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ABSTRACT

The infrared (IR) spectra of small clusters of atoms ([MM'(OH)2] and [MM'(OH)2 (H2O)6], where
M, M' = Al3+, Mg2+, Fe2+, Fe3+) mimicking the environment of the OH group in dioctahedral
phyllosilicates have been modeled using ab initio quantum mechanical calculations. These model-
ing results are relevant to establishing the connections between IR spectra of phyllosilicates and
their composition, and to investigate the utility of quantum mechanical models for calculating IR
frequencies of minerals. This study focused on the OH stretch and in-plane bend fundamentals,
because they give rise to a combination band near 4545 cm–1 (2.2 mm) that can be observed in
imaging spectrometer or hyperspectral remote sensing data.

A comparison among results obtained using both ab initio [Hartree-Fock (HF) and Density Func-
tional Theory (DFT)], and semi-empirical [PM3(tm)] methods, showed that the DFT model ap-
proaches IR frequency experimental values most closely.

IR spectra of phyllosilicates were modeled using the DFT method. The modeled frequencies
were scaled using a mode-dependent linear transformation, and experimental frequencies were re-
produced satisfactorily. The modeling results show that most of the variability observed in the OH
in-plane bend fundamental of dioctahedral phyllosilicates can be explained by the effects of neigh-
boring octahedral cations alone. Discrepancies between modeling and experimental results in the
case of the OH stretch point to the existence of factors other than the nature of the neighboring
octahedral cations, such as tetrahedral substitution, affecting this fundamental mode.

INTRODUCTION

IR spectroscopy of the OH group in phyllosilicates

The importance of spectroscopic studies of the OH funda-
mental modes of vibration for the understanding of crystalline
structure and cationic composition of phyllosilicates was ap-
parent very early on. Works by Tsuboi (1950), Sutherland
(1955), Serratosa and Bradley (1958), Fripiat (1960), and
Vedder and McDonald (1963) focused on the relationship be-
tween infrared (IR) spectra and crystalline structure of
phyllosilicates, especially the OH orientation. Tuddenham and
Lyon (1960) in natural samples, and Śtubičan and Roy (1961)
in synthetic minerals, observed gradual changes in the posi-
tions of certain IR absorption bands in the spectra of
phyllosilicates with increasing cationic substitution. Jørgensen
(1964) argued that such changes were distinct steps rather than
gradual in nature.

In 1956 Beutelspacher correctly assigned the 925 cm–1 band
as an octahedral cation-OH bending vibration. Vedder and
McDonald (1963) refined that assignment, concluding that the
925 cm–1 band corresponded to the OH in-plane bend, d(OH).
These authors assigned the other two fundamentals involving

OH in micas: 3628 cm–1 for the stretch, n(OH), and 405 cm–1

for the out-of-plane OH bend, g(OH). Vedder and McDonald
(1963) also identified the combination of n(OH) and d(OH)
occurring near 4542 cm–1 (2.2 mm). Unlike the OH fundamen-
tals, the 2.2 mm combination band can be observed in reflected
imaging spectrometer or hyperspectral remote sensing data, as
it occurs in an atmospheric transmission window: a portion of
the electromagnetic spectrum in which the absorption of in-
coming solar irradiance by atmospheric gases is minimal.
Analysis of imaging spectrometer data can provide informa-
tion on cationic composition of phyllosilicates and other min-
erals in large natural systems.

Numerous empirical studies showing correlation between
the position of IR bands and composition of phyllosilicates fol-
lowed (Farmer 1974 and references therein; King and Clark
1989; Clark et al. 1990; Post and Noble 1993; Duke 1994;
Swayze 1997; Petit et al. 1999; Yang et al. 2001). Empirical
observations indicate a correlation between the location of OH-
related IR bands and cationic composition of the octahedral
sheet in phyllosilicates, but not causation.

Modeling of the IR spectra of minerals

Quantum mechanical models (Head-Gordon 1996) apply
the principles of quantum mechanics to calculating the static
and dynamic properties of molecules. This is achieved through
the analysis of the Born-Oppenheimer electronic Potential En-
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ergy Surface (PES) of the molecular system. For a molecule
with n atoms, the PES is a 3n-6 dimensional (3n-5 for linear
molecules) hypersurface representing the energy of the sys-
tem. The PES is calculated by approximately solving the
Schrödinger equation. From the PES, various properties can
be calculated, bond force constants among them. From bond
force constants, frequencies of interatomic vibrations can be
derived. Quantum mechanical models are considered ab initio
if they do not incorporate any parameters fit experimentally,
and semi-empirical otherwise.

The Hatree-Fock (HF) method (Hartree 1928a, 1928b; Fock
1930) is one of several ab initio methods utilized to solve the
Schrödinger equation, based on finding an approximation to
the exact wave function, a function of 3n variables, where n is
the number of electrons in the system. The HF approximation
does not include electron correlation effects. If these effects
are incorporated into the model, it becomes extremely com-
puting-intensive.

