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ABSTRACT

Inelastic neutron scattering (INS) was used to study dynamics of the hydrogen atoms in natural 2M,
muscovite in the 150-1200 cm™ energy range. The resultant INS spectra are interpreted by means of
solid-state density functional theory calculations covering both normal mode analysis and molecular
dynamics. While signatures of the Al-O-H bending modes were found over the whole energy transfer
range, the dominant contributions were observed between 800—-1000 cm™. The modes assigned to
the in-plane movements of the respective hydrogen atoms are well defined and always appear at high
energies. In contrast, the modes corresponding to the out-of-plane movements are spread over large
energy transfer ranges, extending down to the region of external (lattice) modes. The positions of the
high-energy modes contributing to the INS band at ~907 cm™ depend on the distance of respective
hydrogen atoms to the nearest oxygen atom of the basal net and its polarity.
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INTRODUCTION

To elucidate proton dynamics in the 2:1 sheet silicates, we
have carried out a combined inelastic neutron scattering and
solid-state computational study of the dynamics of the hydrogen
atoms in muscovite, a dioctahedral 2:1 mica. Protons in micas
occupy unique positions, because in the structures of these
minerals there are no hydrogen bonds of appreciable strengths,
which could significantly confine proton motions. The character
of their movements manifested by the corresponding vibrational
modes thus reflects, in addition to the bond bending modes, the
dynamics of the deformational changes of the polyhedra form-
ing the 2:1 layer as well as the mutual movements of entire 2:1
mica layers. Furthermore, the movements of protons can be
influenced by inhomogeneities in their surroundings originating
mainly from the chemical variability in the cation positions of
the constituting polyhedra. Therefore, the protons can help reveal
some fine structural details.

The comprehensive review of Beran (2002) shows that
considerable effort has been invested in studying the proton
dynamics in micas by conventional IR or Raman spectroscopy,
especially within the energy transfer region ~3000-3600 cm'.
This region is the home to the OH stretching modes, which
appear uncontaminated by any other vibrational modes. Their
unique positions facilitate their mesurement, making them a
subject of numerous studies. On the other hand, the region of
X-O-H (X being Al, Mg, Fe, etc.) deformation modes (<1500
cm™) is only rarely examined in the context of proton dynam-
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ics because the contributions of the proton containing groups
to the optical vibrational spectra are masked by much stronger
contributions arising from the motions of heavier atoms (Farmer
and Russell 1964).

The use of INS to study proton dynamics has several advan-
tages over the well-established IR or Raman spectroscopy. In
particular, hydrogen has by far the largest incoherent neutron
scattering cross-section of all elements and thus the signatures
of hydrogen motions are the most prominent features of any INS
measurement. Furthermore, for INS there are no selection rules
that cause several modes to be absent (Dove 2002; Chaplot et al.
2002; Mitchell et al. 2005). Finally, the measured INS intensities
are directly proportional to the mean square displacements of
the hydrogen atoms in the corresponding modes. Therefore, the
standard methods of normal modes analysis (NMA) or Fourier
transform power spectra of individual velocity autocorrelation
functions obtained by molecular dynamics simulations can be
used to model the measurements. The power of the INS as a
probe of hydrogen atoms dynamics can be further enhanced
by combining it with the predictive capabilities of theoretical
methods, in particular of modern solid-state density functional
theory (DFT) calculations.

We have recently applied this approach successfully in the
INS/DFT studies of hydrogen atoms dynamics in kaolinite-
DMSO intercalate and in a highly ordered kaolinite (Smrcok et
al. 2010a, 2010b), where not only detailed assignments of the
individual vibrational modes were presented, but where also the
influence of O-H---O hydrogen bonds on the interlayer proton
dynamics was documented. An interesting result of both studies
was that the modes generated by the protons positioned inside
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the kaolinite 1:1 layer (intralayer) mirror various deformations
of the polyhedra and also of the entire layer. However, due to
heavy overlaps of the individual contributions in the energy
region below ~700 cm™, full separation of the contributions of
the hydrogen atoms involved in the interlayer hydrogen bonds
from the contributions generated by the intralayer protons is
not possible.

