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Electro-optical parameters (EOPs) of bond polarizability model (BPM) for aluminosilicate structures were
derived from quantum-chemical DFT calculations of molecular models. The tensor of molecular polarizability
and the derivatives of the tensor with respect to the bond length are well reproduced with the BPM, and the
EOPs obtained are in a fair agreement with available experimental data. The parameters derived were found
to be transferable to larger molecules. This finding suggests that the procedure used can be applied to systems
with partially ionic chemical bonds. The transferability of the parameters to periodic systems was tested in
molecular dynamics simulation of the polarized Raman spectra ofR-quartz. It appeared that the molecular
Si-O bond EOPs failed to reproduce the intensity of peaks in the spectra. This limitation is due to large
values of the longitudinal components of the bond polarizability and its derivative found in the molecular
calculations as compared to those obtained from periodic DFT calculations of crystalline silica polymorphs
by Umari et al. (Phys. ReV. B 2001, 63, 094305). It is supposed that the electric field of the solid is responsible
for the difference of the parameters. Nevertheless, the EOPs obtained can be used as an initial set of parameters
for calculations of polarizability related characteristics of relevant systems in the framework of BPM.

1. Introduction

Aluminosilicates are one of the most important class of
chemical compounds due to their abundance in the nature and
wide use in many industrial applications. Among the variety of
experimental techniques used to characterize these systems,
methods of vibrational spectroscopy, and the Raman spectros-
copy in particular, play an important role in the description of
local structure and of bonding at the atomic scale. The
complexity of aluminosilicate structures makes it necessary to
use theoretical tools for the interpretation of the experimental
data. For systems with large numbers of atoms in the unit cell
and low symmetry, as the aluminosilicates often are, the first-
principle calculations of the vibrational spectra are often
prohibitive and the methods based on the model of effective
potentials remain an indispensable tool for studying their
vibrational dynamics. The normal-mode analysis for molecules
and the lattice dynamics method for solids are perhaps most
widely used computational techniques for this purpose. Another
method providing a detailed information about the behavior of
system at the microscopic level is molecular dynamics (MD).

To calculate the Raman scattering intensity, all these tech-
niques need a parametric model describing the variation of the
system’s polarizability upon variation of the atomic coordinates
and such a model, which is almost exclusively used for this
purpose, is the bond polarizability model (BPM).1-3 The BPM
has widely been employed in the calculations of Raman spectra
of various aluminosilicates such as glasses,4-8 zeolites,9,10 and
clays11,12 as well as of other materials such as fullerenes,13 Si
nanowires,14 carbon nanotubes,15 or minerals.16 (The list of
references is, of course, not exhaustive.) Results of these studies
indicate a good general agreement of the BPM calculated and

experimental spectra. Recently, Umari et al.17 showed that the
BPM reproduced the Raman scattering intensities derived from
periodic DFT calculation of two silica polymorphs with an
average error of 15%. The authors found a good transferability
of BPM parameters derived forR-quartz to a cristobalite
polymorph.

Despite such a wide use of the bond polarizability model the
absolute values of BPM parameters are only known for some
simple systems such as alkanes.18,19 For aluminosilicate struc-
tures the parameters were often chosen in an arbitrary way or
were fitted so that the calculated spectra reproduced the experi-
mental ones. Recently, an approach for deriving the electro-
optical parameters (EOPs) of BPM from results of quantum-
chemical calculations was proposed.19 With this approach, EOPs
for alkanes were obtained and their values were found to be in
a good agreement with those determined from the experimental
absolute Raman scattering intensities of saturated hydrocarbons.
Hence, one might hope that the procedure used in ref 19 could
be applied to obtain BPM parameters for more complex systems
and indeed, such an approach was very recently used to study
the Raman spectra of BN nanotubes.20 The present paper pursues
two goals. The first one is to test the feasibility of the approach
for aluminosilicates, which have a type of bonding different
from that in the saturated hydrocarbons. The second aim is to
verify the transferability of parameters obtained on molecular
models to periodic structures.