Density Functional Theory (DFT) is another ab initio method
with a different approach to solving the Schrödinger equation,
based on the fact that the total energy of an electron gas is a
unique functional of the electron density (Hohenberg and Kohn
1964; Kohn and Sham 1965), that is, a function of only three
variables. DFT methods account for electron correlation ef-
fects and are less computationally intensive than HF methods.

Semi-empirical calculations constitute a computationally
faster, quantum mechanical approach. To account for the ap-
proximations made with these methods, empirically derived
parameters are used. The accuracy of any semi-empirical
method is limited to the accuracy of the experimental data used
in obtaining the parameters (Stewart 1988).

Kubicki and co-workers (1993, 1995) carried out pioneer-
ing work on the prediction of IR spectra of minerals applying
HF calculations to aluminosilicate molecules to investigate re-
lationships between composition, structure, and IR vibrational
fundamentals of OH. In their studies they explored the effect
on the n(OH) frequency of substitution of tetrahedral Si4+ by
Al3+. They also explored the effects of substitution of OH–

groups by H– and F–. Sainz-Díaz et al. (2000) extended the work
done by Kubicki and co-workers by calculating n(OH), d(OH),
and g(OH) frequencies in an octahedral environment using the
HF method. They included in their calculations cationic sub-
stitution of Al3+ by Mg2+ and Fe3+.

In the present study, the IR spectra of small clusters of
atoms mimicking the environment of the OH group in
dioctahedral phyllosilicates have been modeled using DFT cal-
culations and are compared to experimental data to test the
hypothesis that the octahedral composition of phyllosilicates
drives the variability observed in OH-related vibrations.

METHODOLOGY

Accuracy evaluation of the computational methods

To evaluate the accuracy of several computational methods
available for the calculation of vibrational frequencies, quan-
tum mechanical calculations for prototypical metal hydroxides
in the gas phase were carried out and the results were com-
pared with experimental frequencies. The results determined

the computational method to be used when mimicking the en-
vironment of the OH group in dioctahedral phyllosilicates, and
consequently the size of the clusters to be modeled.

HF calculations were performed using the software
GAMESS (Schmidt et al. 1993). The program Cerius2-DMol3

(Accelrys, formerly Molecular Simulations Inc.) was utilized
for DFT calculations. Semi-empirical calculations were per-
formed with the software Spartan (Wavefunction, Inc.).

The following prototypical metal hydroxides were chosen
because they include the cations that most commonly populate
the octahedral sites in phyllosilicates: Al(OH), Mg(OH), and
Fe(OH)2. By studying these metal hydroxides, direct compari-
son between experimental and modeled frequencies on the same
molecule was achieved.

Experimental data and modeling results derived from high-
level HF ab initio calculations (which include electron correla-
tion effects and very complete basis sets) for these three metal
hydroxides in the gas phase were compiled from the literature
(Hauge et al. 1980; Kauffman et al. 1985; Vacek et al. 1993;
Pilgrim et al. 1993; Bunker et al. 1995; Kong and Boyd 1996).
These data were compared to non-scaled wavenumbers calcu-
lated in this study for the same metal hydroxides at the HF/6-
31G* (Hehre et al. 1972; Francl et al. 1982; Rassolov et al.
1998), HF/TZV (Dunning 1971; McLean and Chandler 1980;
Rappe et al. 1981), DFT/DND (Becke 1988, 1993; Clark et al.
1983), and semi-empirical MNDO/PM3(tm) (Thiel and Voityuk
1992) levels of theory. The experimental values and modeling
results for vibrational frequencies for the Al, Mg, and Fe2+ hy-
droxides are presented in Table 1.

This comparison shows that the DFT/DND method approxi-
mates experimental frequencies better than any of the other
methods tested. This is in agreement with findings from Koch
and Holthausen (2000). DFT accounting for electron correla-
tion effects may be one of the reasons for the better perfor-
mance of this method vs. HF, both when the latter uses the
6-31G* basis set and when it uses the more complete TZV ba-
sis set.

Wavenumbers calculated with the MNDO/PM3(tm) method
show an erratic trend when compared with experimental val-
ues, making this method the less desirable for frequency cal-
culation purposes. Semi-empirical methods have been reported
to approach vibrational frequencies of organic molecules to
within 10.4% (Healy and Holder 1993) or 9% (Holder and
Dennington 1997). The greater magnitude of the errors observed
when modeling these metal hydroxides may be traced to poorly
defined empirical parameters for atoms with larger atomic num-
bers (Fe, Mg, Al).

