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Abstract—Single-crystal Fourier-transform infrared (FTIR) spectra of Keokuk kaolinite and Ouray dickite
were obtained with an FTIR microscope. Although numerous IR, FTIR, and Raman spectra of poly-
crystalline kaolinite and dickite can be found in the literature, the present data represent the first reported
single-crystal vibrational spectra for these clay minerals. The orientation of the crystallographic axes of
dickite was determined using a cross-polarizing optical microscope fitted with an 550-nm optical retar-
dation plate. Assignment of the inner hydroxyl group OH, to the 3623-cm~' band was confirmed, and
the angle of this OH group to the b-axis was determined to be 47° based upon the measured dichroic
ratio. The 3702-3710-cm™! absorption feature appeared to consist of two closely spaced bands having
slightly different polarization behavior. The inner-surface hydroxyl group OH; was assigned to the ab-
sorption bands at 3710 cm'. The calculated angle of the OH, groups to the b-axis was found to be 22°,
which agrees well with the angles determined by X-ray powder diffraction and neutron diffraction. The
remaining hydroxyl groups, OH, and OH,, were assigned to the 3656 cm~! band; the angle of the OH,
and OH, groups to the b-axis was measured at 45°. The polarization behavior of the OH-deformation
bands of dickite at 911, 937, and 952 cm~! was found to be similar to that observed in the OH-stretching
region. Single-crystal FTIR spectra of Keokuk kaolinite showed that rotation of the electric vector around
the ¢/z axis in the ab plane of kaolinite resulted in a behavior distinct from that of dickite. The OH-
stretching bands of kaolinite were found to be considerably more polarized than the corresponding bands
of dickite. This is related directly to the fact that dickite possesses a glide plane (space group Cc) compared
with kaolinite, which does not (space group C)).

Key words—Crystal structure, Dickite, Fourier-transform infrared microscopy, Hydroxyl orientation,

Kaolinite, Single crystal.

INTRODUCTION

The OH groups of kaolin-group minerals have at-
tracted considerable attention as sensitive indicators
of structural disorder and of change resulting from the
presence of guest species in the interlayer region (Bar-
rios et al., 1977; Johnston et al., 1984; Brindley et al.,
1986; Raupach ef al., 1987; Bookin et al., 1989; Prost
et al., 1989). In particular, the OH-stretching and -de-
formation vibrational modes have been shown to cor-
relate strongly with the degree of disorder (Barrios ef
al., 1977, Prost et al., 1989), the Hinckley index (Brind-
ley et al., 1986), and changes in interlayer bonding
(Wieckowski and Wiewiora, 1976; Giese, 1982; John-
ston and Stone, 1990). Controversy remains, however,
regarding the assignment of these bands to the four
distinct structural OH groups present in kaolinite and
dickite (Giese, 1988). Although the 3620-cm™! infrared
(IR) band has been assigned unambiguously to the in-
ner OH group (Ledoux and White, 1964; Rouxhet et
al,, 1977), no general consensus exists regarding the
assipnment of the IR-active 3652-, 3668-, or 3695-
cm™! bands for kaolinite.

