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Abstract

In contrast to the extensive molecular and crystal structure investigations on oxalic acid dihydrate
(C2H,04:2H,0, a-POX) and its deuterated analogues (a-DOX), stands the absence of a complete vibrational
spectra analysis. Such analysis is desirable in view of the proton dynamics in o-POX crystals. In this
communication we report the room temperature polarized IR reflectance spectra of a single crystal of a-POX
recorded from the ac crystal plane, and from the plane containing the b-crystallographic axis, with polarization
along the axis. Dispersion analysis of the reflectance spectra of both B, and 4, symmetry type modes, using
model dielectric and reflectance function valid for the monoclinic case, have been performed and the results are
discussed. Some aspects of the obtained fit results for some of the spectral regions and the peculiar change of the
reflectance function with polarization angle are also discussed in this work. A correlation between the crystal
structure and measured spectra, together with the results of the performed dispersion analysis, gave answers to
some of the problems concerned with the orientation of the transition dipole moments of the IR active modes.
The assignment of modes is assisted by DFT calculations. Another aspect covered in this work is the model
reflectance functions using different averaging theories that have been applied in obtaining the reflectance
spectrum of a polycrystalline sample. The results of the comparison between these spectra and the recorded

reflectance spectra from a polycrystalline sample were further discussed.
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1. Introduction

The interest towards investigation of oxalic acid dihydrate (C2H204-2H>0, a-POX)
appeared due to its peculiar properties arising from the existence of a very short hydrogen
bonds in its structure [1, 2]. It has been shown [3] that a proton transfer between the O—H acid
group and the short hydrogen bonded water molecules at 17 °C, occurs at ms time-scale. The
ac conductivity in the a-POX crystals as a function of the temperature and the applied
frequency has also been investigated [4]. One of the conclusions of that work is that at
temperatures below 200 K, proton polarons are involved in the conductivity. Some
preliminary results have shown that these polarons may be the reason for an observed
intensity enhancement in the region around 1400 cm™ in the IR and Raman spectrum of the
crystal of oxalic acid dihydrate [4, 5], as compared to the crystals of acetanilide [6] and
methyl acetamide [7]. All these peculiarities result in a necessity for accurate vibrational
characteristics of a-POX crystals. Although complete crystal structure investigations of o-
POX [1, 2], its deuterated analogue (C2D204 - 2D>0, a-DOX ) [2] and the B polymorph (B-
DOX) [8, 9] exist, the crystal dynamics picture is still not complete. At first sight it seems due
to a comparably small number of atoms in the formula unit and a small number of formula
units per primitive cell (Z = 2), IR and Raman spectra of a-POX should be easy to interpret.
But, on the contrary, in the few existent investigations [5, 10-12] of the vibrational properties
of a-POX, it has been shown that the interpretation of the vibrational spectra is far from being
straightforward.

The crystal structure investigations reveal that all of the polymorphs are monoclinic
(the space group is P2i/n for o and P2i/a for B polymorph). In both structures a center of
inversion is present imposing the exclusion rule. Thus 4y and B, symmetry type modes are IR
active, while 4, and B, are Raman active only. A complete picture of the vibrational dynamics
of the crystal can be obtained only if both types of spectra are collected. Recently, a complete
polarized Raman investigation on o polymorph has been published [11]. To obtain the
complementary IR data it is necessary to study a single crystal by recording reflectance
spectra with polarized light and interpreting this spectra by applying classical dispersion
theory [13, 14], which satisfactory determines the mode parameters like transversal phonon
frequencies, transition moment strengths, damping constants, and direction of transition
dipole moment of the corresponding modes. According to the monoclinic crystal system in
which o-POX crystallizes, we have applied a methodology suitable for this case, which

already gave excellent results in previous studies on similar systems [15-17].