In contrast to 1:1 sheet silicates, all protons in micas are
intralayer and provide thus a unique chance for a thorough
analysis of the dynamics of the silicate 2:1 layer. The aim of this
study is the basic interpretation of the vibrational INS spectrum
of a dioctahedral 2M, polytype of muscovite within the low and
middle energy transfer range. The main purpose of our investi-
gation is to describe the dynamics of the hydrogen atoms in the
muscovite structure and to relate the information obtained by
vibrational spectroscopy to the crystal structure. The study is a
part of our investigation of proton dynamics in sheet silicates
by INS vibrational spectroscopy and the theoretical calculations
in the solid state (Scholtzova and Smréok 2009; Smréok et al.
2010a, 2010b).

The main computational apparatus employed is the solid-
state theoretical calculation at DFT level of theory inasmuch as
it offers both local and global structural information. The tools
used in the analysis, i.e., partial vibrational densities of states
(PVDOS) of the hydrogen atoms, were obtained both within
the harmonic approximation (“normal mode analysis,” NMA)
as well as by molecular dynamics calculations that go beyond
the limits of harmonic approximation. Although the intensities
of such calculated spectra are not entirely equivalent to those
obtained by INS, they provide unique insight into the nature of
individual vibrational processes.

EXPERIMENTAL AND CALCULATION

Our study required a sample that crystallized at a relatively low temperature to
minimize the solid solutions and thus we opted for a muscovite from a pegmatite.
Such a mica should exhibit a very limited solid solution toward paragonite or
the celadonites. The muscovite used comes from a pegmatite on Fu¢na hill near
Otov, Czech Republic. It was collected in 1961, when the pegmatite was mined for
feldspar. (For a list of minerals reported from the locality see Kratochvil 1962, p.
70-72.) Such muscovite occurs in large crystals that are free from heterogeneous
impurities. For the studied sample, one such book of muscovite was cut with scis-
sors and then milled, under ethyl alcohol, in a Fritsch agate ball mill at maximum
speed for 10 min. Because there is no published chemical analysis of muscovite
from Otov, elemental analysis was carried out by energy dispersive X-ray analysis
(EDX) using a Carl Zeiss EVO40HYV scanning electron microscope (SEM), with
an accelerating voltage of 20 kV. Depending on the valence of iron, two slightly
different chemical formulas can be calculated (Table 1). In terms of their mgli and
feal coordinates (Tischendorf et al. 2004), both plot in the field of most frequent
muscovite compositions (Tischendorf et al. 2007, Fig. 1 therein) and close to the
muscovite end-member formula. Thus, this muscovite sample is sufficiently pure
for this study.

The lattice parameters of the muscovite were refined by the LeBail technique
as implemented in the FullProf code (Rodriguez-Carvajal 1993) using a diffraction
pattern taken with a Stoe Stadi P transmission diffractometer with strictly mono-
chromatic CoKa, radiation (Fig. 1). The starting values of the lattice parameters
were taken from Rothbauer (1971) and, since the refined and the published values
are consistent, the computational model was based on the published values.

The INS spectra were collected with the direct geometry time-of-flight
spectrometer SEQUOIA (Granroth et al. 2006, 2010) installed at the Spallation
Neutron Source, Oak Ridge (Tennessee). The SEQUOIA spectrometer can finely
resolve energy transfers (as fine as 1-1.5% E;) for incident neutron energies (E;)
between 80 and 16000 cm™' (10 meV and 2 eV). The source power was about 400
kW during the experiments, which provided a neutron flux on the sample of ~7
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TaBLE 1. Energy dispersive analysis of muscovite from Otov-Fu¢néd and
its crystallochemical formula, recalculated to 22(+) cation

charges
Analysis (atoms) Formula 1 Formula 2

K 5.0(2) 0.85 0.86
Na 0.52(8) 0.09 0.09
¥ interlayer atoms 0.94 0.95
Mg 0.31(7) 0.05 0.05
Few 0.89(4)

