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Abstract.

Dielectric permeability g, of B-alanine (p-Ala) single crystals is studied with the IR
spectroscopy technique and the appropriate calculations. We have calculated the dielectric
permeability from the reflectance spectra, using the dispersive analysis and the harmonic
multi-oscillator model. The calculations of g, from the reflectance spectra of (010) B-Ala
crystal plane in the 400-4000 cm™ region have earlier shown that it is impossible to achieve
the g values experimentally measured in the microwave region (g,°=5.3, €,"=4.0). The
calculated data differ two times from those experimentally measured for one of the
directions. The polarized IR reflectance spectra of [-Ala single crystal and the
transmittance spectra of the corresponding powder are detected in the 100-5300 cm™
region. The account for the low-frequency modes (400, 321, 218, 180 cm™) finally gives a
possibility to obtain a good agreement between the calculated and experimental results. The
large contribution to €,, which is mainly due to the oscillator at 218 cm™, is essential only
for one of the alternative polarizations (E || the small axis of the (010) crystal plane). It
seems to be associated with the H-bonded inter-molecular vibrations.
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amino acids, which compose the proteins of a

Studies of the dielectric function of molecular
crystals, such as amino acids, are of a great
interest for both the fundamental and applied
fields. Amino acids entering the bio-molecules
have been under extensive studies during last 50
years. However, the most important data have
been got for a gas phase or solution. It is known
that amino acids manifest a neutral form in the
gas phase and zwitter-ionic form in the solution
or the solid state. Despite of that the amino-acid
single crystals are good modeling systems, they
have been given much less attention than the
corresponding solutions. B-Ala single crystal is
yet not included in the list of 20 conventional
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living substance. That is why the fundamental
studies of the $-Ala amino acid have been rather
poor. Nevertheless, f-Ala participates in a cell
metabolism and enters the composition of
coenzyme A. It is also worthwhile that the drugs
based on B-Ala are produced for regulating the
cell metabolism.

A little is still known about the optical (in
particular, vibrational) and dielectric properties
of B-Ala [1-5], the natural isomer of L-Ala. We
have earlier studied the vibration and electronic
spectra of B-Ala [6-8], calculated the potential
of proton in the bifurcated H-bond of B-Ala
single crystal fragment [9], and measured the
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low-frequency anisotropic dielectric
permeability [10]. The value of the latter has
been measured at the microwave frequencies. It
is equal to 5.3£0.1 and 4.0+ 0.1 for the two
crystallographic orientations. However, the
calculations on the basis of reflectance spectra
(400-4000 cm™)  have

impossible to obtain the g, values measured

shown that it is

experimentally in the microwave region (gp=5.3,
€0=4.0). The calculated data differ two times
from the experimental ones, though the majority
of experimentally detected vibrational modes
are located within the spectral region under
study. Therefore, in the present study we
measure the polarized reflectance spectra of jB-
Ala single crystal and the transmittance spectra
of the powder, analyze the contribution of all the
vibrational modes to g, in the 100-5300 c¢m’
region and calculate the anisotropic dielectric
permeability in a wider spectral range than that
studied earlier [10].

Model for the calculations of dielectric
permeability

Molecule of B-Ala is extended along the C-C-N
skeleton, with COO™ and NH;" terminal groups,
and consists of 13 atoms. The B-Ala does not
have any elements of symmetry, except for the
identical one [11]. It crystallizes in the space
group Pyca (D152h), with 8 molecules in the unit
cell. The group involves 8§ symmetry elements,
including an inversion center, so symmetry
types distribute the total set of optical modes in
the following way:

G =394,+39B,,+39B,,+39B,,+394, +

+38B,,+38B,,+38B;,

This means that different modes could be
active in the Raman and IR spectra. The total
number of optical vibration modes for B-Ala
equals to 3nZ-3 = 3x8x13-3 = 309, where n
denotes the number of crystal cell, Z the number
of atoms in the molecule, and 3 the number of

degrees of freedom for every atom. Due to the
fact that the crystal cell consists of 8 molecules,
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a great number of vibrational modes, including
the 8-folded inter-molecular and intra-molecular
vibrations with close frequency positions,
should be observed in both the Raman and the
IR spectra of transmittance, absorption or
reflectance [6]. According to the selection rule,
the total number of optical vibrations that could
be registered in the IR and Raman spectra is
equal to 309-39=270 (39 wvibrations of A,
symmetry, the so-called silence modes, are
inactive in the IR spectra) [12]. From the whole
set of optical vibrations, 231 ones are related to
intra-molecular and 39 (6A,, 6B, 6B, and
6B3,) to the crystal (or lattice) vibrations. 24 of
the lattice vibrations are active in the Raman
and 15 in the IR spectra (5B, 5B,, and 5B3,).