Description of the clusters modeled

The unit cell of a typical dioctahedral phyllosilicate such as
muscovite has 84 atoms. The size of this cluster ruled out the
use of ab initio quantum mechanical methods (HF or DFT)
with the resources presently available to the authors. There-
fore, a smaller cluster representative of the environment of the
OH group in dioctahedral phyllosilicates was defined. Frequen-
cies of the OH group in large systems have been successfully
approximated by modeling small clusters of atoms (Kubicki et
al. 1993, 1995; Sainz-Díaz et al. 2000).
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This study begins with modeling, at the DFT/DND level of
theory, the smallest significant molecular cluster allegedly re-
sponsible for the OH fundamental vibrations. This cluster, sub-
sequently named Small Dimer (Fig. 1a), consists of two
octahedral cations and two hydroxyl groups: [MM'(OH)2],
where the two octahedral cations may be Al3+, Mg2+, Fe2+, or
Fe3+, and M and M' may or may not be the same element. The
following Small Dimers were modeled: [Al2(OH)2]4+,
[Mg2(OH)2]2+, [Fe2(OH)2]2+, [Fe2(OH)2]4+, [AlMg(OH)2]3+,
[AlFe(OH)2]3+, [AlFe(OH)2]4+, [MgFe(OH)2]2+, [MgFe(OH)2]3+,
and [FeFe(OH)2]3+. Cartesian coordinates of the atoms included
in this cluster were obtained from single crystal X-ray diffrac-
tion data of muscovite (Rothbauer 1971).

The Dimer cluster (Fig. 1b) evolved from the Small Dimer
by adding water molecules coordinated to the MM' cations, to
increase the surrounding electron-density. The following Dimers
were modeled: [Al2(OH)2(H2O)8]4+, [AlMg(OH)2(H2O)8]3+,
[Mg2(OH)2(H2O)8]2+, [AlFe(OH)2(H2O)8]3+, [Fe2(OH)2(H2O)8]2+,
[Fe2(OH)2(H2O)8]3+, [AlFe(OH)2(H2O)8]4+, [Fe2(OH)2(H2O)8]4+,
[MgFe(OH)2(H2O)8]3+, and [MgFe(OH)2(H2O)8]2+.

The effect on the OH fundamentals of having electrically
charged clusters was analyzed by comparing n(OH) of neutral and
close-to-neutral Dimers of the form [MM'(OH)6(H2O)4], (starting
coordinates from Kubicki, personal communication), to n(OH) of
the equivalent Dimers of the form [MM'(OH)2(H2O)8]. The re-
sults1 showed a strong, significant linear correlation (R2 = 0.94)
between both data sets. We conclude that the charge of the clus-
ters affects the absolute values of the OH frequencies consistently,
and therefore the trend among the clusters is preserved.

The spin state of Fe complexes

Theoretically derived crystal field splitting and electron
pairing energies calculated for Fe2+ and Fe3+ in hexa-aqua en-
vironments (i.e., [Fe(H2O)6]2,3+), indicate that the high-spin con-
figuration is the most stable, since the electron pairing energies
are larger than the crystal field splitting energies (Cotton and
Wilkinson 1976). The same authors report experimental obser-

vations confirming this point. Also, ab initio calculations per-
formed by Zwaans et al. (1996) on transition metal compounds
(including Fe), confirm that high-spin configurations are the
most stable. This is contrary to the approach taken by Sainz-
Díaz and co-authors (2000), who considered Fe3+ in octahedral
coordination to be in its low-spin configuration.

DFT calculations performed in this study for the Small
Dimer [MgFe(OH)2]3+, with high and low-spin Fe, show that
the high-spin configuration is the most stable, and that the spin
configuration has a strong effect on the vibrational frequen-
cies. The non-scaled calculated n(OH) and d(OH) wavenumbers
are 2693 and 1160 cm–1, respectively, for the low-spin con-
figuration, and 2816 and 1111 cm–1 for the high-spin. Consid-
ering low-spin instead of high-spin produces differences in the
calculated wavenumbers in the same order of magnitude as
those caused by different octahedral cationic occupancy. In this
study, Fe, both in its ferrous and ferric state, was considered to
be in its high-spin configuration.

TABLE 1. Comparison between experimental and modeled wavenumbers (in cm–1) of the gas phase Al(OH), Mg(OH), and Fe(OH)2 metal
hydroxides

HF/6-31G* HF/TZV DFT/DND PM3(tm) High-level HF Experiment
Al(OH) Bend 111 463 134 356 155 * -

Al-OH stretch 893 844 822 938 845 * 810.30 †, 895.00 ‡
AlO-H stretch 4268 4261 3764 4135 4017 * 3790.00 †

Mg(OH) Bend 141 504 377 1005 516 § –
Mg-OH stretch 797 783 709 1131 676 § –
MgO-H stretch 4285 4253 3782 3929 4012 § 3214.00 ||

Fe(OH)2 Bend 400–489 417 466–524 1037–1086 – –
Fe-OH stretch 676–725 644–768 701–849 914–925 – 735.50 #
FeO-H stretch 4088–4132 4158–4203 3706–3714 3663–3665 – –

* Vacek et al. 1993.
† Hauge et al. 1980.
‡ Pilgrim et al. 1993.
§ Kong and Boyd 1996.
|| Bunker et al. 1995.
# Kauffman et al. 1985.