Fe** 0.15

Fe?* 0.15
Alior 16.8(8)

Al 1.85 1.89
¥ octahedral atoms 2.05 2.09
Si 17.4(8) 297 2.99
Al 1.03 1.01
3 tetrahedral atoms 4.00 4.00
mgli (Mg-Li) 0.05 0.05
feal (Fe"Al) -1.7 -1.74

Note: Alternatives are given corresponding to all Fe as Fe** (Formula 1) or as
Fe?* (Formula 2).

% 10* n/em?/s for the E; = 100 meV. A 5.5 m radius cylindrical detection array of
25 mm wide by 10 mm high pixels is located downstream of the sample position.
This detector array covers —30° and 60° in the horizontal plane and +18° in the
vertical plane. One gram of muscovite powder sample was placed in an aluminum
container to cover a beam size of 20 mm (h) by 50 mm (v) and measured at 7=
6 K with E; =46, 137, and 224 meV (~368, 1096, and 1792 cm™) selected by the
Fermi chopper rotating at 540, 600, and 600 Hz, respectively. Several E; values
were chosen to ensure fine resolution over a wide energy range. The background
spectra measured from the empty sample container under the same conditions, were
subtracted from the sample data. The neutron scattering data were first transformed
from time-of-flight and instrument coordinates to the dynamical structure factor
S(Q,E) (Marshall and Lovesey 1971). These data were further reduced to the
generalized density of phonon states G(E) by using the expression,

O’[n(E,T)+1]

S(Q.E) = G(E)
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FIGURE 1. LeBail fit to the transmission powder diffraction pattern.
R,,=0.19, Ry = 0.07. The experimental pattern is shown by dots, the
calculated profile by a solid line overlying them. Small vertical bars
indicate the positions of Bragg peaks; the lower curve shows the
difference between the observed and calculated intensities. The list of
refined values included the lattice parameters, a zero point correction,
an overall displacement parameter Q (A2) and the U and W parameters
of the FWHM model. Background variation was modeled by a linear
approximation between manually selected points.
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where n(E,T) is the population Bose factor, Q and E are momentum and energy
transfer values, and T is the temperature.

The solid-state DFT calculations were performed using the VASP program
(Kresse and Hafner 1993; Kresse and Furthmiiller 1996a, 1996b). The initial posi-
tions of all atoms were taken from Rothbauer (1971) and expanded to the space
group P1. In accordance with the estimated chemical composition, four tetrahedral
Si atoms were replaced by four non-neighboring Al atoms (Fig. 2). Their placement
within the layer was not optimized, as their distribution in the muscovite structure is
most probably random (Catti et al. 1994). The electron exchange-correlation interac-
tion was described in the generalized gradient approximation (Perdew and Wang
1992). Plane waves formed the basis set and calculations were performed using
the projector-augmented wave method (Blochl 1994; Kresse and Joubert 1999) and
atomic pseudo-potentials (Kresse and Hafner 1994). The energy cutoff controlling
the accuracy of the calculation was set to 500 eV; representing an extended basis
set and consequently highly accurate calculations. The positions of all atoms were
optimized by means of the conjugated gradient method in the four k-points (Teter
etal. 1989; Bylander et al. 1990) with the unit-cell parameters fixed. The structure
was optimized mainly to rationalize the positions of the atoms in the tetrahedra
because the sizes of the Si and Al tetrahedra are sufficiently different to cause local
structure deformations (Scholtzova and Smréok 2005). Considering the size of the
unit cell, the calculations were restricted to the y point of the Brillouin zone. The
normal modes were calculated in the harmonic approximation with the total energy
converged to 10”7 eV and with the residual forces on the atoms smaller than 0.005
eV/A. The Hessian was constructed from the single-point energy calculations of
the 6n structures generated from the optimized structure by displacing each of the
n atoms in the cell in the positive and negative senses along the Cartesian directions
X, y, and z (Hafner 2003). Because the measured spectrum starts at ~150 cm™, no
dispersion effects were included in the calculations.