2. Experimental

Single crystals of a-POX were obtained from a concentrated water solution by slow
evaporation. Crystals of different morphology resulted from this procedure: some of the
obtained single crystals were needle shaped, while others resembled plate prisms. For the
needle shaped crystals, X-ray diffraction measurements revealed that the b crystallographic
axis lies along the needle axis, while in the case of plate prism crystals, the smallest
developed plane was perpendicular to the b crystallographic axis. Crystallization at
temperatures around 5 °C yields crystals of good quality but without preference of a certain
morphology. Crystals grown at temperatures around 25 °C were of lower quality but with the
morphology needed (plate like crystals). Because in none of the crystals the (010) crystal
plane manifested itself in their macroscopic morphology, they were oriented in order to find
the directions of the a and c crystallographic axes using XRD. The direction of the b axis was
further assured recording an IR cross polarization spectrum where a zero cross polarization
indicates perfect orientation in this case.

After orientation of the crystals, they were cut and polished. It has to be stressed that
due to the organic nature of a-POX it was quite difficult to find a suitable non dissolving
polishing agent being also a cooling agent during the polishing procedure. It appeared that
polishing without a polishing agent induces structural changes on the crystal surface,
monitored by the IR spectra. We finally decided to apply CCls, a non-polar and strong
evaporating liquid that enables cooling during the polishing process. The polished planes were
not of equal optical quality which reflects in the quality of reflectance spectra. Another
challenge connected to the recording of the a-POX crystals was the loss of crystal water.
Dehydration occurred particularly on freshly polished planes, especially when recording in
dry atmosphere was performed. Therefore we strictly recorded the reflectance spectra in the
presence of humid air, although the presence of water vapor and CO; bands slightly disturbed
the spectral quality.

Infrared reflection spectra were recorded on Bruker Equinox 55 at room temperature. 64 scans
were recorded at nominal resolution of 4 ¢cm™ and averaged. For spectra recorded with
variation of the polarization angle in the ac plane, performed every 10°, a Fixed Angle
Specular Reflectance Accessory at 8° incidence angle was employed. Spectra further applied
in the fitting procedure were recorded using a Harrick-Scientific Seagull™ Reflectance Cell at
5° incidence angle. In both cases only s-polarized radiation was employed. The approximate

dimension of the aperture used was between 3 and 4 mm. A face parallel to the b



crystallographic axis was also polished and spectra were recorded with polarization direction
of the external radiation along this axis.

3. Computational approach

Harmonic vibrational analysis of the crystalline a-POX was performed on a previously
minimized structure by using the plane-wave/Density Functional Theory (DFT) approach, as
implemented in the CPMD v. 3.13.2 program package [18]. All the symmetry features of the
system, including translational periodicity and space group operations, were rigorously
followed. We used the BLYP density functional coupled with the plane-wave basis set with a
kinetic energy cut-off of 80 Ry. While valence electrons were treated explicitly, the core
electrons were approximated with atomic pseudopotentials of Trouiller and Martins [19]. A
2x4x1 Monkhorst-Pack mesh of k-points was used in the electron structure calculations.
This approach is in essence similar to the previously published study of vibrational modes of

oxalic acid dihydrate in the context of Raman spectroscopy [11].

4. Dispersion analysis — theory
The orientation of the crystal axes, the internal xyz and the external XYZ coordinate

systems are presented in Figure 1.

N

Figure 1. Measurement geometry applied for By spectra as viewed along b crystal axis, (f = 106°20”).
Coordinate system fixed to the crystal is denoted by x, y, z and the system fixed to the polarization vector X of

the external electric field vector by X, Y,Z .