1 n[MM'(OH)6(H2O)4] for MM' = (AlAl), (MgMg), and (AlFe3+)
are (3693, 3645), (3759, 3745) and (3596, 3595) cm–1, respec-
tively. n[MM'(OH)2(H2O)8] for the same cationic groups are
(3638, 3633), (3744, 3735), and (3597, 3590, 3585, 3579) cm–1,
respectively.

FIGURE 1. Starting structure of the Small Dimer (a) and Dimer (b)
clusters. Open circles = octahedral cations; gray circles = O atoms,
black circles = hydrogen atoms.
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Experimental IR data

IR transmittance spectra of 42 samples of muscovite, illite,
and interlayered illite/smectite were acquired using a Nicolet
Magna 760 FTIR (Fourier Transform Infrared) spectrophotom-
eter, for analysis of OH-related fundamental modes of vibra-
tion. Despite differences in their crystal chemistry, layer charge,
and vacant sites distribution, the OH groups in muscovite, il-
lite, smectites, and other dioctahedral phyllosilicates are situ-
ated in basically analogous local structural environments.
Therefore, their d(OH) and n(OH) fundamentals are to a large
extent comparable. The transmittance spectra of pellets con-
sisting of finely grained sample in a dried KBr matrix were
acquired between 10 000 and 650 cm–1, accumulating 200 scans
at 4 cm–1 spectral resolution. The spectral sampling interval
was 1.93 cm–1, and the wavenumber accuracy 0.1 cm–1, approxi-
mately.

Geochemical compositions for 36 of these samples were
compiled from the literature (Gaudette et al. 1964; Hower and
Mowatt 1966; Lin and Clemency 1981; Eberl et al. 1987; Post
1988; Post and Austin 1993; Post personal communication).
Their octahedral compositions (available on request) were then
calculated from the major element analyses, following the pro-
cedure devised by Ross and Hendricks (1945), based on a for-
mula unit with 11 O atoms. Because compositions had been
obtained in most cases using X-ray fluorescence analysis, dif-
ferentiation between Fe2+ and Fe3+ was not possible. In this situ-
ation it is common practice to consider all the iron in its oxidized
state. According to their composition, the following octahedral
cation groups are the most common in our samples: Al2, AlMg,
and AlFe3+.

Experimental IR data of other phyllosilicate samples, en-
compassing a wider variety of octahedral compositions, were
compiled from the literature (Farmer 1974; Besson and Drits
1997; Cuadros and Altaner 1998; Redhammer et al. 2000).
Common octahedral cation groups in these samples are Al2,
AlMg, AlFe3+, Mg2, Fe3+

2, and MgFe3+. The range of octahedral
compositions covered by some of the samples included in this
study is represented in Figure 2.

Assignment of the OH fundamentals identified in our
samples (Table 2) was performed using fingerprinting tech-
niques and by comparison to previous band assignments from
the literature. OH fundamentals occur in the limbs of very strong
absorption bands, such as the Si-O-Si stretch and the H2O stretch
(Fig. 3). This results in apparent shifts in the location of the
OH fundamental band centers. In this study, location of the
true band centers of the d(OH) fundamentals was done by vi-
sual inspection of continuum-removed spectra. The spectra were
divided by the convex hull connecting the local minimum (970
cm–1) and maximum (808 cm–1) of the larger absorption band
on which the OH fundamental was superimposed. Bands for
the same cationic environment were found to occur in a very
restricted margin of wave numbers, usually within ±2 cm–1

around the mean. The continuum removal technique proved to
be insufficient for the analysis of the n(OH) bands, due to their
complexity. In this case, spectral decomposition was performed
using the software DecompIR (Lanson, personal communica-
tion), following the procedure described in Besson and Drits
(1997). The variability observed in the band position was

slightly larger in this case (approximately ±4 cm–1 around the
mean), similar to that reported by Besson and Drits (1997) (3
cm–1 around the mean in a total of 23 samples), and contrasting
with data from Redhammer et al. (2000) (up to 11 cm–1 from
the mean in 9 samples). As has been previously discussed in
the literature, deconvolution results are not unique (Scheinost
et al. 1999). In fact, the deconvolution results in this study were
found to be slightly dependent on starting conditions.

RESULTS AND DISCUSSION

IR bands assignment

The d(OH) and n(OH) fundamentals in the most common
dioctahedral environments, as described in the literature, are
shown in Figure 3. The most intense bands present in the OH
bend region are two Si-O-Si asymmetric stretch bands
(Salisbury et al. 1991) located at 1030–1090 cm–1. Other Si-
related bands in this region have been located at 796, 777, and
694 cm–1. They correspond to Si-O-Si symmetric stretch modes
(Salisbury et al. 1991). The fact that these features are present
even in totally monomineralic samples, indicates that these
bands may correspond to stretching motions in the tetrahedral
sheet of the samples studied, although in some cases they may
also be due to quartz impurities. Another band at 750 cm–1 ap-
pears consistently, even in samples with no accessory miner-
als. This band was interpreted as an Al-O-Si in plane-vibration
by Farmer (1974) and by Cuadros and Altaner (1998).