2. Model and Methods

BPM Model and Derivation of Electro-optical Parameters.
The BPM represents the polarizability tensorA of system as
the sum of bond polarizabilities

* Corresponding author. E-mail: Konstantin.Smirnov@univ-lille1.fr.
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whereai stands for the polarizability tensor of bondi in fixed
Cartesian frame. The tensorai can be written as

whereRi is the bond polarizability tensor in its principal axes
andRi is a rotation matrix between the bond principal and the
Cartesian frames. To obtain the elements of theRi matrix, it is
generally supposed that (i) one of the principal axes coincides
with the bond direction and (ii) there is no preferential
orientation perpendicular to the bond. The latter assumption is
known as the cylindrical bond model. Hence, the tensorRi has
two principal components, which are the longitudinal (L) and
the transversal (T) bond polarizabilities. In the zero-order BPM,
which is used in the present study, the components ofRi are
expanded in a Taylor series with respect to the variation of
length∆ri of the bondi

whereR′s(i) ≡ ∂Rs(i)/∂ri, the index s indicates for the polariz-
ability component (s) L, T), and zero denotes the equilibrium
value. The bond polarizability tensor and its variation with the
bond length are therefore described by four parametersRL

0, RT
0,

R′L andR′T , which are known as the equilibrium and valence
bond electro-optical parameters, respectively.

From eqs 1-3 it follows that the Cartesian componentsApq
0

(p, q ) x, y, z) of the polarizability tensor of system in the
equilibrium and the derivativesA′pq of the components with
respect to the length of a single bondi can be written as

where the indexk runs over types of bonds in the system and
Ps(i) andQs(i) are the elements of the matrixRi. One sees that
these components are the linear functions of the EOPs and the
parameters can therefore be derived by a linear fitting procedure
using databases of theApq

0 and A′pq values for molecules with
well-defined geometry.19

To obtain the electro-optical parameters of aluminosilicates,
the databases ofApq

0 and A′pq values were generated by quan-
tum-chemical calculations of the 26 molecular models listed
in Table 1. The calculations were carried out at the B3LYP/
6-311+G(3df,2p) level with the Gaussian 03 program.21 The
geometry of the molecules was first optimized without any sym-
metry constraints and then followed by the calculation of the
polarizability tensor. All elements of these tensors constituted
theApq

0 database. The databases ofA′pq values for bonds of each
type were generated by stretching all nonequivalent bonds of a
given type by∆r ) 0.01 Å. The linear least-squares fit was
performed with the use of singular value decomposition
method.22

Testing the EOPs Parameters.The equilibrium EOPs
obtained with the procedure described above were tested in the
calculation of the polarizability tensor of two molecular models,
Si2AlO4H7 and Si5O4H12 (Figure 1), whose size exceeds that
of the molecules used to generate theApq

0 database. The tensors
computed with the BPM were compared with those issued from
the B3LYP/6-311+G(3df,2p) calculations. In addition, the
optical dielectric constant ofR-quartz structure was calculated
and compared with the experimental value.

The complete set of EOPs including both equilibrium and
valence parameters was submitted to two tests. The first one
consisted of the calculation of the variation of the mean molec-
ular polarizability and the anisotropy of the polarizability in
the normal modes of the Si2AlO4H7 molecule. The normal-mode
analysis was performed in B3LYP/6-311+G(3df,2p) calculation
and the polarizability tensors of molecular structures distorted
according to the atomic displacements in 36 normal modes were
calculated with both the DFT and BPM. The second test
included the molecular dynamics simulations of the polarized
Raman spectra ofR-quartz. The MD simulation box consisted
of 4 × 4 × 4 unit cells, and the periodic boundary conditions
were applied to the box along the crystallographic axes. Thec
andb crystallographic axes coincided with thez andy axes of
the Cartesian frame, respectively. Initial atomic positions and
the unit cell parameters were taken from ref 23. Interactions
between atoms of the solid were described by a generalized
valence force field model by Lazarev and Mirgorodsky.24 The
force field was specially tuned to reproduce the IR spectrum,
the elastic and piezoelectric constants, and the compressibility
of the solid. Values of the force field parameters can be found
elsewhere.24 The classical equations of atomic motion were
integrated with the velocity Verlet algorithm with time-step of
1 fs. A typical MD run consisted of 20 ps equilibration stage
and 41.96 ps production stage. The atomic coordinates and
velocities were saved each tenth step during the last 40 960 time-
steps. The simulations were performed in the microcanonical
ensemble for the temperature 300 K.