From the given direction of rotation of the vector of polarization (X axis) it follows that the

rotation transformation of the dielectric tensor from internal & , into external &, ,

coordinates should have the following form,
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where ¢ is the angle between the x and X coordinate axes, which coincides with the angle
between the a crystallographic axis and the direction of polarization of the external radiation.
The dielectric tensor in terms of the crystal fixed xyz coordinate system is expressed through
the background tensor components ., &:°, &:*, oscillator strengths S, transversal phonon
frequencies @, attenuation constants y and the orientation of the transition dipole moments &,

through the relation [15, 16].
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In the summation, all transition dipole moments with vectors in the ac plane are
involved. The reflectance function for reflections from the ac crystal plane at normal

incidence is then calculated using the relation [13],
~ |2 ~ |2
R, (9) =|rXX| +|er| , 3)
where the 7,, and 7,, are the complex reflectance amplitudes. The small incidence angle of

5° allowed us to use the simplified approach (using theory for normal incidence, on non-
normal incidence reflectance data) as explained later in the text.

Much simpler formulas can be found elsewhere [20] for dielectric and reflectance
functions of the optically isotropic case for reflection from a crystal plane parallel to the b

crystal axis and polarization along this axis.

5. Results and discussion

Structural investigations of crystals of oxalic acid dihydrate show [1, 2] that two
molecules of oxalic acid per primitive cell rest on sites with local symmetry 7, while one set of
four water molecules are on general positions, i.e. being on Cj sites of symmetry. The
correlation diagrams between the irreducible representations of point groups of a free oxalic
acid and water molecules in a free state, the site symmetry in the crystal, and the factor group
of the space group of the crystal, are presented in Figure 2. The diagram for oxalic acid
presented below, is applied under the assumption of a Con point group symmetry of free oxalic

acid molecule [21, 22].
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Figure 2. Correlation diagrams of oxalic acid and water molecule in the structure of a-POX

For free trans oxalic acid molecule, group theory gives the number of vibrations
divided among the irreducible representation of the Cz, point group as, Ioxalic acia = 7 Ag D 2
Bz @ 3 Au ® 6 Bu. For the two molecules of oxalic acid, under the C2; point group isomorphic
with the space group, the symmetries of vibrations are Ioxalic acid in crysta =9 Ag @ 9 B¢ © 9 Ay
@ 9 Bu. The four water molecules in the primitive cell, will give 12 internal vibrations divided
equally among the symmetry types. In contrast to oxalic acid, all of the vibrations present in
the free water molecule will equally participate among the symmetry types characteristic for
the crystal point group Con. For the oxalic acid, the modes will preserve the parity, so that
some of the modes will exclusively be visible either in Raman or in IR spectra. For further
analysis it is instructive to know the symmetry type of the internal and symmetry adapted
coordinates for both the oxalic acid and water molecule. Therefore, we used the harmonic
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frequencies and normal modes obtained from our DFT calculations. We apply only the
ungerade (4y and By) symmetry types when assigning the modes. Due to the appearance of a
short hydrogen bond, which results in strong anharmonicity and coupling of particular modes,
it is very difficult to distinguish between internal and external vibrations, so that the upper
mode analysis is just an approximation.

In order to view the B, symmetry type modes, the polarized IR reflectance spectra
were recorded from the ac crystal plane, changing the direction of polarization by changing
the angle ¢ (cf. Fig. 1) in the range from 0° to 180°, with a step of 10°. In order to obtain
clearer picture only a part of the recorded spectra with a step in the change of the angle ¢ of
20° is presented in Figure 3. It is noticeable, that all bands change their intensity with respect
to different orientations of the vector of polarization of the external radiation. Some bands
have intensity minima close to zero, indicating that the transition dipole moment is oriented

closely to the direction of the dielectric tensor of principal axes [23].
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Figure 3. Reflectance spectra measured with the polarization vector perpendicular to b crystal axis (ac reflecting
plane)-upper panel. The spectra were measured by rotating the crystal in the range between 0° < ¢< 180° by
successive steps of 20°. The reflectance spectrum measured with polarization vector parallel to b crystal axis is

presented in the lower panel.