Owing to the large computational demands for the molecular dynamics cal-
culations (MD) the energy cutoff was set to 400 eV, the number of k-points to two
and the required convergence in total energy to 10~ eV. The finite temperature
calculations were performed on a canonical ensemble with a Nosé¢ thermostat
procedure (Nosé 1984) at the simulation temperature of 300 K. The Verlet veloc-
ity algorithm (Ferrario and Ryckaert 1985) was used over a simulation interval
of 65 ps with a 1 fs step size. The results of the MD calculations were interpreted
in frequency space by calculating the Fourier transform of the individual velocity
autocorrelation functions and presented as power spectra (PS). Partial vibrational
densities of states (PVDOS) were calculated using the aClimax code (Ramirez-
Cuesta 2004) with arbitrarily chosen peak widths. The basic geometry of the
optimized structure was analyzed using the PLATON program (Spek 2002) and
the calculated modes were analyzed with the help of the MOLEKEL program
(Portmann and Luthi 2000).

RESULTS AND DISCUSSION

Structure optimization

The resulting atomic coordinates, the essential bond distances
and angles and the derived geometric characteristics of individual
coordinations are given in Tables 2 and 7, and deposit Tables 3—6'.
In the triclinic description, there are eight tetrahedra, all quite
regular, with the effective coordination number (ECoN) close to
the ideal 4.0 and quadratic elongation close to 1.0. However, the
angle variance is diversified, but there appears to be no systematic
pattern. The most visible difference is in the cation-ligand bond
length, which is clearly shorter in tetrahedra occupied by Si than
in those occupied by Al. These bond lengths agree remarkably
well with those obtained by adding Shannon and Prewitt’s (1969)
ionic radii values of Si*" (0.26 A) or AI* (0.39 A) to that of O*
(1.38 A, all for coordination IV). Naturally, different cation-ligand
bond lengths are projected into the O-O bond lengths and, in turn,

! Deposit item AM-11-011, Tables 3—6 and data set. Deposit items are available
two ways: For a paper copy contact the Business Office of the Mineralogical
Society of America (see inside front cover of recent issue) for price information.
For an electronic copy visit the MSA web site at http://www.minsocam.org, go
to the American Mineralogist Contents, find the table of contents for the specific
volume/issue wanted, and then click on the deposit link there.

into the polyhedral volumes. The four Al-occupied octahedra
are practically identical. Specifically, they all display the same,
considerable counter-rotation of the top and bottom oxygen triads.
Dioctahedral micas are known for their tetrahedral rotation, which
negatively correlates with the effective coordination number of
the interlayer cation (Weiss et al. 1992, their Fig. 12), and the
present data agrees with this observation.

O-H modes by normal mode analysis and molecular
dynamics

The shapes of the predicted PVDOS-es (Fig. 3) indicate
that the individual experimental INS peaks are not associated
with the single energy transfers. The NMA shows that the high
energy transfer band (~907 cm™) is the sum of modes (Table 8)
reflecting the motion of the hydrogen atoms in the plane, which
is approximately parallel to the plane fit to the apical oxygen
atoms of the respective Si(Al)O, tetrahedra (in-plane bending
modes, ip).

These modes are predicted to be distributed over a wide en-
ergy range of ~100 cm™'. Note that although the state of all the
hydrogen atoms in the structure of mica is formally similar to
those of the inner hydroxyl groups in kaolinite, in our computa-
tional model they reside, compared to kaolinite, in two different
environments (Fig. 4). It is therefore proposed that the mutual
shifts of the main peaks of the ip bending modes are caused by a

FIGURE 2. Polyhedral presentation of the crystal structure of
muscovite projected along the a-axis. Large balls represent interlayer
potassium and small balls intralayer hydrogen atoms. The figure was
prepared using the program DIAMOND (Brandenburg 2006).