Assignment of the OH-stretching bands of kaolinite
and dickite has been further complicated by the ob-
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servation of an additional Raman-active (O-H) band
at 3682 cm~! for kaolinite (Wiewiora et al., 1979; John-
ston et al., 1985; Michaelian, 1986). Similar features
have been reported in the low-temperature IR spec-
trum of dickite, in which five distinct bands occur (Prost
et al., 1989). Group theory predicts a maximum of
four ®(O-H) bands for both dickite and kaolinite based
upon the Cc and C, space groups, respectively. The
presence of at least five bands for the two polymorphs
indicates that a lower symmetry space group must ap-
ply for the complete structure (i.e., upon inclusion of
the hydrogen atoms). Suitch and Young (1983) and,
more recently, Young and Hewat (1988) reported that
the appropriate space group for kaolinite was P1 based
upon Rietveld structure refinements of X-ray powder
diffraction and neutron diffraction data. A primitive
Bravais lattice would account for the greater-than-pre-
dicted number of »(O-H) bands; however, these re-
finements of the non-hydrogen framework and the sug-
gested P1 space group have been criticized recently
(Brindley et al., 1986; Thompson and Withers, 1987;
Bish and Von Dreele, 1989; Thompson et al., 1989).
Attempts to locate the positions of the hydrogen at-
oms in kaolinite and dickite using various structural
methods have not resulted in an unambiguous descrip-
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tion of the OH groups (Adams and Hewat, 1981; Giese,
1982; Adams, 1983; Suitch and Young, 1983; Sen
Gupta et al., 1984; Joswig and Drits, 1986; Young and
Hewat, 1988). The available structural data for the OH
groups are presented in Tables 1 and 2 for kaolinite
and dickite, respectively. As these data indicate, there
is relatively poor agreement regarding the bond length
and overall position of the hydrogen atoms, despite the
fact that structures have been refined for both poly-
morphs using neutron diffraction data. For example,
OH bond lengths in kaolinite range from 0.829 to 1.47
A, with equal uncertainties present in the measured
angle of the OH bond out of the 001 plane and in the
angle between the projection of the OH bond onto the
001 plane with the b-axis. Polarized infrared studies
of oriented deposits of kaolinite have provided indirect
evidence of the OH orientations by indicating that the
transition moment for the 3695-cm~! band is nearly
perpendicular to the 001 plane, whereas the 3620-,
3652-, and 3668-cm~! bands have little pleochroism
upon tilting the oriented deposit (Rouxhet ef ai., 1977,
Prost et al., 1987). This observation is not consistent
with the current consensus that all three of the inner-
surface OH groups of kaolinite are oriented normal to
the 001 plane (Giese, 1988). Surprisingly, little effort
has been put forth to reconcile the suggested hydrogen
positions obtained from neutron, electron, and X-ray
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powder diffraction studies with the observed IR and
Raman spectra of kaolin polymorphs.

The primary objectives of this study were to obtain
polarized Fourier-transform infrared (FTIR) spectra of
single-crystal specimens of Quray dickite and Keokuk
kaolinite and to determine the orientations of the hy-
droxyl groups. The measured dichroic ratio for a par-
ticular band relates directly to the direction of the tran-
sition moment for that particular vibrational mode
(Turrell, 1972). Thus, the observed dichroic ratios for
the »(O-H) bands of dickite and kaolinite should pro-
vide new insight about the orientation of the structural
OH groups, similar to earlier polarized IR studies of
the OH groups in micas (Vedder and McDonald, 1963)
for which large single crystals are available. The re-
ported vibrational spectra for Ouray dickite and Keo-
kuk kaolinite (Brindley ef al., 1986) agree well with the
large body of spectra obtained for polycrystalline sam-
ples which have been reported for kaolinite and dickite
(Wada, 1967; Farmer, 1974). Thus, the polarization
behavior of these specimen samples should relate di-
rectly to the smaller particle sizes of kaolinite and dick-
ite samples that are typically found in soils and sedi-
mentary deposits. In addition, the single-crystal
kaolinite and dickite spectra obtained here should serve
as a prototypic application of FTIR microscopy to
characterize clay minerals and related soil constituents.
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MATERIALS AND METHODS

A highly crystalline dickite sample was studied from
Red Mountain, QOuray, Colorado (obtained from G.
W. Brindley). X-ray powder diffraction (XRD) was used
to verify the identity of the dickite specimen. Orien-
tation of the crystallographic axes was determined us-

" ing a polarizing microscope fitted with a 550-nm quartz
retardation plate. Relatively large (30-50 um), pseudo-
hexagonal, flake-like crystals of dickite were abundant.
The Keokuk kaolinite sample was obtained from W.
D. Keller and has been described previously (Keller,
1977). This is the same material used by Suitch and
Young (1983), Young and Hewat (1988), and Bish and
Von Dreele (1989) in studies of the kaolinite structure.
The largest of the pseudo-hexagonal kaolinite crystals
present was 5 to 10 pm across the 001 face. The Quray
dickite and Keokuk kaolinite samples were used as
received, without further purification.