In Figure 3, a spectrum recorded from the plane parallel to the b axis, with polarization
along this axis is also presented. In this polarization, only modes of 4. symmetry are active.
According to the correlation diagrams presented in Figure 2, the number of bands appearing
in the spectra recorded from the ac crystal plane (Bu type) should be the same as ones which
belong to 4. symmetry type. However, due to the unit cell group splitting, the frequencies

differ. If the unit group splitting is small and can be neglected, then due to the different
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projections of the transition dipole moment on the ac crystal plane and along the b
crystallographic axis, the reflectance of the corresponding mode will also differ. Thus,
comparing the change in the reflectance of the bands in the spectra recorded from the ac
crystal plane, with the one recorded with polarization along the b crystal axis, following
results for the “observed” orientations of the transition dipole moment (Table 1) can be

obtained.

Table 1. Appearance of the most intense bands in the IR spectra applying different polarization of the external

radiation.
Wavenumber/cm™! 3500 | 1891 1606 1540 1258 1116 723 473
Polariz. along a X X
along ¢ X X X X
along b X X X X

However, a visual observation of the band profile change in the polarized IR
reflectance spectra with the change in the direction of polarization and conclusions about the
directions of transition moments, can be safely done only for crystals with symmetry as high
as orthorhombic. For monoclinic crystals, the transition dipole moments in the ac crystal
plane are no longer fixed to unit cell symmetry. Therefore the direction of a transition dipole
moment cannot be predicted from the symmetry considerations. Since the transition dipoles
are usually not oriented along the directions of the crystallographic axes, the spectra are
significantly more complex and consequently more challenging to interpret. Moreover, the
number of reflectance bands, their positions and their shapes depend on the orientation of the
vector of polarization.

The reflectance IR spectra of crystals crystallizing in monoclinic crystal system have
been treated employing dispersion analysis [15-17, 24-26]. Four IR polarized reflectance
spectra recorded from the ac crystal plane under incidence angle of 5° were used in the
simultaneous fitting procedure presented in Figure 4. The low experimental incidence angle
under which polarized spectra were recorded gave assurances that the obtained dispersion
analysis results using the simple theory for normal incidence [24, 25] will not differ in a
meaningful degree from the results employing the more complex theory that takes into
account the incidence angle (averaged standard deviations of about 2% at 8° were obtained
[26]). The modeled spectra arising from the best fit are also given for comparison, while the

best fit parameter data are summarized in Table 2.
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Figure 4. Polarized and modeled IR reflectance spectra recorded and calculated from the ac crystal plane at four

angles ¢ 0°, 45°, 90° and 135°.

Table 2. Parameters for the B, symmetry type modes, obtained from the best fit of the polarized reflectance
spectra recorded from the ac crystal plane. @, S, ¥ and @ are: transversal frequency, square root of the oscillator
strength $?, damping constant, angle between the normal to the ¢ crystallographic axis and the transition dipole
moment direction of the B, symmetry type mode, respectively. The observed frequencies ( @,») and the calculated

ones applying the DFT approach (@) are also given, together with the corresponding assignment.

0-POX (ac-plane) wadem™ |wp/em™  |w/cm™ [S/em yem™ |9°
v(H,0) 3463 3485 3498 562 104 10
v(H20) 3389 3416 3416 370 58 67

3369 427 170 111
3299 377 283 36

combination 2799 2783 860 1837 27
combination 2622;2463 2541 1169 1432 115
O—H---O,, stretching 1977 1883 1881 984 309 132
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V(C=0)+ 5(H,0) 1720 1690 527 38 40
V(C=0) + V(C-O)+ 8(H,0) 1634 1679 1667 506 45 92
V(C=0) + v(C-O)+ 8(H,0) 1566 1541 1542 455 135 99

v(C— 0) + 5(C-0-H) 1451 1432 1432 247 64 133
V(C— 0) + (0 — H) 1265 1351 1351 92 25 107
5(0-H) + v(C-0) 1239 1258 1247 438 19 095
(O — H) 1120 1188 554 214 108
0=C-O bend + O(3)H~-0= 763 723 723 175 12 89

out of plane bend

H-O librations 554 573 590 368 102 3

&x(0) = 1.793 ; &(0) =0.064 ; (o) =1.754

The fit was performed using 16 oscillators, according to the number of bands observed, which
is less than predicted by the group theory. The addition of one or two extra oscillators did not
significantly improve the similarity of modeled to recorded spectra. The reflectance spectra
recorded along the b crystallographic axis, together with the modeled spectrum, using the data

from the best fit, presented in Table 3, is presented in Figure 5.
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Figure 5. Polarized and modeled spectrum recorded and calculated from a plane parallel to the b crystal axis,

with polarization along this axis.