The problem of modeling the spectrum of
multi-atom molecules involves some difficulties
(the absence of the data about bond constants,
the necessity of accounting for overlapping of
electron states, etc.) [13]. Therefore, usually one
cannot exactly fit the experimental and the
calculated spectra. At the same time, the
problem is difficult enough. The approach
presented in this work does not demand the
mentioned data and allows solving the problem
of extraction the optical characteristics of crystal
and the parameters of specific oscillators from
the vibrational spectra in a simple way. Having
known the precise numerical parameters of
oscillators, we can estimate quantitatively the
changes in the vibration parameters due to the
external influences on the PB-Ala crystal. For
example, while exposing the crystal to
microwave radiation, we can see the evident
changes in the mode intensities occurring in
some regions of spectrum [14].

We use the Kramers-Kronig technique or
the classic dispersion analysis (CDA) (with the
appropriate model for the dielectric function) for
obtaining the dielectric permeability spectrum.
The main requirement of the technique is the
measured data for the reflectance spectrum
concerning all the range, especially its low-
frequency Besides,

region. using of this
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technique requires a large crystal thickness. In
this respect, the CDA method does not have the
limitations associated with the thickness or
availability of several layers.

For description (parameterization) of the
permittivity function of crystals, possessing
dipole-active vibrations, some
phenomenological models are employed. The
model of non-interacting harmonic oscillators
[15] (the additive model) for parameterization of
dielectric function uses the value of high-
frequency dielectric permeability €, and three
IR-active

parameters  characterizing each

vibration: o7, S;, Ij, 1ie., the vibration
frequencies, the strength and the damping of j-th

oscillator, respectively:

g(a)):gw+z 5
— o

]]'_

2
S,

o —iol ; M
The four-parameter half-quantum (or
factorized) model [16-18] for consideration of
part of each oscillator uses the values of
frequencies, their transversal and longitudinal
optical ~ vibrations g, oy, and the
corresponding dampings I't; and I’y It takes
into consideration that the lifetimes of
transversal and longitudinal optical phonons can

be different:
2

2
. —O —
sw=e]]5—

This model is equivalent to the model of

Ly

2

iol’
il
harmonic oscillators at I'rj =I';, and the relation
between wj and o can be described by the
Lyddene-Sacks-Teller equation. The use of this
model is expedient when the values of TO-LO
splitting are larger than the I'y, I'y; values, and
the frequencies o and oy; can be determined
experimentally (e.g., using the Raman or IR
absorption/transmission spectra), that being not
the case for molecular crystals.

In some cases a model can be used for
describing the permittivity function of partially
disordered crystals, which considers a static
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allocation (degradation) of some parameters of
the oscillator ensemble (see, e.g., [19, 20]).

It is known [21] that the intra-molecular
interactions (caused mainly by covalent bonds)
in molecular crystals are much stronger than the
inter-molecular interactions related to Van der
Waals forces. At the same time, their separate
groups and molecules are connected by a great
number of hydrogen bonds, which include more
than 60% of all bonds [22].
interactions can exceed Van der Waals forces in

Hydrogen

crystal. Hydrogen bonds are partially ionic,
though their energy is less than the covalent
bond energy by an order of magnitude. The
vibration frequencies of the lattice are therefore
much lower than the frequencies of intra-
molecular vibrations. Besides, it is known from
the literature (see, e.g., [18] for meta—nitro-
aniline crystal) that the value of TO-LO splitting
in the molecular crystals is 0.1-3 cm™ for the
most of vibrations, while the damping parameter
is equal to 5-15cm™. Considering optical
anisotropy of the crystal, we have therefore used
for description of dielectric function in B-Ala
the model
oscillators in the form