Single-crystal IR spectra were obtained on a Digilab
FTS-40 FTIR spectrometer equipped with Digilab’s
IR100 microsampling accessory. The IR microscope
was modified to incorporate a rotatable wire-grid po-
larizer about 2.5 cm above the iris aperture, as shown
in Figure 1. The Digilab microscope incorporates a 90°
elliptical mirror condensor and a 320 x Cassegrain ob-
jective, which is mounted on a turret with a 40 x view-
ing objective. The sample image is transferred to the
iris aperture and can be viewed with visible light by
means of an insertable viewing port, or the IR light
can be relayed through the polarizer, recollimated by
means of a 35° paraboloidal mirror, and imaged onto
an MCT liguid N,-cooled detector with another Cas-
segrain element. A liquid N,-cooled narrow-band mer-
cury-cadmium telluride detector was used to provide
optimal response in the OH-stretch region. Spectra were
collected using 2.0-cm™! resolution, and 4096 to §192
spectra were co-added with a triangular apodization
function used in the Fourier transform.

Polarized spectra were obtained by positioning a se-
lected crystal within the iris aperture and rotating the
polarizer. The orientation of the crystallographic a-
and b-axes was determined by observing the same sam-
ple under crossed polarizers with an optical microscope
fitted with a 550-nm quartz retardation plate. As the
diagram shown in Figure 2 illustrates, the b-axis of
dickite is perpendicular to one side of the pseudo-hexa-
gon, whereas the a-axis is parallel to this side (Kerr,
1977). The orientation of the crystallographic axes of
kaolinite could not be determined, due to the smaller
size of the Keokuk kaolinite crystals and interferences
resulting from twinning.

A non-linear, least-squares band-analysis program
was written to decompose the absorption spectra into
individual spectral components. The fitting function
allowed the Lorentzian-to-Gaussian character for a
particular band to vary between 0 and 1. A linear base-
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Figure 2. Optical orientation of crystallographic axes of
idealized hexagonal-shaped crystal of dickite or kaolinite.

line correction was applied to all of the data sets. The
output from the program included the fitted position,
full-width at half maximum (FWHM), integrated in-
tensity, fractional Lorentzian character, and fraction
of the total area occupied for each band. Typically,
three to four bands (four adjustable parameters per
band) were fitted at a time with a linear baseline cor-
rection for a total of 14 to 18 adjustable parameters.

RESULTS

Dickite

Polarized single-crystal transmission FTIR spectra
of Ouray dickite are shown in Figures 3a and 3b for
the »(O-H) region. Unambiguous assignment of the a-
and b-crystallographic axes of dickite was determined
using a polarizing optical microscope fitted with a 550-
nm quartz retardation plate. Polarized single-crystal
FTIR spectra were then obtained for a dickite crystal
of known orientation. Figure 3a presents the FTIR
spectra with no y-offset and the absolute intensity scale
shown on the y-axis; the same data are shown in Figure
3b with polarization of the electric vector defined by
the angle between the electric vector and the ag-axis.
The IR beam was at normal incidence upon the (001)
face of the dickite particle, and the polarization of the
electric vector of the incident beam was rotated around
the ¢'/z axis (¢’ is defined as normal to the (001) plane
which deviates by 6.7° from the crystallographic c-axis).
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Figure 3. Polarized single-crystal Fourier-transform infrared spectra of Ouray dickite in the 3550-3750-cm™! region. (a)
Stack plot showing spectra with no y-offset with absorbance scale shown on left. (b) Same spectra in which listed polarization
angles correspond to angle between electric vector of the transmitted infrared beam and crystallographic g-axis of the dickite

crystal.

The observed »(O-H) bands at 3623, 3656, and 3710
cm™! are in good agreement with published spectra for
dickite (Farmer, 1974; Prost, 1984; Brindley et al.,
1986; Prost et al., 1987, 1989). Although numerous
IR, FTIR, and Raman spectra have been reported for
polycrystalline dickite and kaolinite materials (Farmer,
1974; Brindley et al., 1986; Prost et al., 1989), as far
as the present authors are aware these spectra (Figures
3a and 3b) and the accompanying kaolinite spectra
(Figures 6a and 6b) represent the first reported single-
crystal vibrational spectra for kaolinite or dickite.
Polarized FTIR spectra of a dickite crystal were ana-
lyzed using a non-linear, least-squares band-analysis
program. The results of the non-linear, least-squares
band analysis in the OH-stretching region are presented
in Table 3. If the polarization of the electric vector was
parallel to the b-axis (top spectrum labeled 90°) the
3710-cm~! band had maximum integrated intensity.
Upon rotation of the electric vector towards the a-axis,
the intensity of this band was reduced significantly. In
contrast to the 3710-cm~! band, the integrated inten-
sity of the 3623-cm™! band reached a maximum if the
electric vector was polarized parallel to the g-axis (bot-
tom spectrum labeled 0°). Plots of the integrated in-
tensity of the 3623- and 3710-cm™! bands vs. the po-
larization of the electric vector in the 001 plane (angles
measured from the g-axis) are presented in Figure 4.
The position, bandwidth, and intensity of the 3656-
cm~! band were not influenced significantly by rotation
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of the electric vector around the c¢’-axis. The 3623-
cm™! band also appeared to have a some fine structure,
which changed upon rotation. FTIR spectra of a thin-
ner dickite crystal did not show this fine structure.