Table 3. Parameters for the 4, symmetry type modes, obtained from the best fit of the polarized reflectance
spectra recorded from the plane, parallel to the b crystallographic axis, with polarization of the incidence electric
field along the axis. The designation of the parameters is the same as in Table 2.

* Assignment was taken from ref. [11].

0-POX (|| b-axis) adem”  |wp/em?  |w/em?|S/em™| yem!
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v(H20) 3457 3468 3492 336 73
v(H20) 3419 3424 3437 268 93
3257 3301 213 183
combination 2628 2718 363 679
combination 2038 2010 372 643
v(C=0)+ 6(H,0) 1630 1690 1701 368 93
v(C=0) + v(C-0)+ §(H.0) 1576 1608 1614 138 22
1602 112 43
v(C- 0) + 6(COH) 1462 1439 1402 152 288
0(COH) + v(C-0) 1303 1254 1264 97 45
(O —H) 1236 1114 1125 225 54
O(1)H(1)---O(3) bend + 6(H20) 992%* 1074 1082 251 107
0O=C-0 bend+ O(3)H'-O= out of plane 768 731 738 43 12
bend
H,O libration 686 597 603 179 57
H-,O libration 580 555 560 122 43
CCOOH out of pl. bend 519 469 483 281 90
gy(0) =1.817

The observed frequencies correspond to the maximum reflectance for a particular band and
are given here in order to characterize the reflectance bands. These frequencies differ from the
transversal one which should appear at lower wavenumbers than the observed one for a pure,
non-overlapped reflectance band.

The fitting procedure results in a lower difference between measured and modeled
spectrum for the spectrum with polarization direction along the b crystallographic axis, then
for spectra recorded from the ac crystal plane (compare Figs. 4 and 5). Several reasons may
be responsible for the poorer fit in the case of spectra recorded from the ac crystal plane. The
first one may be found in the more complex formula for the dielectric tensor and the
reflectance function used in the fitting procedure of the By modes, besides, four spectra at
different angles of polarization must accommodate the model function. Further, small
experimental error could be introduced while rotating the crystal around the b crystal axis,
although all precautions to exclude this error have been applied. Another, more crucial
argument can be found if we scrutinize spectra in Figure 4 more carefully. It can be seen that

the fitting fails mostly in the region from 2000 to 1500 cm™'. As already mentioned in earlier
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work [11], this is the region where the asymmetric stretching of the strong hydrogen bond
appears, and where the strong anharmonic coupling with other modes is expected to be
present. Therefore, it is highly probable that this interaction causes an incompatibility with the
fitting model, in which such an interaction was not incorporated. Another reason for the poor
fit could be also appearance of an Evans hole at a frequency near 1770 ¢m!. This kind of
Fermi resonance between the stretching C=0O and the asymmetric short hydrogen bond
stretching has already been detected in the Raman spectra of the compound [11]. However,
the model reflectance function does not support this feature. The existence of the Evans hole
might be seen on the enlarged section in Figure 6. For comparison, the same section is given
for the generated spectra using data from Table 2, for the same angles of polarization. The
apparent difference between the experimentally recorded and calculated spectra can be

observed.
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Figure 6. Polarized IR reflectance spectra recorded from the ac crystal plane, at ¢=130°, 140°, 150° and 160°
(cf. Fig. 1). The insert (pointed by an arrow) shows the enlarged part of the frequency region and the two spectra
where the change from a dip, probably with an Evans character, is replaced by a band (bold line). The other two

narrow lines are the generated spectra for the 140° and 150° angle of polarization.