a _ La
e“(w)=¢. +Za)“2
VAR

of non-interacting (harmonic)

a2 ca
Iy

2 .
- —la)l"f‘

3)

where the indices oo = a, b, ¢ determine the
vibration directions of electric field vector of the
incident electromagnetic wave with respect to
the crystallographic axes of anisotropic crystal,
€, 1s the high-frequency permittivity for the
corresponding directions in crystal, or”, S;%, I}*
the frequency, force and damping parameter of
the j-th oscillator, which is active in this
polarization.
Earlier (see [7]) we have made an
assignment of the vibrations observed in the
Raman spectra of single crystals and the IR
transmittance spectra of B-Ala powder in KBr
pellet, basing on the group theory analysis and
the correlation diagrams. Certain difficulties

have appeared in the process of such
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assignment. First, a number of modes in the
absorption spectra (especially those in the 2000-
5300 cm™ region) could be related to the
combined modes and the overtone excitation.
Second, the measurements of the absorption
spectrum of the crystal meet with certain
technical difficulties, such as getting thin (about
several microns small) single crystal plates. We
usually apply in such the cases the method for
pellet preparing, when a small amount (about
1%) of the material is pressed in a transparent
matrix. Furthermore, precise determination of
the vibration frequencies of crystal on the basis
of the absorption spectra of the powder should
account for the possible excitation of the surface
modes (especially the Frohlich modes) in micro
particles [23]. This could lead to a shift of
frequency, at which the excitation is observed,
from or to ws (or<ws<o). The condition g
A(®s) =
permittivity of the matrix material) is expected
to be fulfilled for ws [24]. Besides, one has to
consider that the molecular crystals, including

2€marix  (With  €panix  being  the

B-Ala, L-Ala and L-His, are anisotropic and
their optical properties are defined by a tensor of
permittivity. In a mixture, of which a pellet is
made, the micro-crystals are oriented
chaotically. Therefore, in the absorption spectra
the modes are simultaneously excited, which
different possible

orientations. Due to the measurements of the

correspond  to crystal

reflection from single crystals, only the
excitation of dipole-active vibrations could be
and the

combined modes, because only the vibrations

observed, without any overtones

polarized in certain plane are then detected. As a
result, one can expect that the measurements of
the polarized reflectance spectra on anisotropic
crystal and the absorption spectra on its powder
gives an additional information about the
dipole-active vibrations of crystalline lattice,
thus allowing to determine the dielectric
function of the crystal and make the assignment
of vibrations.

30

Sample preparation and experiment
technique

The single crystals under test were grown using
triple cross-crystallization from the saturated
water solution of chemically pure B-Ala powder.
Afterwards, they were dried in a vacuum
thermostat at 340 K. For our experiments, we
used single crystal samples of B-Ala with the
thickness of 2-5 mm (for the investigations of
reflectance spectra) and B-Ala powder in KBr or
Csl matrices (for the transmittance spectra). [3-
Ala, KBr and Csl were milled in agate mortar
and mixed according to the ratio of 0.7 mg B-
Ala per 500 mg of the matrix material. Then the
mixture was pressed into the ring of 20 mm-
diameter.

Crystal orientation during the spectral
measurement was fixed as shown in Fig. 1. The
reflectance spectra were measured at the
cleavage plane (010), in accordance to [11]. The
polarization of the incident wave was of such a
type that the direction of the electric field was
parallel to the large (a) or small (c) diagonal of
the (010) plane. We have obtained in the earlier
experiments [6-10] that the IR spectra are the
most different from each other, if the electric
field (E) of the incident beam is parallel to the
small or large diagonals of the [010] crystal
plane, while the dielectric permeabilities have
the most drastic differences for the two

Fig. 1. Reflectance spectra are collected for the
crystal layer [010]. The axial length for the
corresponding axes is a=0.887 nm, b=1.381 nm
and ¢=0.607 nm. The polarization of incident
wave is such that the direction of electric field
vibrations is parallel to large (a) or small (c)
crystal diagonals.
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perpendicular directions of (010). That is why
we suppose that the diagonal of (010) coincides
with the direction of crystal growth and one of
the crystallographic axes. It is known from the
crystallographic data [11] that the crystals grow
as plates parallel to (100) plane and so the big
diagonal would coincide with the crystallo-
graphic axis x.