Upon examination of the 3700-3710-cm™! region at
0° (electric vector parallel to the a-axis), the remaining
intensity appears to have a band maximum at about
3702 cm~!. The band maximum of this feature at 90°
was about 3710 cm™!, suggesting that two »(O-H) bands
were present in the 3695-3715-cm™! region, with the
lower frequency band showing polarization behavior
distinct from that of the 3710-cm~! band. This hy-
pothesis of two closely spaced bands was also reflected
by the band analysis for the 3710-cm~! band (Table
3). As the intensity of the higher frequency band at
about 3710 cm™! was attenuated, the lower frequency
band at 3702 cm™! made a larger contribution to the
observed lineshape. This resulted in a shift of the po-
sition of this composite band to a lower frequency. A
concomitant decrease in the percentage of Lorentzian
character of the band and a significant increase in band-
width were also observed, as the polarization of the
electric vector was rotated towards the a-axis (Table
3). As the lower frequency band made a proportionally
larger contribution to the observed lineshape, the line-
shape took on an increasingly greater Gaussian char-
acter, which was also indicative of two bands rather
than one.

Polarized single-crystal FTIR spectra of dickite in
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Figure 4. Plot of integrated intensities of the 3623- and 3710-
cm™! bands as a function of the angle of polarization of the
electric vector with the g-axis.

the 700-1300-cm ! region are shown in Figure 5. Upon
rotation of the electric vector from the a-axis towards
the b-axis, the 792- and 937-cm™! bands gained inten-
sity, whereas the 911-, 952-, and 1120-cm~! bands lost
intensity. The complex lineshape of the 1120-cm~" band
indicates the presence of at least two bands, one of
which was apparently highly polarized with a transition
moment closely aligned to the g-axis. The 952-cm™!
band was well resolved with polarization of the electric
vector parallel to the g-axis, but was poorly resolved
in the 90° spectrum. Thus, several of the more intense
vibrational bands in this region, such as the 1040-cm~!
band, were probably optically saturated due to the
thickness of the dickite crystals.

Kaolinite

Polarized single-crystal FTIR spectra of Keokuk ka-
olinite in the »(O-H) region are shown in Figures 6a
and 6b. Similar to the spectra for dickite, the absolute
intensity scale is shown for the overlaid spectra (Figure
6a). The position of the #(O-H) bands at 3620, 3651,
3668, and 3696 cm~! are in good agreement with pub-
lished IR and Raman spectra of polycrystalline ka-
olinite (Farmer, 1974; Johnston et al., 1985; Brindley
et al., 1986; Prost et al., 1989). The intensities of the
3620- and 3668-cm™! bands were influenced by rota-
tion of the electric vector. An opposite change in in-
tensity occurred for the 3651-cm~! band. Attempts to
resolve the spectral components of kaolinite using the
non-linear, least-squares program were unsuccessful,
due to the lower signal-to-noise ratio obtained for ka-
olinite in comparison with that for dickite and because
kaolinite has four »(O-H) bands in comparison with
only three for dickite.

Low-frequency, polarized single-crystal FTIR spec-
tra of kaolinite are shown in Figure 7. The thickness
of the Keokuk kaolinite crystal was less than that of
the Ouray dickite crystal; thus, optical saturation was
less of a problem for kaolinite. The area of the kaolinite
crystals in the ab-plane was correspondingly smaller
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Figure 5. Polarized single-crystal Fourier-transform infrared

spectra of Quray dickite in the 700-1300-cm~' region. Po-
larization angles listed on right side of figure correspond to
angle between electric vector of transmitted IR beam and
crystallographic g-axis of the dickite crystal.

Table 3. Nonlinear least-squares band analysis of the OH-
stretching region of Ouray dickite using a variable Lorentzian-
Gaussian fitting function.