The Raman spectrum was calculated as the spectrum of
fluctuations of the time-dependent polarizability tensorA(t) of
the system25-27

where the left-hand side stands for the differential scattering

ai ) RiRiRi
-1 (2)

Rs(i) ) Rs
0(i) + R′s(i)∆ri + ... (3)

Apq
0 ) ∑

s
∑

k
∑
i∈k

Rs
0(k) Ps(i) Qs(i) (4)

A′pq) ∑
s

R′s(ki) Ps(i) Qs(i) (5)

TABLE 1: Molecules Used in the DFT Calculations

database

A′pq

molecule Apq
0 O-H Al-H Al-O Si-H Si-O

AlH2OH • • • •
AlH3 • •
AlH(OH)2 • • • •
Al(OH)3 • • •
H2AlOSiH2OH • • • • • •
H2AlOSiH(OH)2 • • • • • •
H2AlOSi(OH)3 • • • • •
H2O •
H3SiOAlH2 • • • • •
H3SiOSiH2OH • • • •
H3SiOSiH3 • • •
H3SiOSiH(OH)2 • • • •
H3SiOSi(OH)3 • • • •
HOHAlOSiH2OH • • • • • •
HOHAlOSiH3 • • • • • •
HOHAlOSiH(OH)2 • • • • • •
HOHAlOSi(OH)3 • • • • •
(OH)2AlOSiH2OH • • • • •
(OH)2AlOSiH3 • • • • •
(OH)2AlOSiH(OH)2 • • • • •
(OH)2AlOSi(OH)3 • • • •
SiH2(OH)2 • • • •
SiH3OH • • • •
SiH4 • •
SiH(OH)3 • • • •
Si(OH)4 • • •
no. of entries 150 162 96 150 126 222

λs
4( d2σ

dω dΩ) ) (2π)4∫dt eιωt〈A(t)‚A(0)〉 (6)
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cross-section for scattering into frequency range dω and solid
angle dΩ. The cross-section is amplified by the factorλs

4, λs

being the wavelength of scattered radiation. Raman spectrum
of crystal in specific experimental geometry, i.e., the direction
and the polarization of the incident and scattered radiation, can
be calculated by (6) from the components of the polarizability
tensorA. Thus, assuming that the axes of the laboratory frame
coincide with the Cartesian axes of MD simulation box, the
Raman spectrum measured in thex(zx)y geometry can be
computed as the spectrum of fluctuations of theAzx(t) tensor
component. The calculated spectra were multiplied by a quantum
correction factor obtained in the double harmonic approxima-
tion27

whereâ ≡ 1/kBT with kB andT denoting the Boltzmann constant
and the temperature, respectively. Furthermore, the intensity in
the spectra was scaled by the factor (λ0/λs)4 with the incident
radiation wavelengthλ0 ) 632.8 nm and the scattered radiation
wavelengthλs corresponding to the Stokes scattering. The
spectra presented below were obtained as the average of spectra
computed from 100 MD trajectories started from different initial
conditions.

Experiment. The calculated spectra were compared with the
polarized Raman spectra ofR-quartz measured on LabRAM
confocal spectrometer (HORIBA Jobin Yvon S. A. S., France)
using the backscattering geometry. The Raman effect was
excited with the 632.8 nm line of He-Ne laser. A rotating
polarizer (half-wave plate) was placed in the laser beam path
to discriminate two polarizations of the exciting radiation. The
scattered radiation was analyzed by positioning the analyzer
either parallel or perpendicular to the electric field vector of
the exciting light. AnR-quartz sample in the form of a plate
was used. The sample had thec axis in the plane of the plate
surface. The laser beam was focused on the plate surface to
minimize rotation of the polarization by the sample. Thec
crystallographic axis is assumed to be thezaxis of the laboratory
frame.

3. Results

Equilibrium EOPs. The equilibrium EOPs derived by the
fit of the DFT calculated componentsApq

0 with eq 4 are

presented in Table 2. Figure 2 shows the correlation graph
between theApq

0 values obtained in the DFT calculations and
those fitted with the BPM using the EOPs. A good agreement
between the first-principles and BPM results (correlation
coeffcient of 0.999) confirms that the polarizability of molecules
can successfully be constructed as the sum of bond polariz-
abilities.

The right-hand part of Table 2 reports experimental values
of the bond EOPs found in the literature. Note that the small

Figure 1. Si2AlO4H7 (left) and Si5O4H12 (right) molecular models used in the validation set.

TABLE 2: Equilibrium Electro-optical Parameters (in Å 3)
for Aluminosilicates

this work experiment

bondk RL
0(k) RT

0(k) RL
0(k) RT

0(k)

O-H 0.668 (0.035)a 0.605 (0.028) 0.7590 (0.0301) 0.7232 (0.0155)d

Al-H 1.916 (0.037) 1.393 (0.024)
Si-H 1.401 (0.166) 0.993 (0.084) 1.70 0.90e

1.78 0.88f

Al-O 1.751 (0.037) 0.784 (0.026)
Si-O 1.524 (0.165) 0.473 (0.085) 1.07 0.66f

SEb 0.186
cosηc 0.9995

a Values in brackets are the statistical uncertainties.b Standard error
of Apq values.c The cosine of the angle between the vectors of the DFT
calculated and BPM fittedApq values.d Reference 28.e Reference 32.
f Reference 50.