In the 3615–3670 cm–1 range, several n(Al2OH) modes have
been previously identified (Saksena 1964; Vedder 1964; Farmer

FIGURE 2. Octahedral cationic composition of some of the
phyllosilicate samples included in this study. Circles correspond to illite
and muscovite samples whose IR spectra were acquired as part of this
study. Asterisks correspond to mineral data compiled by Besson and
Drits (1997).
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1974; Slonimskaya et al. 1986; Besson and Drits 1997). Saksena
(1964) proposed OH located in different crystallographic sites
of the unit cell and lack of perfect crystallinity as the causes for
multiple n(Al2OH) bands in muscovite. Three of these bands are
commonly present in the deconvolution results of our samples
at 3625, 3643, and 3657 cm–1, in agreement with assignments by
Besson and Drits (1997) at 3621, 3641, and 3658 cm–1.

In spectra of our samples containing octahedral Mg, bands
at 3607 and 3582 cm–1 occur. Besson and Drits (1997) assigned
these bands to n(AlMgOH) (3604 cm–1) and n( Mg2OH) (3583

cm–1), respectively.
Spectral decomposition of our samples containing octahe-

dral Fe, show a broad and less distinct n(OH) band occurring
near 3550 cm–1. Because of its lack of definition, we could not
locate this band satisfactorily. There is no general agreement
in the assignments of Fe-related n(OH) bands in the literature.
Besson and Drits (1997) proposed the following sequence of
wavenumbers: 3559 (Fe2+Al), 3573 (Fe3+Al), 3505 (Fe2+Fe3+),
and 3535 cm–1 (Fe3+

2 ). Redhammer et al. (2000) gave another
interpretation for synthetic trioctahedral micas with octahedral

TABLE 2. Assignments of OH bands (in cm–1) obtained in this study from visual inspection of continuum removed spectra [d(MM'OH)
modes], and from spectral deconvolution [n(MM'OH) modes]

Sample d(MM'OH) n(MM'OH)
Al2 Al2 AlFe3+ AlMg Al2 Al2 Al2 AlMg Mg2

BVC96001_1 (939) 916 875.5 829 3664 3639 3620 – 3583
BVC96002 – 914 877 – – – 3627 – –
CHP94006 (939) 912 (875) 829 – 3637 3623 – –
CHV96001_1 (935) 912 – 827 3650 – 3622 – –
Guatemala (931) 906 (879) 823 – 3639 3616 – 3589
Ruby (931) 910 (875.5) 831 3652 3643 3631 3610 –

3664 3620
M. Gulch (929.5) 914 (879) 827 3656 3643 3627 3612 3593
Tanzania – 910 879 825 3653 3637 3624 3606 3591
Isinglass (939) 914 879 829 3658 3649 3627 3602 –
Capitan (929.5) 912 879 825 – – 3626 – 3593
M. Alamo (935) 914 879 829 3656 3645 3629 – 3598

3618
Pegma – (924) (877) 829 3655 3640 3626 3610 –

3665
Empire (935) (914) (877) 829 3662 3649 3623 – –

3635
Miller-Walters I (935) 912 (875) 829 3662 3647 3623 3604 –
Tip Top (933) 914 875.5 829 3664 – 3627 – –

3650
LCHP-E21-CH20 (933) 912 (875.5) 829 3662 3633 3622 – –
LCHP-E66-ST1 (933) 912 (875.5) 829 3658 – 3631 – –

3614
LCR017_3 (939) (916) (877) 829 – – 3631 – –

3622
SG4_3 939 914 (877) 837 3654 – 3626 – –
AR1 (937–933) 910 – 829 3654 – 3629 3610 –
Miller-Walters II (933) 916 (875) 829 3662 – 3627 3612 –
Miller-Walters III (933) 912 (875) 829 3662 3647 3626 3606 –
Phillips (933) 914 (875) 829 3666 3643 3631 – –

3656 3618
Occidental 935 912 (875–872) 829 – – 3631 – –
IMT-1 – 910 875.5 829 3660 3645 3629 3608 3587
LF7 (933) 914 875.5 829 3653 – 3626 – 3570
RM11 (933) 916 873 829 3662 3647 3625 – 3579
RM21 (935) 914 875.5 829 3658 3645 3631 3604 3571

3620
RM22 (937) 916 873.6 829 3658 – 3627 – 3568
RM3 – 910 (875.5) 829 – 3645 3627 3610 3579
RM30 (935) 914 (875.5) 829 3668 3645 3622 – –

