a 1 n a (4)ZZ x xx y yy z zz

a 5 l m a 1 l m a 1 l m a (5)XY x x xx y y yy z z zz

a 5 m n a 1 m n a 1 m n a (6)YZ x x xx y y yy z z zz

a 5 n l a 1 n l a 1 n l a . (7)XZ x x xx y y yy z z zz

The xyz coordinate system is transformed into the space-
fixed crystal (i.e., abc) coordinate system by means of the
direction cosines (i.e., l, m, n) relating rotating to non-
rotating axes functions of Eularian angles (Wilson et al.
1995). In the case of the dickite which is monoclinic, the
laboratory X and Y axes are set to be coincident with the

a and b axes and c9 is defined as the normal to the a-b
plane and is coincident with Z. Thus, Equations 2–7 can
be written as

2 2 2a 5 l a 1 l a 1 l a (8)aa x xx y yy z zz

2 2 2a 5 m a 1 m a 1 m a (9)bb x xx y yy z zz

2 2 2a 5 n a 1 n a 1 n a (10)c9c9 xx y yy z zz

a 5 l m a 1 l m a 1 l m a (11)ab x x xx y y yy z z zz

a 5 m n a 1 m n a 1 m n a (12)bc9 x x xx y y yy z z zz

a 5 n l a 1 n l a 1 n l a . (13)ac9 x x xx y y yy z z zz

In these equations, a set of molecular axes, or local axes,
are defined that describe the vibrational mode of interest.
In this case, The H-O bond defines the orientation of the
z axis, the x axis is contained within the plane defined by
the three atoms Al1-O-H normal to z. Finally, the y axis
is orthogonal to z and x. The local molecular axes for the
OH1 group are shown in relation to the projections on
(001) and (010) in Appendix Figure 1. The xyz coordinate
system is transformed into the space fixed crystal (i.e.,
abc9) coordinate system by means of the direction cosines
relating rotating to nonrotating axes as functions of Eu-
lerian angles (Wilson et al. 1955)

The Raman tensor of a molecule has six components
axx,...azx, but when the principal axes x, y, and z are adopt-
ed, only three diagonal components axx, ayy, and azz are
not zero (Tsuboi et al. 1995a, 1995b; Ueda et al. 1996).
The orientation of the principal axis system is defined by
three independent parameters (nine elements of direction
cosines minus six orthonormal conditions) of three Eu-
lerian angles u, f, and x

a b c9

 x cos(u)cos(f)cos(x) 2 sin(f)sin(x) cos(u)sin(f)cos(x) 1 cos(f)sin(x) 2sin(u)cos(x)
 

y 2cos(u)cos(f)sin(x) 2 sin(f)cos(x) 2cos(u)sin(f)sin(x) 1 cos(f)cos(x) sin(u)sin(x) . (14) 
 

z sin(u)cos(f) sin(u)sin(f) cos(u) 
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APPENDIX FIGURE 1. Principal (i.e., local) axis system (x, y,
z) of the local Raman tensor for localized vibration of the OH1
group projected onto the crystal axis system (a, b, c9).

The two coordinate systems are shown in Appendix Fig-
ure 1 for the inner OH group of dickite (OH1). The angles
u, x, and f are the ordinary polar coordinates of the z
axis in the abc9 system as defined by Wilson et al. (1955).

The main objective here is to relate the change in in-
tensities of the OH stretching bands obtained along the
crystallographic axes (e.g., Iaa, Ibb) to the shape and ori-
entation of the Raman tensor (i.e., axx, ayy, azz) for each

of the OH stretching bands. We are interested only in the
relative magnitude of these three components, defined as

axx 5 r (15)1azz

ayy 5 r . (16)2azz

The Raman scattering intensity ratios Iaa/Ibb, Ibb/Ic9c9, Iab/
Ic9c9, and Ibc9/Ic9c9 are calculated from Equations 18–20 (Tsu-
boi et al. 1995a, 1995b; Ueda et al. 1996).

2 2 2 2 2I a (l r 1 l r 1 l )aa aa x 1 y 2 z5 5 (17)
2 2 2 2 2I a (m r 1 m r 1 m )bb bb x 1 y 2 z

2 2 2 2 2I a (m r 1 m r 1 m )bb bb x 1 y 2 z5 5 (18)
2 2 2 2 2I a (n r 1 n r 1 n )c9c9 c9c9 x 1 y 2 z

2 2I a (l m r 1 l m r 1 l m )ab ab x x 1 y y 2 z z5 5 . (19)
2 2 2 2 2I a (n r 1 n r 1 n )c9c9 cc x 1 y 2 z

For a complete determination of the r1 and r2 values, nor-
malized intensity ratios for Iaa/Ibb, Ibb /Ic9c9, and Iab /Ic9c9 must
be determined. For soluble species, the Raman depolar-
ization ratio (r) provides additional constraints to deter-
mine r1 and r2. In this study, however, normalized inten-
sity ratios from the edge faces (100) and (010) of dickite
were not obtained because of the poor quality and small
size of the crystals. The only normalized intensity ratios
were obtained for Iaa/Ibb along the c9 axis. Furthermore,
the Raman depolarization ratio (r) is not defined for crys-
talline solids.

To simplify this problem for dickite, we assume that
the out-of-plane polarizability components, axx and ayy,
are equal. This is equivalent to setting r1 5 r2, which is
replaced by the symbol r. Justification for this approxi-
mation is based on the nature of the OH oscillator. Be-
cause the primary atomic displacement is along the z axis,
the greatest change in polarizability is expected to be
along the z axis. In other words, the polarizability along
the OH bond (z axis) is expected to be larger than the
out-of-plane components along x and y.

azz . axx ø ayy (20)

and

r1 5 r2 5 r (21)

Using Equations 18 and 22, we can simplify the expres-
sion for Iaa/Ibb

2 2 2 2I (l r 1 l r 1 l )aa x y z5 . (22)
2 2 2 2I (m r 1 m r 1 m )bb x y z

The Eulerian angles and the direction cosine transfor-
mation matrices for the OH1 and OH3 groups are listed
in Appendix Table 1. Using these values with the exper-
imentally determined Iaa/Ibb ratio, the value of r can be
solved for the OH1 and OH3 groups. The value of r for
OH1 is 0.25 and that of the OH3 group is 0.47.