Figure 2. Correlation graphs between the DFT calculated with and
BPM fitted components of the polarizability tensors of the molecules
listed in Table 1. Dashed line indicates perfect correlation.

âpω
1 - exp(-âpω)

(7)

4518 J. Phys. Chem. A, Vol. 110, No. 13, 2006 Smirnov et al.



calculated anisotropy of the O-H bond polarizability tensor is
in a good agreement with the experimental data by Murphy28

obtained for H2O molecule. The comparison of the Si-O and
Si-H bonds bond polarizability components obtained in the
present work with the literature data shows a fair agreement,
especially taking into consideration large statistical uncertainties
of the EOPs for the bonds. The analysis of Table 2 indicates
that the anisotropy of the bond polarizabilities follows the
sequence

which correlates with the decrease of length of the bonds. The
only inversion in this series occurs for the Si-O and Al-O
bonds,γSiO ) 1.051 (0.246) Å3 andγAlO ) 0.967 (0.045) Å3,
whereas the former bond is horter than the latter. However, the
difference of the anisotropies of 0.084 Å3 is smaller than the
uncertainty of theγSiO value, and therefore the inversion cannot
be considered as statistically meaningful.

Valence EOPs.The values of the valence EOPsRs′(k)
obtained by fitting the results of the first-principle calculations
with eq 5 are reported in the upper part of Table 3. Figure 3
shows the correlation graphs between components of the
derivative of tensor of molecular polarizability with respect to
the length of the Si-H and Si-O bonds of the molecules. The
analysis of Figure 3 and Table 3 demonstrates that the BPM
performs well for the polarizability derivatives with respect to
the length of Al-H and Si-H bonds, whereas a relatively low
correlation was obtained for the derivatives with respect to the
length of O-H, Al-O, and Si-O bonds.

These results suggest that there may exist other factors
affecting the applicability of the zero-order BPM for the O-H,
Al-O, and Si-O bonds. Thus, one can suppose that values
of the R′s(k) parameters for these bonds can be dependent on
the location and orientation of the bonds in molecules.29

Furthermore, one can imply that the EOPs depend on the
bond length, as the Si-O and Al-O bond-stretching force
constants do.30,31 Figure 4 presents a plot of theR′s(Si-O)
parameters vs the length of the Si-O bond. Despite the fact
that the length of this bond has the largest variation in the
molecules studied (∆rSi-O ) 0.047 Å), no systematic depen-
dence of the parameters on the bond length can be inferred
from the plot. (For comparison, the Si-O bond-stretching
force constant would vary by about 25%.) On the other hand,
the R′L(Si-O) parameters reveal an apparent dependence on
the nature of the second neighbor of the oxygen atom (Figure
4). Thus, the polarizability derivative of the Si-O bond of
silanol groups has the longitudinal component about 30%
smaller than that of Si-O bond in the SiOSi or SiOAl bridges.
The same trend was found for theR′L parameter of the Al-O
bond. It is noteworthy that the transversalR′T components of
both bonds are virtually not influenced by oxygen’s environ-
ment. Hence, a separate fit taking into account the environment
of O atom in the Al-O and Si-O bonds was carried out. The
resulting EOPs are reported in the lower part of Table 3 as
refined parameters, the corresponding correlation graph for the
A′pq derivatives with respect to the Si-O bond length are
presented in Figure 5. Both the figure and the table show that
the model taking into account the environment of oxygen atom
in the bonds improves the correlation of the BPM results with
the DFT data. On the other hand, such a model for the O-H
bond fails to get a better description of the first-principle results
by the BPM.