We obtained the IR
transmission spectra in the 380-5300 cm’

reflectance and

region with the Fourier-spectrometer IFS-48
(Bruker), possessing the resolution of 0.2 cm™
and the wave-number accuracy of 0.01 cm™.
The measurements in the 100-500 cm™ region
were performed with the grating spectrometer
KSDI-82 (LOMO), equipped with the optical-
acoustic photo-detector. We used polyethylene
polarizer in our experiments. The light angle in
the standard reflection device IPO-22 (LOMO)
was close to the normal and was equal to 16.5°.
All the measurements were made at the room
temperature.

Results and discussion

The reflectance spectra of 3-Ala single crystal in
polarized light and the transmittance spectra of
B-Ala pellet obtained in the experiments are
shown in Fig.2 and Fig.3, respectively. The
corresponding calculated spectra are also
presented in these figures. The calculations of
the reflectance and transmittance spectra were
made with the matrix method [24], considering
the effect of reflection from the bottom plane.
The permittivity of the crystal was calculated
with formula (3). While

transmittance spectra of the

calculating the
pellet, the
composite microstructure of the medium was
considered

following the symmetric

approximation of effective medium by

Bruggeman (see, e.g., [26]):

f 8ﬂ—ala

—& & . —&
1 eff + ](2 matrix eff :O ( 4)
Epata T 2(9#/..

+ 28@7.

matrix
Here e+ denotes the effective permittivity of the
composite medium, formed by components with
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the permeabilities €p.4, and emarix and £ and f
are their volumetric contributions (fj+/A=1).

The analysis and comparison of experimen-
tal and calculated results show that the model of
the dielectric function of B-Ala single crystal
used by us describes sufficiently its optical
properties in the region of lattice and intra-
molecular vibrations. The oscillator parameters
obtained from the fitting of the reflectance
spectra for the two crystal orientations and the
frequency fitting of vibrations in the
transmittance spectra are shown in Table 1. The
obtained values of the high-frequency
permittivity €. and &.° do not differ too much
and are equal to 2.52-2.53. We mean by a high
frequency such frequency, which is higher than
the intra-molecular and the lattice vibration
ones, but lower than the frequency associated
with the exciton and electron excitations located
in the 20000-5000 cm™' region.

As is known, KBr can be used as a matrix
for measuring the transmittance spectra in the
region up to 400 cm™, since it is non-transparent
for lower frequencies. For deriving the
transmittance spectrum of B-Ala in the region up
to 100 cm™, the pellets of B-Ala in Csl matrix
were made. The experimental transmittance
spectra of B-Ala in these matrices are shown in
Fig.2c Good fitting of the

experimental transmittance spectra with the

and Fig.3c.

calculated ones and the values of the parameters
derived from the reflectance spectra testify a
correct solution of the “inverse” problem of
spectroscopy, with the use of the CDA method
and the equation (3) for permittivity of B-Ala
molecular crystal. The halfwidth of the band in
the transmittance spectrum is equal to the value
of the damping parameter I';*. The transmittance
spectrum is formed due to a superposition of the
transmissions of chaotically oriented p-Ala
micro crystals. The bands in the transmittance
spectrum of B-Ala powder observed at 1611,
1431, 918, 799, 668 cm’ are absent in the
polarized reflectance spectra. Considering the
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Fig.2. Reflectance spectra of B-Ala single crystal in the polarized light for the two

orientations of sample: (E || a) - (a), (E

| c) — (b), and unpolarized transmission

spectrum of B-Ala powder in KBr matrix in the 400-5300 cm’” region — (c).

Experiment — curves1, calculations — curves2.

fact that their intensities do not differ much
from the intensities of the other bands, we can
presume that the overtones or the combined
modes are improbable at these frequencies. We
suppose these are to be dipole-active vibrations,
which are active for the other polarization (E||b).
We were unable to measure the reflectance

32

spectrum for this polarization. The bands at
3441 and 2252 cm’ have a high intensity,
however they correspond, most probably, to the
overtones or the combined modes, since they
could not be assigned to any of fundamental
modes.

The weak vibrations, which correspond to

Ukr. J. Phys. Opt. V4. Nal
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Table 1. Parameters of approximation of the dielectric function for -Ala single crystal.

