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ABSTRACT: Depending on crystallization conditions, many
organic compounds can form crystals of different structure.
Their proper characterization is important, for example, in the
pharmaceutical industry. While the X-ray diffractometry
established as a standard method, alternative techniques are
desirable for broader application flexibility and economic
reasons. In the present study, Raman spectroscopy combined
with the density functional calculations is suggested as a
complementary method to the X-ray and other higher
resolution techniques. The potential to discriminate structural
differences in polymorphic crystalline forms is documented on
three model compounds of industrial importance. Methacry-
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lamide, piracetam, and 2-thiobarbituric acid were crystallized under various conditions, and their Raman spectra were recorded
using 532 and 1064 nm laser excitations. X-ray diffractometry and nuclear magnetic resonance spectroscopy were used as
complementary techniques to verify sample composition and structure. To interpret the observed differences in Raman
frequencies and intensities, three computational strategies were explored based on single molecule, a cluster model, and a plane-
wave periodic boundary conditions calculation. The single-molecule modeling was found inadequate, whereas the plane-wave
approach provides the most realistic spectra. For all compounds, the differences in the Raman spectra of polymorphic forms
could be unambiguously assigned to the simulations. The modeling revealed that the spectral differences were caused by the
molecular structure itself as well as by crystal packing. The relative importance of these factors significantly varied across the
investigated samples. Owing to its simplicity, Raman spectroscopy appears to be a promising technique capable of reliable

discriminating between organic crystal polymorphic states.

B INTRODUCTION

Many elements, ionic compounds, or molecules can form
crystals of more than one structure. This behavior, poly-
morphism, is also encountered in single-component organic
crystals." Individual crystal forms can then exhibit different
physical or even chemical properties.” The identification of
polymorphic forms is therefore of crucial importance, for
example, in the pharmaceutical industry. Various pharmaceut-
ical processes yield different polymorphs, hydrates, and solvates
of drugs’™® In particular, the crystalline state of a given
compound influences its bioavailability, or just the production
cost, as it may be easier to make drugs from one polymorph
than from another. Drug regulatory authorities such as FDA in
USA demand information about polymorphism before granting
licenses for product distribution. Even patents have been made
on the basis of the discovery of new polymorphs.®™®

Apart from polymorphs that have the same molecular
composition, organic substances can form various solvates or
hydrates, which is sometimes referred to as pseudopoly-
morphism.” Inclusion of more than one molecule in the
asymmetric part of the unit cell (Z' > 1) represents yet another
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interesting crystal variation.'”'" Complementary to the stand-

ard diffraction methods, the *C cross-polarization (CP) magic-
angle spinning (MAS) NMR is also an efficient way of
determining Z’ by means of comparing the number of observed
resonances with the number of nonequivalent carbon atoms
present in the molecule.>'> Polymorphic crystals were also
successfully studied by neutron diffraction."

In the present study, we explore the potential of Raman
spectroscopy to reliably distinguish three model polymorphic
crystals. The low-resolution spectroscopic methods are often
more practical than the X-ray diffraction or NMR, e.g,, samples
are easier to prepare and/or a smaller amount is required, and
the spectra can be collected faster. Raman scattering is very
sensitive to fine structural details in crystals and is thus
increasingly used in analytical chemistry.'*”"? It measures the
relative intensity of scattered light as dependent on its shift
from the laser excitation frequency, usually caused by
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vibrational motions in molecules. In terms of sample
preparation, the Raman technique resembles X-ray powder
diffraction, where polycrystalline samples are used as well.

Lately, the vibrational Raman spectroscopy in the solid state
has been boosted by the possibility to reliably simulate spectra
of infinite periodic systems by accurate quantum-chemical
methods. In particular, the plane-wave density functional theory
(DFT) methodology is convenient as it allows for the
crystalline translational symmetry.”® However, we are not
aware of any systematic accuracy test with respect to the
discrimination of the polymorphic crystal vibrational spectra.
Especially for organic molecules bound by weak crystal forces,
high-precision computations are required to detect the finer
crystal structure differences.

To assess the potential for structural studies for the Raman
experiment combined with the computations, we chose
methacrylamide (A), piracetam (B), and 2-thiobarbituric acid
(C) as model molecules representing typical organic systems

forming polymorphic crystals (Figure 1). The differences

between their polymorphs range from a subtle change in the
crystal packing (piracetam) over conformational (methacryla-
mide) and tautomeric (2-thiobarbituric acid) variations. Within
DFT, we model Raman spectra of isolated molecules as well as
take into account the crystal environment of model systems. A
cluster crystal model and a periodic-boundary condition plane-
wave computation are employed.

The industrially important compound methacrylamide is, for
example, a key intermediate in the acetonecyanohgdrin process
employed in manufacturing methyl methacrylate.” Of the two
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Table 1. Overview of Studied Compounds and Their Crystal Structure
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Figure 2. "*C solid-state NMR spectra of polymorphic crystals. From top to bottom: Al vs A2, B1 vs B2, and C1 vs C2. For clarity, the forms Al,
B1, and C1 are plotted in red and offset by ~4 ppm; in A, the three low-intensity signals in the 20—80 ppm region correspond to spinning side bands

of the sp® carbon atoms.