A little is known about the absolute values of the valence
EOPs. From the experimental Raman spectra of the SiH4

molecule, Armstrong and co-workers32 have derived values of
the longitudinalR′L ) 2.75 Å2 and transversalR′T ) 0.70 Å2

components of the derivative of Si-H bond polarizability. The
corresponding EOPs reported in Table 3 differ at most by 10%
from these values. Lupinneti and Gough33 calculated the
derivative of mean polarizabilityRj ′ ) 1/3(R′L + 2 R′T) of Si-H
bond in silanes in the range 1.28-1.99 Å2. The value ofRj ′ )
1.456 Å2 obtained in the present work is within these limits
and close to the experimental valueRj ′ ) 1.38 Å2.32

TABLE 3: Valence Electro-optical Parameters (in Å2) for
Aluminosilicates

bondk R′L(k) R′T(k) SEa cosηa

O-H 2.512 (0.059)a 0.425 (0.040) 0.286 0.9615
Al-H 3.288 (0.079) 0.917 (0.053) 0.093 0.9978
Si-H 3.097 (0.068) 0.635 (0.046) 0.133 0.9944
Al-O 3.066 (0.060) 0.708 (0.041) 0.227 0.9847
Si-O 3.127 (0.050) 0.612 (0.034) 0.278 0.9770

Refined Parameters
Al-O(H) 2.562 (0.087) 0.743 (0.058) 0.120 0.9940
Al-O(Al,Si) 3.527 (0.083) 0.714 (0.058) 0.143 0.9954
Si-O(H) 2.499 (0.074) 0.589 (0.049) 0.159 0.9881
Si-O(Al,Si) 3.676 (0.068) 0.693 (0.047) 0.161 0.9946

a See footnotes to Table 2.

Figure 3. Correlation graphs between the DFT calculated with and BPM fitted components of the tensor of polarizability derivatives with re-
spect to the Si-H (left pannel) and Si-O (right pannel) bond lengths of the molecules listed in Table 1. Dashed lines indicate perfect corre-
lation.

γSiO > γAlO > γAlH > γSiH > γOH
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Using the experimental relative Raman intensities of H8Si8O12

molecule and taking the Si-O bond anisotropyγSiO equal
to 1.00 Å3, Bornhauser and Bougeard10 have reported values
of the valence EOPs for the bondR′L(Si-O) ) 3.55 and
R′T(Si-O) ) 1.00 Å2. The values are in a good agreement with
the data of present work. By the way, the valueγSiO ) 1.051
Å3 in Table 2 can be considered as a posteriori confirmation of
the choice of this parameter done in ref 10. Another set of
valence EOPs for Si-O bond was obtained by Umari and co-
workers17 from results of periodic DFT calculations. Their
parameters for the bond inR-quartz and cristobalite struc-
tures areR′L(Si-O) ) 1.573, R′T(Si-O) ) 0.778 Å2 and
R′L(Si-O) ) 1.435,R′T(Si-O) ) 0.847 Å2, respectively.17 The
comparison of these values with the corresponding entries in
Table 3 shows that the major discrepancy exists for the
longitudinal EOPs, whereas theR′T parameters do not signifi-
cantly differ from each other (by 18% at most). Consequences
of such a difference are discussed in the following sections in
detail.

Transferability of Parameters. The transferability of the
equilibrium EOPs to large molecules was tested by computing
the polarizability tensor of Si2AlO4H7 and Si5O4H12 molecular
models (Figure 1), which were not included in the training set
of Table 1. The tensors were obtained at the B3LYP/6-311+G-
(3df,2p) level and with the BPM using the geometry optimized

in the DFT calculation. For the first molecule the tensors read
(in Å3)

The maximum error in the calculation of tensor elements by
the BPM is 0.829 Å3, which is larger than the statistical
uncertainty of 0.186 Å3 of Apq values in Table 2. Nevertheless,
due to compensation of errors the mean polarizability of the
molecule obtained with the BPM is only 0.2% smaller than the
DFT calculated value (12.841 Å3 vs 12.874 Å3). The polariz-
ability tensors of the Si5O4H12 molecule are (in Å3)

In this case, the maximum difference between elements of the
tensors is equal to 0.197 Å3 that is close to the statistical
uncertainty of 0.186 Å3. Again, the mean molecular polariz-
ability is very well described by the BPM with a relative error
of 0.7%.

Thereupon, the optical dielectric constantε∞ of theR-quartz
structure was calculated by the BPM by using the Clausius-
Mossotti formula

where R is the polarizability of volumeV. The calculation
resulted inε∞ ) 2.73, which is 15% larger than the experimental
value of 2.3734,35and also exceeds the valueε∞ ) 2.443 obtained
in the periodic DFT study by Umari et al.17

Figure 6 compares the variations of the mean molecular
polarizability (∆Rj) and of the anisotropy of the polarizability
(∆γ) in the normal modes of the Si2AlO4H7 molecule that were
computed in the DFT calculations and with the zero-order

Figure 4. Correlation between the derivatives of longitudinal (circles)
and transversal (diamonds) Si-O bond polarizabilities with the Si-O
bond length. Open and filled symbols denote Si-O(H) and Si-O(Al,-
Si) bonds, respectively.