Lorentz-
ian Percentage
Angle Integrated intensity of total area
(from a) Frequency FWHM intensity (%) character
Inner OH at 3623 cm™!
90 3622 11.6 1.52 .69 36.2
60 3622 11.1 1.58 .76 38.1
30 3622 11.8 1.63 .89 46.7
0 3622 12.6 1.70 .95 55.4
Inner-surface OH at 3656 cm™!
90 3656 12.7 1.03 .99 24.7
60 3656 12.7 1.25 .96 30.1
30 3656 13.3 1.30 .98 374
0 3656 13.7 1.11 97 36.2
Inner-surface OH at 3710-3702 cm-!
90 3709 21.3 1.63 .71 39.0
60 3709 22.5 1.31 .59 31.8
30 3707 26.6 0.55 .05 15.8
0 3702 28.5 0.26 .05 8.5

FWHM = full-width at half-maximum (cm!).
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Figure 6. Polarized single-crystal Fourier-transform infrared spectra of Keokuk kaolinite in 3550-3750-cm™' region. (a)
Stack plot showing spectra with no y-offset. (b) Same spectra in which listed polarization angles correspond to angle between
the electric vector of transmitted IR beam and an arbitrary side of the kaolinite crystal.

than for the dickite crystals. This presented a problem
in filling the aperture of the microscope completely
with the (001) face of the kaolinite crystal. Upon ro-
tation of the electric vector about the c¢’-axis, the in-
tensities of the 938-, 1030-, and 1116-cm~! bands
changed substantially, whereas the intensity of the 1005-
cm~! band decreased. The 794-cm~! band showed some
change in lineshape upon rotation of the electric vector
around the c'-axis.

DISCUSSION
Hydroxyl-stretching region

The space group of dickite is Cc, with the position
of the vacant octahedral site in dickite alternating be-
tween B and C sites in successive octahedral sheets, as
defined by Bailey (1963). This alternating pattern of
vacant sites results in the well-known 2-layer structure
(c = 14.389 A) and produces a glide plane, which is
absent in kaolinite. For dickite, the symmetry opera-
tion of the glide plane is a reflection in the 010 plane
followed by translation through half a lattice repeat.
This symmetry operation can be seen in the 001 pro-

jection of the inner OH groups of dickite, which shows
the alternating orientation of the OH groups with re-
spect to the b-axis in successive layers (Figure 8a).
Thus, the angle which the OH group makes with the
b-axis alternates between positive and negative values
similar to that found in the 2M, structure of micas
(Vedder and McDonald, 1963).
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For space group Cc, the dichroic ratio (Turrell, 1972)
is given by Eq. (1).

2mvC cos?0

=1 2mCsin®
c\/—e:

where 8 is defined as the angle between the transition
moment of the hydroxyl group and the crystallographic
b-axis, c is the speed of light, ¢ is the dielectric constant,
C is a constant, and v is the frequency of light. The
3623-cm™' band has been assigned to the inner hy-
droxyl OH, group located between the tetrahedral and
octahedral sheets. The experimentally determined di-
chroic ratio (I,/I,) of the inner hydroxyl 3623-cm™!
band of dickite is about 0.892, which corresponds to
a calculated angle of § = 47° using Eq. (1). For com-
parison, the published X-ray and neutron diffraction
angles of the orientation of the OH, group with the
b-axis are 25° and 31°, respectively (Table 1).

The intensity of the 3710-cm~! band is strongly at-
tenuated upon rotation of the electric vector away from
the b-axis. The experimentally determined dichroic ra-
tio (I/1,) for the 3710-cm~! band is about 6.27, which
corresponds to a calculated value of # = 22°, according
to Eq. (1). This angle is clearly within the range of
neutron- and X-ray-determined angles listed for the
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Figure 7. Polarized single-crystal Fourier-transform infrared
spectra of Keokuk kaolinite in 700-1300-cm-! region. Polar-
ization angles listed on right side of figure correspond to angle
between electric vector of transmitted IR beam and an ar-
bitrary side of the kaolinite crystal.