When the polarization angle changes from 140° to 150°, it appears that this dip
transforms into a band with a maximum at 1717 cm’', which further shifts to smaller
wavenumbers as the polarization angle proceeds to increase. This shift could be explained by
the appearance of another band on the low wavenumber side of the first band. Namely the

angle between the two calculated transition dipole moments (Table 2) is approximately 52°,
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which produces the effect of an apparent continuous shift of the reflectance band maximum as
polarization angle increases. This kind of continuous shift usually appears between
neighboring bands which overlap in a region of several cm™! [15]. The existence of a second
band is supported by the fitting results (cf. Table. 2), which were by far worse when only one
band was used in the C=O frequency region. It can be also seen that near these two bands
exists another small intensity band with maximum reflectance at 1620 cm™ and polarization
angle of 150°. This band on the increase of the polarization angle shifts to lower
wavenumbers which may be due to the same reason as the previous one, except that in this
case it is overlapped with a band at 1541 cm™! and maximum reflectance at 70° of polarization
angle.

Nevertheless, the broad reflectance band at 1883 c¢cm™!, appears to possess minimum
reflectance at 30° polarization angle, meaning the maximum would be expected near 120°.
The reading of the maximum value is however obscured due to the appearance of the strong
C=O0 stretching band nearby. In order to somehow compare the spectroscopic results with the
one obtained from the crystal structure determination, we process the data in the following
way: From the calculation of the potential energy distribution in the oxalic acid molecule [11]
follows that the v (O-H) is a pure mode. Since the short hydrogen bond is linear [1], (< O(1)-
H(1)...0(3) = 179.3(6)), the calculated direction of the projection of the O(1)-H(1) distance
on the ac crystal plane should be close to the direction of the observed (6 = 120°), but also, to
the fitted orientation transition moment angle (€ = 132.0°) in that plane. From the calculated
angle between the projection of the O(1)-H(1) bond on the ac crystal plane given in Table 4, it
can be seen that the transition dipole moment of the v(O-H) mode is oriented closely to the ¢
crystallographic axis, which is almost along the z axis presented in Figure 1. This is in good
agreement with the conclusions made from the Raman experiment measurements [11].
Namely, the O(1)-H(1) bond direction is perpendicular to the b crystallographic axis (Table
4), and for polarization vector along the b crystal axis, a band due to this mode should not
appear (or be very weak), which is consistent with the polarized IR spectrum presented in
Figure4; i.e. no broad band around 1900 cm™' is present. This means the observed transition
dipole moment direction is close to the direction of the transition moment of the carboxyl O-H

stretching as calculated using the structural data from ref. [1].

Table 4. Calculated angles (using the data from ref. [1]) that the O(1)-H(1) direction forms with the b
crystallographic axis, and the angle between the projection of the O(1)-H(1) direction on the ac crystal

plane with a and ¢ crystallographic axes.
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< (O-H, b) X (O-Hae), @) 4 (O-Hey, ©)
89.99° 90.00° 16.32°

The frequency region of water stretching vibrations contains two bands due to the
symmetric and asymmetric stretching of water molecules. The characteristic of the polarized

spectra is that they appear more or less as single reflectance bands at 80° (max. ref. 3416

cm!) and 160° (max. ref. 3485 cm™), (cf. Fig. 7).
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Figure 7. Measured reflectance spectra of the B, modes, recorded with ¢ = 80° and ¢ = 160° in the frequency

region of water stretching vibration.

The angle between these two dipole moments constitutes 80° (Figure 7). This is of course a
rough approximation, because the experimental increment of the polarization angle was 10°.
However, it is close to 90°, which is the angle between the symmetric and asymmetric
transition dipole moments of a free water molecule. The highly non-mixed character of those
normal modes given in ref. [11], confirms this finding.