Transmittance Reflectance
E [a) El[c)
j, cm’ oj, cm’! S; T, cm’! oj, cm’! S; T, cm’!
104.83 0.41473 4.37 104 0.1 7.3
120.00 0.1 8.0 121 0.0 12.4
137.00 0.1 8.0
157 158.00 0.1 10.0 158.00 0.04688 4.24
175 180.95 0.49735 17.8
188 191.13 0.36112 13.68
213 218.67 1.70023 22.28
233 247.57 0.10851 15.3
323 321.19 0.22742 12.4
402 400.87 0.10071 13.72 400.10 0.14063 6.3
531.4,539.8 540.65 0.01313 10.75 530.43 0.02051 13.73
575.5 574.7 0.00100 10.00 575.00 0.003 15
654.3 654.91 0.04091 12.73 649.92 0.00467 12.83
668
799
843, 848 847.32 0.02428 6.33 843.62 0.01378 9.54
886.8 885.68 0.00942 10.16 887.35 0.00075 5.98
918
946.1 944.7 0.00642 10.69
992.4 990.65 0.00843 9.05 991.59 0.00841 8.91
1061.7 1060.04 0.00036 7.28 1061.81 0.00194 8.73
1092.7
1130.4 1125.0 0.0008 20 1125.00 0.0008 20
1159.3 1156.81 0.00682 6.72 1158.64 0.00721 9.17
1264.7 1261.58 0.00441 11.67 1263.56 0.00922 11.05
1296.2, 1306 1304.86 0.00183 7.54 1293.64 0.02284 7.93
1335, 1343 1341.1 0.00348 9.59 1333.61 0.01647 8.09
1392 1389.62 0.03217 7.97 1389.07 0.01076 9.79
1405 1402.8 0.00407 4.98 1403.40 0.01227 5.12
1416 1418.13 0.005 12.18 1412.73 0.03084 6.89
1431
1448 1447.93 0.00612 9.04 1447.93 0.00685 9.04
1466 1466.01 0.00412 7.14 1472.90 0.00412 7.14
1510 1503.97 0.03493 18.56 1508.79 0.04074 16.96
1577 1568.82 0.08086 26.82 1575.29 0.02847 22.47
1611
1636 1631.98 0.03251 13.16
1655 1651.94 0.00689 18.97
1668 1664.04 0.00842 19.45
2212 2212.00 0.010 90.0 2212.00 0.01000 90.0
2252
2848 2758.13 0.15282 400.9 2836.54 0.10788 431.5
3441

the modes of the second and higher orders, are
located in the region from 1800 to 2500 cm™.
Their absence in the reflectance spectrum
proves our assumption. The principal tones and
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the overtones are located in the region 2500-
3200 cm™. The continuous structure of the
major band in this region seems to be connected
with the strongly H-bonded NH;" group. This
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conclusion could be made on the basis of
comparison of the transmittance spectra of
B-Ala in crystalline and gas phases. In the latter
case, the molecule of B-Ala does not form a
hydrogen bond with the other molecules and so
this band is absent [27]. Only H-bonding of the
NH3+ group can explain high intensity of this

vibration. Against the background of this band,
a vibration of CH, group is seen only as a weak
peak near 2850 cm™. This vibration makes a
significant contribution to ¢ (Ae = §; = 0.1-0.2)
and shows the important role of H-bonds in for-
ming the structure and properties of molecular
crystals, in general, and B-Ala, in particular.
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Fig.3. Reflectance spectra of B-Ala single crystal in polarized light for the two
orientations of sample: (E | a) - (a), (E | c) — (b), and unpolarized transmission
spectrum of B-Ala powder in Csl matrix in the 100-500 cm’” region — (c).

Experiment — curves1, calculations — curves2.
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It is known [15] that )" = €, + £ S;". After
summing the oscillator strengths for each crystal
orientation, we get XS;'= 3.5 and IS{= 1.52;
i.e., &= 6.04 and g,°= 4.04. We could say that
the main contribution to the static dielectric
permeability for the (E || a) orientation
originates from the low-frequency vibration at
218,6 cm™ and the strength S; = 1,7. This band
seems to be associated with H-bonding of the
adjacent molecules in a layer.