OH,; group (Table 1), which range between 5° and 25°,
The absorption band at 3710 cm™! appears to have at
least two bands which exhibit slightly different polar-
ization behavior. Apparently, the higher frequency
component centered at about 3710 cm~! is reduced in
intensity to a greater extent than the lower frequency
component centered at 3702 cm~! with the electric
vector parallel to the g-axis. On the basis of the ob-
served polarization behavior, we assign the OH, group
to the band at 3710 cm~!. Assignment of the lower
frequency band at 3702 cm™! is not currently known;
however, low-temperature IR studies of dickite have
shown clearly that at least two bands are present in
this region at 3711 and 3726 cm™! at 5 K (Prost et al.,
1987).

The remaining OH-stretching band at 3656 cm™! is
herein assigned to the OH, and OH, groups. Although
large variations exist for the neutron and X-ray dif-
fraction positions of the hydrogen atoms of dickite
(Table 1), the uncertainties in the positions of the non-
hydrogen atoms is much smaller. The average inter-
nuclear O---O distances and the Al-O-Al angles for
the inner-surface OH groups are presented below:
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Figure 8. 001 projections of inner OH groups of two layers
of (a) dickite and (b) kaolinite.

Group O---O distance (A)  Al-O-Al angle
OH, 2.936 107.5°
OH, 3.126 104.8°
OH, 2.955 107.7°

As these data indicate, the non-hydrogen atom dis-
tances and angles for the OH, and OH, groups are
similar to each other, which supports their assignment
to a common »(O-H) band. The shorter O---O dis-
tances for the OH, and OH, groups compared with
that for the OH, group is consistent with their assign-
ment to the lower frequency inner-surface »(O-H) band
(i.e., the 3656-cm~! band). The difference in frequency
between 3710 cm~! and 3656 cm~! presumably results
from stronger interlayer hydrogen bonding for the lat-
ter, as indicated by the smaller internuclear O---Q
distances.

Neither the position, bandwidth, nor integrated in-
tensity of the 3656-cm~* band was significantly per-
turbed by rotation of the electric vector around the
c-axis. Consequently, the calculated angle of the tran-
sition moment for OH, and OH, is 45° + 5° with
respect to the b-axis, which compares with neutron and
X-ray diffraction angles, which range between 9° and
88°. Although twinning should strongly influence the
experimentally determined dichroic ratio by limiting
the degree of attenuation, the degree of twinning in
dickite was assumed to be small on the basis of the
strong extinction of the 3710-3700-cm™! band. Thus,
the measured angle of 45° for OH, and OH, should be
reliable to within +5° Oriented thin-film IR absorp-
tion studies of dickite have shown that the 3656-cm-!
band displays the largest increase in intensity upon
rotation of the clay film away from normal incidence
(Prost et al., 1987). Normal incidence is defined here
as an angle of 90° between the direction of the IR beam
and the (001) face of the dickite particles. This increase
in the out-of-plane,,, intensity indicates that the OH
groups responsible for the 3656-cm~! band are oriented
nearly parallel to the c-axis. This suggested nearly-par-
allel orientation of the OH, and OH, groups qualita-
tively accounts for the smaller-than-expected relative
intensity of the 3656-cm™! band compared with the
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3623- and 3710-cm~! bands. The single-crystal IR
spectra obtained in this study were collected with the
IR beam incident normal to the (001) plane. Thus,
vibrational modes which have a transition moment
normal to the (001) face, such as the 3656-cm™! band,
should have had minimal intensity in this orientation,
due to limited overlap between the electric vector of
the incident beam and the transition moment of the
oscillator.

Kaolinite belongs to the space group C, and does
not possess the glide plane symmetry element that is
present in dickite. As a result, the orientation of the
OH groups in kaolinite does not change in successive
layers. This fact is illustrated clearly in the 001 pro-
jections of kaolinite and dickite shown in Figures 8a
and 8b. Thus, complete extinction of all of the OH-
stretching bands of kaolinite should have been ob-
served at angles at which the polarization of the electric
vector was perpendicular to the transition moment of
the particular OH-stretching mode. Complete extinc-
tion was not observed for any of the OH-stretching
bands, as shown in Figures 6a and 6b. One possible
explanation of this observation is the presence of a
kaolinite twin. Despite the fact that complete extinc-
tion was not achieved, the data are in qualitative agree-
ment with the expected change in polarization behav-
ior predicted by the fact that kaolinite does not possess
the glide plane present in dickite. The 3620-cm~! band
was considerably more polarized than the inner-OH
band at 3623 cm! of dickite. Greater polarization of
the inner OH-stretching band compared with the in-
ner-surface OH groups is also expected for kaolinite,
because the angle that this OH group makes with the
001 plane is considerably less than for the inner-surface
OH groups (Table 2). As the angle between the OH-
transition moment and 001 plane decreases, the over-
lap between the electric vector of the incident IR beam
and the transition moment of the OH group increases,
which provides for greater sensitivity to the direction
of the incident electric vector.