The next interesting frequency region is the region where coupled v(C-O) and
8(C—0O-H) modes are expected. Two reflectance bands at 1433 (maximum intensity at 150 °©)

and 1258 cm™! (maximum intensity at 80°), can be found in this region (Figure 8).
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Figure 8. Measured reflectance spectra of the B, modes, recorded with ¢ = 80° and ¢= 150° in the frequency

region of the coupled v(C-0) and 6(C—O—H) modes.

The positions of these two maxima do not change with polarization angle. This implies that
these bands are not overlapped with other, comparably strong bands. From the experimental
spectra it can be concluded that the angle between their transition dipole moments is
approximately 70°, while the result of the fitting is 40°. The characteristic of the band at 1258
cm! is that its intensity never vanishes completely. This effect is common for the B, symmetry
type modes in monoclinic crystals [22], due to the inability of diagonalization of the dielectric
tensor for all of the frequencies (modes) simultaneously.

The reflectance band of the y(O—H) mode of the By symmetry type appears near 1120
cm. Due to its expected low intensity it is difficult to find the precise position. This band
appears in the vicinity of the strong band at 1258 cm!. This made the determination of the
exact band frequency even more difficult.

The polarized reflection spectra presented in Figure 9 shows that there are two week
but sharp bands with maximum frequency difference of about 9 cm!, whose reflectance
maxima appear at polarization angles almost mutually parallel. Both bands are at maximum

reflectance or minimum reflectance within 20° difference in the polarization angle.
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Figure 9. Measured reflectance spectra of the B, modes, recorded with ¢ = 50°, 60°, 70°, 160°, 170° and 180°.
Depicted are the maxima and the minima of the two bands, together with the intermediate spectra for minimum

(60°) and maximum (170°).

The complete information concerning the IR active modes is gained if the 4, modes are
analyzed as well. The fitting is in a good agreement with the experimental spectra and it can
be applied for the interpretation of the spectrum. The two stretching modes of water appear in
spectrum with polarization along the b crystal axis. This is followed by combinations in the
frequency region between 3000 cm™! and 1770 cm!. The stretching C=0 mode appears as
band with transversal frequency at 1701 cm' (Table 3), while the §(O-H) from water
molecules appears at 1614 cm!. The bands due to coupled v(C-O) + §(COH) modes that are
clearly resolved when polarization is in the ac crystal plane, appear as very weak reflectance
bands (Figure 3). The reason is that the oxalic acid molecule plane is oriented parallel to the
ac crystal plane. Therefore, the reflectance due to these two modes is stronger for polarization
in the ac crystal plane and weaker when the polarization of the electric vector is along the b
crystal axis.

Quite interesting is the reflection band of the y(O—H) mode. In the expected region we
found two reflection bands with observed frequencies at 1114 cm™ and 1074 cm!. The later
band appears as a shoulder on the low frequency side of a broad band, and is assigned to
O(1)H(1):--O(3) bend. + 5(H20) (Table 3). The reflectance of the 1114 ¢cm™! band is in this
orientation greater than the reflectance taken from the ac plane (Figure 3). This finding is in
accordance with the crystal structure; due to the orientation of the oxalic acid plane, the
transition dipole moment of the y(O—H) mode is mostly oriented along the b crystallographic

axis.
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Apart from the polarized IR spectra, a non-polarized reflectance spectrum from a
pressed pellet of pure oxalic acid dihydrate was recorded using 6° incidence angle. The

experimental spectrum and modeled spectra are presented in Figure 10.

—— Measurement

164 EMA (small crystalls)
—— ARIT (small crystalls)
—— ARTT (large crystals)

Reflectance %

iy

0 T T T
4000 3000 2000 1000
Wavenumbers (cm™)

Figure 10. Experimentally recorded reflectance spectra of a polycrystalline pressed pellet a-POX at 6° incidence
angle. Modeled reflectance spectra at three different averaging theories obtained by employing single crystal

data.