3658
RM31 (935) 912 (877) 827 – 3649 3622 – –
RM35A (937) 914 877 829 3658 3643 3624 – 3573
RM4 (935) 912 879 829 – – 3627 – –
RM6 (937–933) 914 (877) 829 – – 3626 – 3567
RM8 (933) 916 (875.5) 827 3658 3645 3622 3606 3581

3635
Fithian – 912 875.5 (829) 3656 3647 3620 3600 3583

3635
Marblehead – 912 879 834 – – 3649 3610 3583

3631 3604
RM35C (935) 914 875.5 829 3653 – 3626 – –
RM35D (935) 914 876 829 3653 – 3629 3612 –
SG1 (933) 914 877 831 3653 – 3629 – –
Silverhill – 911 875.5 829 – – 3627 – –

Average 935 913 876 829 3657 3643 3625 3607 3581
Std. Deviation 2.6 2.7 1.6 2.1 3.9 4.4 3.2 3.8 9.5
Note: Location of less defined bands are shown in parenthesis.
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vacancies: 3600 (Fe2+Al), 3579 (Fe3+Al), 3542 (Fe2+Fe3+), and
3521 cm–1 (Fe3+

2 ).
The n(OH) bands described so far have been identified by

Besson and Drits (1997) as corresponding to OH in mica-like
local environments, that is, environments with a layer charge
due to octahedral and/or tetrahedral cationic substitutions.
n(OH) bands in pyrophyllite-like local environments (without
layer charge due to lack of octahedral and/or tetrahedral sub-
stitutions) have been also described (Besson et al. 1987; Petit
et al. 1995; Besson and Drits 1997). According to Besson and
Drits (1997), pyrophyllite-like Al2, AlFe3+, and Fe3+

2 n(OH)
bands occur at 3675, 3652, and 3631 cm–1, respectively. No
pyrophyllite-like bands have been identified in our samples.

A well-developed band at 913 cm–1 is present in all our
samples, as well as a less-developed band at 935 cm–1, regard-
less of octahedral composition. We assign them to d(Al2OH)
modes, in agreement with Farmer (1974), who found this mode
in the 915–950 cm–1 range in all dioctahedral species. Petit (per-
sonal communication) assigned d(Al2OH) bands with larger d
wavenumbers (near 940 cm–1) to species with mainly tetrahe-
dral charge (e.g., beidellite, muscovite), and bands near 920
cm–1 to species with predominant octahedral charge (e.g., mont-
morillonite, phengite).

Finally, we assign the band located at 829 cm–1 in our
samples to the d(AlMgOH) mode, and the band located at 876
cm–1 to the d(AlFe3+OH) mode. Farmer (1974) identified these
bands at 840 and 890 cm–1 respectively in both celadonites and
montmorillonites. Cuadros and Altaner (1998) distinguished
between a n(AlMgOH) mode at 820 cm–1 in illite and musco-
vite and another n(AlMgOH) mode at 845 cm–1 in smectites.

The assignments of experimental frequencies proposed in
this study, as well as assignments compiled from the literature,
are summarized in Table 3.

Scaling of the frequencies modeled

Non-scaled vibrational frequencies calculated at the DFT/
DND level of theory for n(OH) and d(OH) in different
dioctahedral environments are listed in Table 4.

Ab initio harmonic vibrational frequencies are typically
larger than the fundamentals observed experimentally (Hehre
et al. 1986). The major sources for this disagreement are the
neglect of anharmonicity effects in the theoretical treatment,
incomplete incorporation of electron correlation, and the use
of finite basis sets (Scott and Radom 1996).

Scott and Radom (1996) proposed computational method-
dependent scaling factors suitable for frequency scaling. These
scaling factors are independent of the vibrational modes and
molecules considered. The most successful computational meth-
ods require scaling factors close to one.

Another approach to frequency scaling consists of using
different scaling factors for different vibrational modes
(Grunenberg and Herges 1997). According to these authors,
the same scaling factor will not apply to all types of vibration.
If electron correlation is not adequately considered, force con-
stants theoretically derived may be overestimated, and more
importantly, this will not be a systematic effect, but will de-
pend on the nature of the bond. This technique requires the
analysis of a set of molecules with similar bonds, and, there-

FIGURE 3. FTIR spectra of selected illite samples showing d(OH)
(a), n(OH) (b), as well as other fundamentals, as assigned in the
literature.