Figure 5. Correlation graph between the calculated and fitted
componentsA′pq of the tensor of polarizability derivative with respect
to the Si-O bond length. Open and filled symbols stand for the separate
fits for the Si-O(H) the Si-O(Al,Si) bonds, respectively.

Figure 6. Correlation graph between the variation∆ of the mean
polarizabilityRj (filled circles) and the polarizability anisotropyγ (open
diamonds) of the Si2AlO4H7 molecule in the normal modes, obtained
in the DFT calculations and fitted with the BPM.

ADFT ) (14.368
0.171 11.976
0.122 0.099 12.279)

ABPM ) (13.539
0.248 12.214
0.032 0.384 12.772)

ADFT ) (20.072
0.018 19.992
-0.017 -0.012 19.875)

ABPM ) (20.208
-0.070 20.125
0.069 0.029 20.072)

ε∞ - 1

ε∞ + 2
) 4π

3
R
V

(8)
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BPM.36 The set of EOPs used, hereafter the BPM1 set, was
formed from the equilibrium EOPs of Table 2 and the refined
valence EOPs of Table 3. A good correlation between the first-
principle and BPM results is obtained, especially for the∆Rj
quantity (correlation cofficient 0.991).

The MD calculations of the Raman spectra ofR-quartz were
performed with the use of two sets of EOPs. The first set is the
BPM1 described above. The second set, BPM2, consisted of
BPM parameters obtained from the results of the periodic DFT
calculations ofR-quartz by Umari and co-workers.17 As only
the anisotropy of the Si-O bond polarizability was reported in
that work, the mean Si-O bond polarizability was fitted in such
a way to reproduce the experimental value of the optical
dielectric constant ofR-quartz. The resulting equilibrium EOPs
of the BPM2 set areRL

0(Si-O) ) 0.948,RT
0(Si-O) ) 0.583

Å3, values of the valence parameters are given above.
The Raman spectrum ofR-quartz structure is well studied.37-39

Among 24 optic modes twelve modes are Raman active
comprising four modes ofA1 symmetry and eight doubly
degenerate modes ofE symmetry. The Raman tensor has the
form37

Figure 7 shows the experimental Raman spectrum ofR-quartz
measured in thex(zz)xj geometry and compares it with the spectra
calculated from theAzz polarizability tensor component. The
spectra reveal vibrational modes of theA1 symmetry (b
component of the Raman tensor). The Raman spectra calculated
from the Ayz tensor element accounting for the modes ofE
symmetry (d-component) are shown in Figure 8 together with
the experimental spectrum measured in thex(yz)xj geometry.
The relative intensities of peaks in the calculated and experi-
mental spectra are compared in Table 4. The comparison of
the spectra and analysis of the table reveal that the BPM1 set
overestimates the relative intensities of peaks. The BPM2 set
yields a better agreement, although the intensity of the A1 peak
at 207 cm-1 is still too large as compared to the experiment.
Note a good correlation between the peak intensities calculated
with the lattice dynamics17 and MD techniques using the BPM2
set.

4. Discussion

Results presented in the previous section permit us to
conclude that the BPM sucessfully describes the polarizability
of molecular models of aluminosilicates. Both the polarizability
tensor and its derivatives with respect to the length of bonds
correlate well with the reference data and a further improvement
can be achieved by a model taking the environment of the
oxygen atom in the Al-O and Si-O bonds into consideration.
The resulting electro-optical parameters reasonably agree with
the available experimental data. Furthermore, the polarizability
tensor of molecules in the validation set as well as the variation
of the mean molecular polarizability and of the anisotropy of
the polarizability in the normal modes of one of the molecules
are well reproduced with the BPM. The inspection of the normal
modes for which the largest difference between the DFT and
BPM values were calculated, showed these modes involve either
(almost) pure bending motions or simultaneous variation of
several internal coordinates in the same group of atoms. The
discrepancy can therefore be due to the zero-order BPM used,
which does not take into account the change of the bond

Figure 7. Experimental and MD calculatedx(zz)xj Raman spectra of
R-quartz. The spectra are normalized at the intensity of peak at 452
cm-1 and shifted along the vertical axis for clarity.

(Axx

Ayx Ayy

Axx Azy Azz
))

A1(a a
b) +

E

(c-c -c
-d -d )

Figure 8. Experimental and calculatedx(yz)xj Raman spectra of
R-quartz. The spectra are normalized at the intensity of peak at 123
cm-1 and shifted along the vertical axis for clarity.