The previous measurements performed by
us with the method of cavity losses gave the
following parameters for B-Ala at /= 3-6 GHz:
€'=3.9(3.82)% 0.009, and tan 6=0.07£0.005. The
measurements on [B-Ala made in Kharkiv for
f =60 GHz gave the value ¢'=5.3%+ 0.1 for one
direction in the crystal plane and €'=4.0+ 0.1 for
the other direction in the same plane [10]. From
comparison of the experimental data obtained
for the
calculations on the basis of the IR spectra with

microwave frequencies and the
taking into account the low-frequency modes,
we can get a good agreement for the g
parameter. For the case of g¢°, the value derived
from our calculations (4.01) is larger than that
obtained at the microwave frequencies (3.8 — 3.9
at 3-6 GHz) and (4.0 at 60 GHz, respectively).
We suppose that the reason is not correct
enough IR measurements at the low frequencies
(100-150 cm™) or the crystal defects. For
example, a presence of micro cavities and other
defects can minimize the value of g, by 0.1-0.5,
as we could see from the measurements in the
microwave range. In case of the other direction,
the €y value derived from the calculations (5.2)
is less than that derived from the microwave
measurement (5.3). We assume the reason to lie
in the fact that not all of the oscillators located
in the region of 10-100 cm™ have been taken
into account. We have measured four strong
vibrations in the RS of B-Ala in the region lower
100 cm™'. However, we could not detect them in
the IR reflectance spectra, due to the instrument
limitations. Therefore, these vibrations do not

Ukr. J. Phys. Opt. V4. Nal

enter the data set used for the calculations. This
causes a decrease in the permeability value
obtained in the calculations.

It is known that the lifetime of electric and
vibrational states can noticeably change in
electromagnetic fields [28]. There are the
vibrations, e.g., in the low-frequency region of
the spectrum of amino acids, which are strongly
polarized and make essential contributions to € .
Probably, even a slight excitation of them might
cause a redistribution of the energy Ilevel
population and so could affect the vibration
parameters. These vibrations are linked with
perturbation of H-bonds.
Therefore, the corresponding stretching and

strongly  polar

deformation vibrations would “feel” the changes
in H-bonding and manifest themselves in the IR
spectra, e.g., as is observed during exposing
crystal with the microwave radiation [14]. The
energy positions of these vibrations show that,
at the
corresponding to ®=200 cm’), their energy

room temperature (the energy
states are partly occupied [29] and so their real
intensity must be higher than that in the
experiment. The influence of electromagnetic
field can change the parameters of these
almost half the

contribution to the low-frequency permittivity.

vibrations, which give
Therefore, even a slight microwave irradiation
would be enough for changing the permittivity
of crystal in this direction.

Conclusions

The data obtained from the optical studies (the
Raman, reflectance and the transmission
spectra) in the region of 400-5300 cm™ are not
enough to calculate the dielectric function of the
B-Ala single crystal in the whole region of
electromagnetic spectrum and to agree the static
permittivity g, value with the results obtained by
using the method of cavity losses. It is therefore
logical to expand the spectral range of optical
studies towards the low-frequency region.

The polarized reflectance spectra of [i-Ala
single crystal have been investigated for the two
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orientations of the electric vector E. The
transmittance spectra of the powder (chaotically
oriented micro crystals) in the relevant neutral
matrices KBr or CsJ have been also studied in
the 100-5300 cm™ region. We have calculated
the components of the dielectric function of [3-
Ala single crystal for the electric field parallel to
the large and small diagonals of the (010) plane
((Ella) and (El|c)). The spectra have been
calculated, using the multi-oscillator harmonic
model. The corresponding parameters of the
oscillators are received.

In the low-frequency region, -Ala crystal
manifests the IR-active vibrations of relatively
high oscillator strengths, which could be
assigned to H-bonds of the crystal lattice. For
the orientation (E|ja), there are the vibrations at
401, 218 and 191 cm’', while for (E|c)
orientation there the frequencies are 400, 321
and 180 cm™'. Taking the parameters of these
vibrations and the limits of experimental
accuracy into account, we get a good fit of the
values of low-frequency dielectric constants g,
derived with the independent experimental
methods and are in a position to explain a high
anisotropy of this parameter.
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