TaBLE 2. Crystal data
Formula

AlgH,0,,Si¢, 2(K)

Formula weight 796.65
Crystal system Triclinic
Space group P1(No. 1)
a 5.1918(3)
b 9.0153(5)
c(A) 20.046(2)
a 20
) 95.74(2)
v(©) 90
V(A% 933.56
z 2
De.ic (9/cm?) 2.834
Mu (MoKa) (mm) 1.310
F(000) 792
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TABLE 7. Distortion characteristics of coordination polyhedra in muscovite

Polyhedron Bond MEFBL Mean ECoN Polyhedral Quadratic Angle Counter- Rotation of
volume elongation variance rotation tetrahedra
Tet Si2 cation-O 1.638 1.639(12) 3.98 2.24957 1.00357 13.26
0-0 2.676(24)
Tet Si4 cation-O 1.640 1.641(5) 4.00 2.26369 1.00062 2.38
0-0 2.679(10)
Tet Si6 cation-O 1.642 1.644(15) 3.96 2.27685 1.00166 6.29
0-0 2.684(13)
Tet Si7 cation-O 1.639 1.642(15) 3.96 2.26581 1.00183 5.89
0-0 2.681(18)
Tet Si8 cation-O 1.640 1.640(9) 3.99 2.25910 1.00193 7.02
0-0 2.678(18)
Tet Si10 cation-O 1.637 1.639(13) 3.97 2.25332 1.00249 10.16
0-0 2.675(15)
Tet Al cation-O 1.762 1.762(6) 3.99 2.78495 1.00535 20.35
0-0 2.876(32)
Tet Al4 cation-O 1.757 1.757(8) 3.99 2.78115 1.00105 3.87
0-0 2.869(14)
Oct Al5 cation-O 1.924 1.929(18) 5.90 9.30191 1.01973 68.8
0O-O unshared 2.823(23) 15.1(2.5)
0-0 shared longer 2.866(72)
0-0 shared shorter 2.413(13)
Oct Al7 cation-O 1.921 1.928(19) 5.88 9.28962 1.01891 65.6
0-0 unshared 2.811(28) 15.4(3.0)
0O-0 shared longer 2.876(17)
0-0 shared shorter 2.415(14)
Oct Al9 cation-O 1.921 1.924(13) 5.95 9.24966 1.01754 62.9
0-0 unshared 2.802(21) 15.5(2.0)
0O-0 shared longer 2.874(35)
0-0O shared shorter 2.416(38)
Oct Al11 cation-O 1.919 1.926(19) 5.88 9.27775 1.01817 63.4
0O-O unshared 2.813(19) 15.0(1.1)
0-0 shared longer 2.861(20)
0-0O shared shorter 2.414(38)
Int K1 cation-O 2.791 3.14(12) 6.83 16.3(6)
Int K3 cation-O 2.770 3.11(12) 6.77 16.4(5)

Notes:“Tet” = tetrahedron, “Oct” = octahedron, “Int” = interlayer. Lengths are in angstroms, volumes in A3 Errors (in parentheses) are given as one e.s.d. The quanti-
ties given in the table were obtained using the programs DIAMOND (Brandenburg and Putz 1997-2007), MOLDRAW (Ugliengo et al. 1988), and VOLCAL (Finger
and Ohashi 1979). The MEFBL is the bond length weighted as in the calculation of MEFIR (Hoppe 1979). The formulas for counter-rotation of the top and bottom
oxygen triads in the octahedra and for the tetrahedral rotation angle were taken from Weiss et al. (1985, 1992).
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FIGURE 3. Calculated partial vibrational densities of states (PVDOS)
for the respective hydrogen atoms compared to the measured INS
spectrum transformed to G(E) on the top. Because the predicted PVDOS
for H5, H6, H7, and HS are indistinguishable from those of H4, H3,
H2, and H1, respectively, they are not shown. Positions of the peaks in
the INS spectrum are estimated as the positions of local maxima. Each
calculated spectrum is normalized to the highest intensity value and
offset by a constant for the sake of clarity.