TABLE 3. Experimental wavenumbers (in cm–1) of OH in phyllo-
silicates

Octahedral n(OH)  d(OH)
Composition
Al2 3621*, 3641*, 3658 *, 3675 †, 915 ‡, 950 ‡, 915 §,

3625 ||, 3643 ||, 3657 || 913 ||, 935 ||
Al Mg 3604 *, 3607 || 840 ‡, 820 §, 845 §,

829 ||
Mg2 3583 *, 3581 || –
AlFe3+ 3573 *, 3652 †, 3579 # 890 ‡, 875 §, 876 ||
Al Fe2+ 3559 *, 3600 # –
Mg Fe3+ 3559 * 800 ‡, 780 §
Mg Fe2+ 3543 * –
Fe3+

2 3535 *, 3521 #, 3631 † 818 ‡, 797 §
Fe2+ Fe3+ 3521 *, 3542 # 800 ‡
Fe2+

2 3505 * –
* Besson and Drits (1997) on muscovite-like dioctahedral phyllosilicates.
† Besson and Drits (1997) on pyrophyllite-like dioctahedral phyllosilicates.
‡ Farmer (1974) on dioctahedral phyllosilicates.
§ Cuadros and Altaner (1998) on dioctahedral phyllosilicates.
|| this study on dioctahedral phyllosilicates.
# Redhammer et al. (2000) on synthetic trioctahedral micas with octahe-
dral vacancies.

TABLE 4. Non-scaled wavenumbers (in cm–1) calculated at the
DFT/DND level of theory for OH in various dioctahedral
environments

Dioctahedral Small Dimers Dimers Small Dimers Dimers
Environment d(OH) d(OH) n(OH) n(OH)
Al2 1182 1069 2914 3638
Al Fe3+ 1111 954 2816 3597
Al Mg 1058 914 3337 3734
Fe3+

2 1047 1007 2716 3518
Fe3+ Mg 993 968 3216 3648
Mg2 947 872 3641 3744
Fe2+Fe3+ 1011 942 3094 3595
Al Fe2+ 1029 980 3244 3691
Fe2+

2 839 846 3418 3607
Mg Fe2+ 931 946 3543 3684
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fore, similar vibration modes. Then each vibration mode is stud-
ied across the set of molecules, compared to experimental fre-
quencies, and a vibration-specific scaling factor is derived.

Examination of plots showing experimental and modeled
data (Fig. 4) indicates that a linear regression can fit both sets
better than a scaling factor alone. This way it is possible to
account for slope and offset differences between modeling re-
sults and experimental data. In this study, to scale the
wavenumbers modeled, we applied a linear transformation cal-
culated by linear regression between the modeled and experi-
mental data. Calculated d(OH) wavenumbers were scaled

respect to the experimental frequencies published by Farmer
(1974). The n(OH) wavenumbers were scaled by comparison
to experimental frequencies published by Besson and Drits
(1997) for pyrophyllite-like environments, since these, like our
clusters, are not affected by tetrahedral substitutions. The pa-
rameters of these linear transformations and R2 values can be
found in Table 5.

Comparison between modeling results and experimental
data

Scaled wavenumbers calculated in this study for the Small
Dimer and Dimer clusters and experimental values correspond-
ing to dioctahedral phyllosilicates of diverse octahedral com-
position are shown in Figure 5. Scaled wavenumbers calculated
by Sainz-Díaz et al. (2000) at the HF-LANL2DZ level of theory
are also included for reference.

The d(OH) frequencies calculated in this study are in ex-
cellent agreement with experimental data reported by Farmer
(1974) (Fig. 5a). The relative trend among experimental fre-
quencies corresponding to different cationic environments of
the OH is best preserved for the Small Dimers. The mean dif-
ference between scaled wavenumbers and experimental results
is 8 cm–1 for the Small Dimers and 30 cm–1 for the Dimers. The
differences between experimental and modeled wavenumbers
for the Small Dimer clusters are the same order of magnitude
as the differences between wavenumbers in different experi-
mental sets (see Table 3), and could be explained by lack of
exactness of the DFT functional used, errors introduced by the
scaling, and variability in the mineral samples.

Certain d(OH) frequencies that have not previously been
identified experimentally in dioctahedral phyllosilicates were
predicted by our calculations: 820 cm–1 for AlFe2+, 691 cm–1

for Fe2+
2, 754 cm–1 for MgFe2+, and 765 cm–1 for Mg2. The rea-

sons why these frequencies have never been identified experi-
mentally may be because octahedral occupancy by divalent
cations is not common in dioctahedral phyllosilicates, and be-
cause other absorption bands, such as the symmetric Si-O-Si
stretch, would mask these low-intensity bands.

We conclude that most of the variability observed in the
d(OH) frequencies of dioctahedral phyllosilicates can be ex-
plained by the nature of the neighboring octahedral cations
alone. This finding confirms Farmer’s (1974) and Sainz-Díaz
et al.’s (2000) observations.

Figure 5b shows n(OH) wavenumbers calculated in this
study vs. experimental data for dioctahedral phyllosilicates
published by Besson and Drits (1997). In this instance the
wavenumbers calculated for the Dimer clusters are closer to
experimental values than those calculated for the Small Dimers.
The experimental n(OH) data for muscovite-like environments
and the modeling results for the Dimers follow parallel trends,
but the experimental n(OH) wavenumbers for mica-like envi-

FIGURE 4. Experimental d(OH) vibrational wavenumbers (compiled
from Farmer 1974, numerical values shown in Table 3) vs. (a) non-
scaled and (b) scaled wavenumbers calculated for the Small Dimer
models. Hollow circles correspond to d(OH) fundamentals in octahedral
environments that have not previously been described in the literature.