TABLE 4: Relative Intensitiesa of Vibrational Modes of
r-Quartz

ref 17 this work
ref 39
exp DFT BPM exp BPM1 BPM2modeb

A1 a2 b2 a2 b2 a2 b2 a2 b2 a2 b2 a2 b2

207 484 619 696 803 801 1185 683 1028 1908 944 1330
375 38 55 70 39 1 18 55 2 112<1 29
452 906 1000 1040 1000 1279 1000 1000 1584 1000 1344 1000

1079 2.3 31 4 33 11 62 25 70 295 9 39

ref 17 this work
ref 39
exp DFT BPM exp BPM1 BPM2modeb

Ec c2 d2 c2 d2 c2 d2 c2 d2 c2 d2 c2 d2

123 125 62 136 79 141 32 474 230 117 53
239 <1 28 2 27 18 10 93 40 29 9
373 11 <1 25 4 7 10 52 49 10 11
483 <1 13 <1 18 <1 17 <1 34 <1 12
673 - - 12 6 2 1 64 17 3 3
785 <1 14 3 26 <1 28 <1 300 <1 24

1073 <1 2.7 16 14 15 14 87 116 11 14
1166 23 5.5 23 5 28 5 206 16 24 2

a Calculated from integrated intensities and normalized so that the
intensity of peak at 452 cm-1 ) 1000.b The modes are identified by
the frequencies (in cm-1) given in ref 24.c The intensities of the modes
of E symmetry were obtained as the mean of intensities of the
longitudinal and transversal components.
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polarizability upon variation of the bond angles and also neglects
the interaction between the coordinates. Hence, the results of
the study confirm the general applicability of the BPM and of
the procedure employed to derive EOPs for aluminosilicate
structures.

On the other hand, the study reveals a limited transferability
of the EOPs obtained in the molecular calculations to periodic
systems. Thus, the optical dielectric constant ofR-quartz
computed with the BPM using the parameters of Table 2 exceeds
the experimental value ofε∞ by about 15%. This result implies
that the mean polarizability of the structure isoVerestimated
by the BPM using parameters derived in the molecular calcula-
tions. Furthermore, the analysis of Figures 7 and 8, and of Table
4 shows that the BPM1 set overstimates the intensity of peaks
in the polarized Raman spectra ofR-quartz, especially in low-
and high-frequency regions. The reason for such an unsatisfac-
tory performance of the BPM1 set becomes evident from the
comparison of its parameters with those of the BPM2 set: values
of the RL and R′L Si-O bond parameters in the former
significantly exceed those in the latter. On the other hand, the
RT and R′T parameters show much better transferability from
molecules to periodic systems. The difference of the longitudinal
parameters has the main impact on the anisotropies of the bond
polarizability and its derivative, whereas the mean bond
polarizability and its derivative are affected to a lesser extent.
Thus, the mean polarizabities of the Si-O bond in the BPM1
and BPM2 sets differ by ca. 15%, whereas the difference of
280% is obtained for the bond anisotropies. Note that these are
just the anisotropy of bond polarizability and its derivative
that account for the intensity of the low- and high-frequency
peaks in theR-quartz spectra, respectively. Again the EOPs
derived from the first-principle calculations of moleculesexceed
parameters obtained in the periodic calculations and permitting
to explain the experimental data.

The question about transferability of EOPs from molecules
to larger systems has been adressed in studies of carbon
polymorphs.13,40,41Thus, Bermejo et al.40 showed that local field
corrections should be taken into account while using the C-C
bond EOPs derived from saturated hydrocarbons for studies of
diamond. Snoke and Cardona13 found a partial transferability
of EOPs of the single and double carbon-carbon bonds in
hydrocarbons to fullerens C60. More recently, Guha and co-
workers41 showed that the equilibrium electro-optical parameters
obtained in the studies of hydrocarbons permit a good reproduc-
tion of the static polarizability of C60 and C70. However, being
applied to the Raman intensity calculations, the molecular
valence EOPs led to a notable discrepancy between the
experimental and calculated intensities in a high-frequency
spectral region. The authors, nevertheless, noted that the best
fit parameters were close to parameters determined in hydro-
carbon molecules.