synergic effect of three factors: (1) the distance of each hydrogen
atom to the nearest bridging oxygen atom of the basal net; (2)
O-H:--O (basal) contact angle and (3) the polarity of the basal
oxygen atom influencing the strength of the H---O interaction.
This hypothesis is supported by the predicted positions of the
main peaks of the ip modes, which are inversely proportional to
the individual H- - O separations and the O-H:--O bond angles. As
to the polarity of the bridging oxygen atoms, the oxygen atom
linking Si and Al atoms can be shown to be more negative than
the one linking two Si atoms. For example, from the molecular
DFT (BP/SVP) calculations of the [SisAlOgH;,]™" cluster rep-
resenting a ditrigon of a tetrahedral sheet it follows that in the
latter case the calculated Mulliken charge on the oxygen atom
is —0.456 |e|, while in the Al-O-Si case it is significantly larger,
—0.548 |e| (Tunega 2009). Interestingly, Liang and Hawthorne
(1998) suggested the existence of two (or even more) distinct
OH groups in the structure of muscovite by considering the
shape of the OH stretching band obtained by photoacoustic FTIR
spectroscopy. However, their attempts to support this hypothesis
by means of a structure refinement with a split hydrogen atom
position added to Rothbauer’s model led to inconclusive results.
Although our computational model provides more insight into
the hydrogen motions, it is based on several approximations that
limit the degree of quantitative agreement with the experiment.
Nevertheless, the overall good agreement between the calculated
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TaBLE 8. Predicted vibrational modes arranged in order of descending
energy (cm™)

Si-O s: 1056, 1055, 1054, 1040, 1028, 1027, 1023, 1017, 1015, 1013

Si-O's, Al-O-H b: 1004, 1003, 997, 995, 992, 985, 982, 975, 974, 970, 967, 957, 956,

951,935,927, 926,919, 918,917,916, 912, 908, 900, 899, 898, 894, 890, 864

Al(T-O): 834, 824, 799

0-Si-0 b: 763, 761, 756

0-Si-O b, Al(T)-O's: 737, 735, 729, 728

Al(T)-O's, T-O-T b: 713, 712, 701

T-O-T b, T-O-Al(Oc) b: 699, 686

T-O-T b, T-0-Al(Oc) b, op Al-O-H b: 684, 682, 681, 669, 666, 664, 657, 656, 645,

639, 638, 635,631, 621,617,604, 601, 592, 591

T-O-T b, T-O-Al(Oc) b, Al(Oc)-O s, op Al-O-H b: 577, 575, 568, 562, 556, 554

2:1 layer deformation, op Al-O-H b: 549, 545, 539, 525,519, 518, 513, 511, 506,

505,501,499, 491,487,483, 479, 469, 468, 463, 462, 458, 456, 449, 437,436, 426,

425,421,419,415,413,411,410, 405, 404,401, 395, 394, 386, 379,377,375,373,
364, 363, 356, 355, 355, 353, 343, 342, 340, 335, 334, 327

Octahedra wobbling inducing deformations of 2:1 layer (“layer breathing”): 326,
324,317,313,312,309, 306, 303,302, 299, 298, 294, 292, 287, 285, 283, 280, 275,
274,270,268, 265,256, 254,252,250, 247,245,241,239,232,228,227,223,217,
216,213,210,192,191, 187,186, 180, 176, 174,172,171, 169

Rattling of the 2:1 layer, O-K-O deformations: 163, 158, 157, 152, 151, 149, 147,
144,140,137,134,132,130, 126, 122,119,118, 114,110, 107, 105, 101

Mutual shifts of 2:1 layers: 83, 82, 66, 45, 38

Notes: s,b = stretching, bending mode; ip, op = in plane, out of plane bend-
ing mode; AI(T), Al(Oc) = tetrahedral, octahedral aluminum, T = a tetrahedral
cation.

and observed spectra is evident and allowed unambiguous as-
signment of the modes.