The intensity of the 3668-cm~' band was also influ-
enced strongly by the direction of the incident electric
vector. In comparison, the 3651- and 3696-cm~! bands
were not perturbed significantly. There is poor agree-
ment in the literature regarding the positions of the
hydrogen atoms of kaolinite (Table 2). Unfortunately,
the single-crystal FTIR data presented here for kaolin-
ite do not provide unambiguous information regarding
the assignment and orientation of the OH groups. The
crystallographic axes of kaolinite could not be deter-
mined in this study due to the small size of the kaolinite
crystals and the presence of kaolinite twins.

Framework vibrational modes

The 911- and 937-cm™! bands of dickite shown in
Figure 5 have been assigned previously as the inner
and inner-surface OH-deformation bands (Wada, 1967,
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Farmer, 1974). The increase in intensity of the 937-
cm~! band upon rotation of the electric vector towards
the b-axis is consistent with the observed increase in
intensity of the 3702-3710-cm~! band. Similar to the
behavior of the inner OH-stretching band at 3623 cm™!,
the corresponding deformation band did not change
significantly as a function of polarization. An addi-
tional band at 952 cm~!, which is presumably an inner-
surface OH-deformation band, appears to be more
strongly polarized along the b-axis.

For kaolinite, the intensities of the inner and inner-
surface OH-deformation bands at 910 and 938 cm™!
increased upon rotation of the electric vector from 0°
to 90°. The relative intensity change of the 938-cm™!
band was greater than that of the 910-cm~! band. These
changes correlate directly with the observed frequency
increase of the corresponding OH-stretching bands at
3620 and 3668 cm™!. The vibrational band that shows
the greatest degree of polarization in the low-frequency
spectra of kaolinite, however, was the 1116-cm~! band.
Farmer and Russell (1964) assigned this band to a
perpendicular Si—O-stretching mode. These data in-
dicate that the horizontal component of the transition
moment for this mode is aligned along the g-axis. For
kaolinite the crystallographic axes could not be un-
ambiguously assigned; thus, the angles listed in Figures
6a, 6b, and 7 are included as a means of comparison
of the relative intensity change upon rotation of the
electric vector around the ¢’ axis.

SUMMARY AND CONCLUSIONS

The polarized single-crystal FTIR spectra obtained
in this study provide new insight into the location of
the OH groups in kaolinite and dickite. For dickite,
the orientation of the crystallographic axes was un-
ambiguously determined, and a complete assignment
of the observed OH-stretching bands to the four OH
groups was established. The position and orientation
of the OH groups, determined using the measured di-
chroic ratios for the »(O-H) bands, is in reasonable
agreement with the available structural data for dickite.
The OH-deformation bands were not as well resolved
as the »(O-H) bands; however, the observed changes
in the »(O-H) region were also observed in this region.
The thickness of the dickite crystals resulted in slight
optical saturation in this region, preventing more quan-
titative analysis. In comparing the polarization behav-
ior of the »(O—H) bands of dickite with those of ka-
olinite, it was necessary to consider the different space
groups of these polymorphs. Dickite contains a glide
plane, which introduces a left- and right-handed char-
acter to the alternating layers. Consequently, the po-
larization behavior of the »(O-H) groups was quite
distinct from that of kaolinite, in which the glide plane
is absent. Unlike dickite, an unambiguous determi-
nation of the orientation of the crystallographic axes
for kaolinite was not possible due to the smaller size
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of the kaolinite crystals and to interferences resulting
from probable twinning. The observed polarization data
for kaolinite, however, are in qualitative agreement
with the change in space group from that of dickite
(Cc) to C,. Given the large uncertainties in the position
of the hydrogen atoms present in the published ka-
olinite and dickite structures, vibrational data should
probably be used to constrain the coordinates of the
hydroxyl groups in future X-ray and neutron diffrac-
tion refinements of dickite.
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