TABLE 5. Parameters for the linear regressions y = ax + b applied
to scale the modeled wavenumbers, and R 2 values

OH vibration  Cluster  a  b  R 2

d(OH) Small Dimers 0.6778  120.69  0.9536
d(OH) Dimers 0.4539 400.94 0.2675
n(OH) Small Dimers 0.2222 3027.2 0.999
n(OH) Dimers 0.3531 2387 0.9577
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ronments are consistently smaller than those predicted for py-
rophyllite-like environments. The offset between them indi-
cates the existence of other factors, besides the nature of the
octahedral cations, governing the n(OH) frequencies in
dioctahedral environments. Negative charges due to cationic
substitutions in the tetrahedral sheet could produce this offset,
by making the OH bond grow longer and weaker, and conse-
quently lowering its stretching frequency. The effect of charge
(due to tetrahedral substitution) on the n(OH) is substantial,
and can be estimated to be on the order of 50 to 150 cm–1.

ACKNOWLEDGMENTS

S.M.A. thanks the following institutions for their financial support: the
Department of Geological Sciences and the Graduate School at CU Boulder,
AAUW, GSA, CMS, AFMS, and CIRES. S.M.A. and J.R.R. also acknowledge
support from the W. R. Wiley Environmental Molecular Sciences Laboratory.
Thanks to B. Lanson for making his spectral decomposition software available
for this study, and to D. Eberl, G. Swayze, and J. Post for interesting discus-
sions and for facilitating access to their mineral collections. Thanks also to G.
Swayze for introducing S.M.A. to FTIR spectra acquisition. We thank M.F.
Brigatti, S. Petit, R. Frost, and an anonymous reviewer for their helpful com-
ments. FTIR spectra were acquired in the USGS Spectroscopy Laboratory in
Denver. Basis set 6-31G* for Fe was obtained from the Extensible Computa-
tional Chemistry Environment Basis Set Database, Version 1.0, as developed
and distributed by the Molecular Science Computing Facility, EMSL, which is
part of the PNNL, and funded by the U.S. DOE. The PNNL is a multi-program
laboratory operated by Battelle Memorial Institute for the U.S. DOE under con-
tract DE-AC06-76RLO 1830.

REFERENCES CITED

Becke, A.D. (1988) Density-functional exchange-energy approximation with cor-
rect asymptotic-behavior. Physical Review A, 38, 3098–3100.

———(1993) Density-functional thermochemistry. 3. The role of exact exchange.
Journal of Chemical Physics, 98, 5648–5652.

Besson, G. and Drits, V.A. (1997) Refined relationships between chemical compo-
sition of dioctahedral fine-grained mica minerals and their infrared spectra within
the OH stretching region. Part I: identification of the OH stretching bands. Clays
and Clay Minerals, 45, 58–169.

Besson, G., Drits, V.A., Daynyak, L.G., and Smoliar, B.B. (1987) Analysis of cation
distribution in dioctahedral micaceous minerals on the basis of IR spectroscopy
data. Clay Minerals, 22, 465–478.

Beutelspacher, H. (1956) Agricultural research. Special edition, 7, 74–79 (in Ger-
man) (not seen; extracted from The American Mineralogist, 49, 736, 1964).

Bunker, P.R., Kolbuszewski, M., Jensen P., Brumm, M., Anderson, M.A., Barclay,
W.L., Ziurys, L.M., Ni, Y., and Harris, D.O. (1995) New rovibrational data for
MgOH and MgOD and the internuclear potential function of the ground elec-
tronic state. Chemical Physics Letters, 239, 217–222.

Clark, R.N., King, T.V.V., Klejwa, M., and Swayze, G.A. (1990) High spectral reso-
lution reflectance spectroscopy of minerals. Journal of Geophysical Research,
95, 12,653–12,680.

Clark, T., Chandrasekhar, J., Spitznagel, G.W., and Schleyer, P. von R. (1983) Effi-
cient diffuse function-augmented basis-sets for anion calculations. 3. The 3-21
+G basis set for first-row elements, Li-F. Journal of Computational Chemistry,
4, 294–301.

Cotton, F.A. and Wilkinson, G. (1976) Basic inorganic chemistry, 579 p. Wiley,
New York.

Cuadros, J. and Altaner, S.P. (1998) Compositional and structural features of the
octahedral sheet in mixed-layer illite/smectite from bentonites. European Jour-
nal of Mineralogy, 10, 111–124.

Duke, E.F. (1994) Near infrared spectra of muscovite, Tschermak substitution, and
metamorphic reaction progress: Implications for remote sensing. Geology, 22,
621–624.

Dunning, T.H. (1971) Gaussian basis functions for use in molecular calculations.
III. Contraction of (10s6p) atomic basis sets for the first-row atoms. Journal of
Chemical Physics, 55, 716.
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