The region around 800 cm™, represented by a valley in the
experimental spectrum, is allocated to the O-Si-O bending
modes (Table 8). Because the scattered intensity drops to the

I
1
037 1
I

Si10

background level, the impact of the O-Si-O deformations on
the movements of the hydrogen atoms can be neglected. The
sharp band with the dominant peak at ~630 cm™ is formed by
the contributions from all hydrogen atoms, although the shapes
of individual contributions are somewhat different (Fig. 3). All
these modes correspond to the hydrogen atoms moving nearly
perpendicular to the reference plane (out-of-plane bending, op)
defined by the apical oxygen atoms. Similar energies of all these
modes suggest that the corresponding movements are, for the
most part, independent of the different environment surrounding
each hydrogen atom. Beside the main contributions arising from
the pure Al-O-H bending modes, manifested in the central sharp
peak predicted at ~645 cm™!, the spectrum also reflects some
secondary hydrogen atom motions induced by deformations in
individual polyhedra of the 2:1 layer (Table 8). The amplitudes
of these movements are, however, small compared with the am-
plitudes of the pure Al-O-H bending modes, and the vibrational
energies of the corresponding contributions forming the broader
base of the band are comparable.

The region of the well-defined peaks in the calculated PVDOS
ends at ~600 cm™'. Below this limit, the PYDOS can be divided
into two groups according to their shapes; the contributions of
the H1 and H3 atoms being in the first and the H2 and H4 atoms
in the second. The contributions from the interaction of the first
group with the more negative oxygen atoms are concentrated
mostly in the dominating multiplets centered around ~500 cm™
and end with the pronounced bands at ~255 cm™. The profiles
of the H1 and H3 multiplets thus control the shape of the band

038 026

Si11 010 sit

028 040

Si3 Si12

FIGURE 4. Fragments of the structure showing non-bonding H---O (basal) contacts for H1-H4 atoms. The O-H---O contact angles (°) are 157°

(H1), 134° (H2), 155° (H3), and 135 © (H4), respectively.
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FIGURE 5. Measured INS spectrum transformed to G(E) (top) and
the power spectra calculated for the respective hydrogen atoms. Positions
of the peaks in the INS spectrum are estimated as the positions of local

maxima. Each calculated spectrum is normalized to the highest intensity
value and offset by a constant for the sake of clarity.

centered in the INS spectrum at ~466 cm™. This picture is in
contrast with the dispersed excitations obtained for the H2 and
H4 group, which face less negatively charged oxygen atoms
of the tetrahedral net. These lines end with peaks situated at
lower energies than those generated by the H1/H3 couple, i.e.,
near 175 cm™'. The valley between the bands, bounded by the
maxima at 630 and 466 cm™!, is filled by the op modes involving
just the atoms of the second group. A closer examination of the
calculated modes shows that within the region between 550 and
320 cm™! the movements of hydrogen atoms are best described
as a mixture of several autonomous op Al-O-H bending modes
modulated by various deformations of the 2:1 layer. The low-
est energy band, spanning (300 to 180 cm™) reveals octahedral
oscillations (“wobbling”) inducing thus deformations of the
whole 2:1 layer (down to 300 cm™) and the 2:1 “layer breathing”
modes (down to ~170 cm™). Note that the modes in the latter
region could partially overlap with the lattice modes, which are
not accurately simulated by the calculation.