Employing the dielectric tensor elements obtained from the single crystal measurements, it
was possible to construct the reflectance spectra of the polycrystalline sample in the frame of
EMA (Effective Medium Approximation-small crystallites) [27], ARIT (Average Refractive
Index Theory-small crystallites) [28] and ARTT (Average Reflectance and Transmittance
Theory-large crystallites) [28, 29].

From the comparison between measured spectrum and modeled spectra it can be
concluded that the differences are at a minimum when ARTT theory is employed. This
implies that the crystallites (domains) of the oxalic acid obtained by grinding the single
crystals in a vibrating mill and consequently pressed in a pellet, possess dimensions larger
than the optical resolution of the used electromagnetic radiation which is roughly given by
M10 and results at 400 cm™ in a crystallite size of larger than 2.5 microns and decreases to
250 nm at 4000 cm’!.

What is very interesting is that problems with the discrepancies between the modeled
and recorded polarized single crystal spectra, previously mentioned, seem not to be present
for the polycrystalline phase (the number of bands, their frequencies and shape are the same).
This effect is probably due to the averaging. It has to be kept in mind that actually the
modeled polycrystalline spectra are obtained using the data previously gained from the single
crystal investigations, which at least for the ac crystal face appeared not to be quite

satisfactory, but are nevertheless confirmed by the good overall agreement of band shapes,
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peak positions and relative peak intensities [28]. It can be concluded that the reasons for the
ambiguous fitting result of the polarized single crystal spectra are of the small scale and
directionally dependent. Thus, these effects can be exclusively investigated by applying the

single crystal specimen.

6. Conclusions

The presented series of polarized spectra of a—oxalic acid dihydrate, allowed the
differentiation between A, and B, symmetry type modes. All four water stretching modes (two
of 4y and two of B, symmetry) were identified. In order for the fit to give better results, extra
oscillators around 3369 cm' and 3299 ¢m™! should have to be included. The origin of those
oscillators is obscured by the existence of the strong and wide O-H carboxyl stretching band.
Therefore, it is not clear whether those bands are a part of the wide band flank or have a
different source. The comparison of the spectroscopic results with the structural data suggests
that the band with transversal frequency at 1881 cm™! (fitted value) originates from the O-H
carboxyl stretching. The unsatisfying fit, particularly in the frequency region where the bands
of the O-H carboxyl stretching and the C=0O modes appear is ascribed to the possible presence
of the Evans type of interaction and strong anharmonicity of the OH stretching band. If the
Evans hole is present that also implies that the band maxima of strong O-H...O hydrogen
bond is not at 1881 cm™! but significantly lower close to the 1600 cm™'.

The maxima of the reflectance bands of the coupled v(C-0O) and 8(C-O-H) do not
change with polarization, since they do not overlap with other bands. The intensity of these
bands is large for the spectrum recorded from the ac crystal plane, and negligible for a
polarization along the b crystal axis, which is consistent with structural data. Due to the
planarity of the oxalic acid molecule, that is almost parallel to the ac crystal plane, the y(O—H)
mode will have a transition dipole moment close to the direction of the b crystallographic
axis. This is consistent with the results of our experiments, where the y(O—H) band readily
appears at 1125 cm™! for the b polarization and has very low intensity for the ac polarization.
The remaining deviations between simulations and measurements in the reflectance spectra
recorded from the ac crystal plane, can probably be removed by the employment of
reflectance models with inclusion of the interaction between neighboring modes [30] or
inclusion of Evans type of interaction between the modes [31].

The modeled polycrystalline non-polarized IR spectrum assuming large crystallites resembles
the actually recorded IR spectrum comparably well. The differences that existed in some

particular spectral regions between the modeled and the recorded single crystal spectra are
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absent when polycrystalline samples were used. The averaging takes into account all the
directions. Thus, it follows that the effects due to which the ambiguous single crystal fitting

result appeared, are probably directionally defined.
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