A plausible explanation for the nontransferability of the
molecular Si-O bond EOPs to crystalline silica structures is
the influence of crystal electrostatic field. One can expect this
influence to be more important for solids with partially ionic
bonds such as silica as compared to covalently bonded carbon
polymorphs. This hypothesis also implies that the crystal field
correction should vary for different crystal structures and depend
on the electronic distribution in the solid. The results of the
present study indicate that such a crystal field correction can
also be different for different parameters. Thus, the transversal
bond polarizability parameters are close to each other in the
BPM1 and BPM2 sets that is not the case for the longitudinal

EOPs. It also worthy of note that theR′T parameters are less
sensitive to the bond environment (Figure 4).

A model taking into consideration the influence of internal
field on the polarizability of molecules has been suggested by
Rowell and Stein42 and further developed by Mortensen,43 and
by Applequist and co-workers.44 The approach is based on a
dipole interaction model by Silberstein45 and it considers the
molecule as an ensemble of polarizable point dipoles. The
response of the system to the external electric field, which would
be just the sum of particles polarizabilities in the absence of
interparticle interactions, is then modified by the dipole-dipole
interactions. Apllequist et al. demonstrated that the use of the
atom dipole interaction model resulted in effective atomic polar-
izabilities in molecules significantly smaller than the additive
values.44 A version of the model considering atoms as such
polarizable dipoles was employed in calculations of the Raman
spectra of molecular crystals.46-48 However, the dipole interac-
tion model cannot be combined with the BPM because the use
of anisotropic polarizability tensors for the dipoles, which is
generally the case of the bond polarizabilities, would result in
erroneous symmetry of the effective bond polarizability tensors.

Despite the fact that the EOPs do not seem to be directly
transferable from molecules to solids, the quality of Raman
spectra calculated for disordered systems such as glasses should
less be influenced by such a behavior. The Raman scattering
intensity of the systems is described with the formulas

where the first and the second term in the right-hand part stand
for the contributions due to the isotropic and anisotropic parts
of the derivative of polarizability tensor, respectively. One sees
that the derivative of the anisotropy contributes to the intensity
to a much lesser extent than that of the mean polarizability and,
as the variation of EOPs has the main impact on the anisotropy,
the quality of the spectra are less affected by such a behavior
of the parameters. Figure 9 presents the powder Raman spectra
of R-quartz49 and shows that the relative peaks intensities in
the calculated spectrum resonably agree with the experimental
ones. Thus, the EOPs derived are supposed to be suitable for
the modeling of the Raman spectra of disordered aluminosili-
cates and can also be used as a first approximation for the EOPs
for crystals.

5. Conclusions

In the present work, electro-optical parameters of bond
polarizabilty model for aluminosilicate structures were calculated

Figure 9. Experimental49 and calculated with BPM1 parameters set
Raman spectrum ofR-quartz powder.

Ipowder∝ 45(A′iso)
2 + 7(A′aniso)

2 (9)
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from the results of quantum-chemical DFT calculations of
molecular models. The BPM was shown to reproduce the
components of the polarizability tensor as well as the variation
of the components with a change of the length of bonds in the
molecules. It was found that the EOPs of Si-O and Al-O bonds
are sensitive to the environment of the oxygen atom in the
bonds. Therefore, the model taking the environment of the
oxygen atom in the bonds into account, notably improves the
correlation between the BPM and the reference quantum-
chemical data. The EOPs derived are in a fair agreement with
available experimental molecular parameters.

The EOPs obtained were found to be transferable to larger
molecular models. Thus, the mean polarizability of two mol-
ecules of the validation set is reproduced with an error of less
than 1%. The calculation of the variation of the mean molecular
polarizability and of the anisotropy of the polarizability in the
normal modes of one of the molecules with the zero-order BPM
shows a good agreement with the reference quantum-chemical
data, although some limitations of the model were put in
evidence.

However, being applied to periodic systems, the molecular
EOPs were not able to reproduce the intensity of peaks in the
polarized Raman spectra ofR-quartz, especially in the low- and
high-frequency spectral regions. The comparison of the molec-
ular parameters with those derived from the periodic DFT
calculations of silica polymorphs17 indicates that values of the
molecular RL and R′L parameters are larger than the corre-
sponding values in the solids. The transversalRT and R′T
components reveal a better transferability. Consequently, sig-
nificantly larger anisotropies of the bond polarizability and its
derivative in molecules are the primary reason of the above-
mentioned discrepancy between the calculated and the experi-
mental Raman spectra ofR-quartz. It is supposed that the electric
field of the solid is responsible for the variation of EOPs. If so,
the parameters should be influenced by both the symmetry of
the crystalline lattice and the degree of ionicity of chemical
bonds. Further experimental and computational studies are
necessary to verify this hypothesis.
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