The power spectra (PS) of the individual hydrogen atoms
H1-H4 along with the experimental INS spectrum are shown
in Figure 5. The positions of the maxima of the four multiplets
corresponding to the 907 cm™ peak in the INS spectrum correlate
reasonably well with the positions of the ip modes predicted by
the NMA. The most evident disagreement between the results
of the PS and NMA is the shape of the individual contributing
bands, as those calculated by PS are in general more structured.
The main peaks attributed to the H2 and H4 atoms are doublets
with pronounced major and minor components, while the peaks
for the H1 and H3 atoms have only small side bands. More
importantly, there are noticeable differences in the central peak
positions of H2 and H4, which are practically indistinguishable
in the harmonic approximation. In contrast, the discrepancies in
the shapes of the modes predicted for the H1 and H3 atoms by
both methods are small. The PS region below 700 cm™ is not
interpreted because the contributions of individual hydrogen
atoms have too few prominent features.

Comparison with previously published data on X-O-H
deformation modes

In the IR study of vibrations of the OH ions in muscovite Ved-
der and McDonald (1963) identified two low-energy absorption
bands at 925 and 405 cm™. Using our terminology, the former
can be attributed to the ip and the latter to the op modes.? Later,
Vedder (1964, Table 3 therein) identified in the IR spectrum of
a Brazilian muscovite seven “OH libration modes” in the range
928-351 cm™. A comparison with the INS spectrum shows that
the modes at 928 and 630 cm™ can be associated with well de-
fined INS bands peaking at 907 and 630 cm™, and the next two
modes, 405 and 351 cm™, can form a part of the composite INS
band with a maximum at 466 cm™'. However, the assignment of
the three modes between 805—-691 cm™ is inconsistent with the
intensity valley in the INS spectrum.

Loh (1973) assigned the bands recognized at ~190, 240, and
265 cm™ to unspecified “internal vibrations of the isosceles
triangle O-H-O,” where the oxygen atoms are the non-bridged
atoms from the neighboring SiO, tetrahedra and H is the hydro-
gen of the OH ion tilted toward the octahedral vacancy. Although
the energies of these modes are close to the energies of one sharp
and one composite band appearing in the INS spectrum at 213
and 246 cm™', the uncertainty in their definition prevents a direct
reconciliation with the calculated ones. On the other hand, it is
fair to assume that the band at 196 cm™ assigned by Loh to the
“distortion of M-O;” octahedron is reflected in the INS spectrum.
Similar octahedral deformations and “OH translation” modes
have also been identified in the low-energy transfer region in a
Raman study of muscovite 2M, (McKeown et al. 1999).

Investigation of lattice dynamics in muscovite by INS (Wada
and Kamitakahara 1991) focused only on the energy transfer
range below 45 cm™', which is not covered by our experiment.
Those data were later used by Gupta et al. (1994) as a benchmark
for phonon dispersion calculations based on empirical poten-
tials. Their predicted highest energy band is consistent with the
low-energy end of the cluster centered at ~200 cm™ in the INS
spectrum and probably corresponds to octahedral deformation
modes (Table 8).

The existence of an OH band at 1165 cm™ attributed to “in-
plane librational T-OH mode” in Ge-muscovite (Ackermann et al.
1993) was explained by bonding of “apical” OH groups directly
to tetrahedral atoms. The present study provides no further input
on this point, and this proposal should be confirmed either by
diffraction study or by solid-state theoretical calculations.

Vibrational energies of the bridging (M-OH-M’) hydroxyl
groups were theoretically predicted at the Hartree-Fock/6-31-
+G* level of theory (Sainz-Diaz et al. 2000). The computational
model derived from the pyrophyllite structure was a molecular
cluster built around two central cations. Despite the simplicity
of the model, the vibrational energy values (M = M' = Al, 914
cm™! for ip and 449 cm™! for op mode) agree well with the bands
positions in our INS spectrum. The vibrational energy for the ip
and op modes (874+866/452 cm™) as obtained for 2:1 mineral
pyrophyllite by the solid-state DFT calculation (Botella et al.

2 The authors stated that the priority in assigning the former to
OH bending vibrations belongs to Beutelspacher (1956).
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2004) quantitatively agree with the positions of similar modes
in the presented INS spectrum of muscovite.
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