Powdered sulfur was used as a reference sample to check the
wavenumber scale. A ChiraAlRAMAN-2X spectrometer provided
a stronger signal, whereas the NIR-excited measurement
reduced the fluorescence and provided a wider range of
frequencies (—300 to 4500 cm™). The NIR Raman spectra are
shown by default.

Raman and NMR Spectra Calculations. The atomic
coordinates of the polymorphs of methacrylamide, piracetam,
and 2-thiobarbituric acid were derived from the Cambridge
Crystallographic Database® (see Table 1 for the reference
codes). The shielding values of the infinite crystals, harmonic
force fields, and Raman intensities were calculated by using the
CASTEP program.>® The calculations were based on X-ray
structures with positions of all atoms optimized by energy
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minimization; the experimental lattice parameters were kept
fixed. The generalized gradient approximation (GGA) func-
tional of Perdew, Burke, and Ernzerhof (PBE)** and norm-
conserving pseudopotentials were employed. Harmonic force
field and Raman intensities within the periodic boundary
conditions® were calculated at the same level as for the
optimization. To verify reliability of the results, two
combinations of the plane-wave cutoff energy and Mon-
khorst—Pack™ grid spacing were applied (600 eV and 0.08 A™"
and 900 eV and 0.05 A™'; the latter setup providing better
results on average is presented by default). With the optimized
geometries, NMR shielding was calculated using the gauge-
including projector-augmented wave approach (GIPAW)*” and
the “on the fly” pseudopotentials at 550 eV cutoff.*®

dx.doi.org/10.1021/jp404382f | J. Phys. Chem. B 2013, 117, 7297—7307
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Figure 3. Raman spectra of methacrylamide, A2, computed for (a) single molecule and (b) a cluster. The (0,0,0) mode signals of the periodic
elementary cell are in the (c) and (d) panels, while (e) is the experimental spectrum. Spectra a—c were obtained at the B3PW91/6-311++G**/6-
31G/CPCM level and x-scaled by a factor of 0.96; (d) was obtained by the plane-wave simulation with the PBE functional.

As an alternative to the CASTEP “plane-wave” (PW)
approach described above, we computed the Raman spectra
with a cluster model and Gaussian atomic orbitals. First, the
crystal cell obtained for each simulated system from the
database was propagated to a “3 X 3 X 3” packing geometry,
replicating elementary cell directions. Then clusters of a
molecule chosen in the center and neighboring molecules
closer than 4 A were created with our own software. Finally, the
geometries of the clusters were optimized in normal mode
vibrational coordinates*”*® with w,,.*' of 300 cm™". Note that
such constrained optimization leaves the crystal geometry
virtually unchanged, whereas the vibrational coordinates
relevant to Raman spectrum (frequencies typically greater
than @,,,,) can be relaxed.

The force field and polarizability derivatives of the clusters
were then calculated by the Gaussian*” program and trans-
ferred™** back to the crystal cell. The BPW91* functional
with the 6-31G and 6-31G** basis sets and the B3PW91***
functional with the 6-311++G** and 6-31G basis sets for the
central and neighboring molecules, respectively, were used. The
reduction of the basis set was necessary to obtain results in a
reasonable computational time. Supposedly, however, the effect
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of this approximation on the precision is limited as the diagonal
force constants most important for the vibrational frequencies™®
were obtained from the central molecule with the larger basis
set. The results were quite similar given the differences between
the polymorphic forms; only the B3PW91/6-311++G**/6-
31G calculations are shown, with the surrounding crystal
environment simulated by placing the clusters in the CPCM
model solvent* with relative electric permittivity &, = 78. We
used the water permittivity as reported earlier’® to approx-
imately mimic the dielectric properties of polar organic crystals.
While the CPCM correction provided slightly better results
than vacuum computations, we verified that the simulated
spectra were fairly independent of the variation of €,

From the plane wave model and cluster force fields, zero (0,
0, 0) crystal phonon mode vibrational frequencies were
calculated. Involvement of phonon modes with nonzero wave
vectors had a negligible effect on the simulated intensities.
Theoretical spectra were simulated with the Lorentzian bands,
and the full width at half-maximum (A) was set 10 cm™", while
applying the Boltzmann temperature correction. The spectrum
at frequency @ was obtained from the computed backscattering
Raman intensities (I;4,) of each mode i with the harmonic

dx.doi.org/10.1021/jp404382f | J. Phys. Chem. B 2013, 117, 7297—7307
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Figure 4. Calculated (top, plane wave) and experimental (bottom, NIR) Raman spectra of the two methacrylamide crystal forms, within 1300—1750
cm™". Main intensity changes are indicated by the blue arrows; selected peak maxima are indicated.

vibrational frequency ®; as S(w) = ;{1 — exp[-w/
(T} {4[(w — @,)/AT* + 1} 71,4, where k is the Boltzmann
constant and T is the temperature.

B RESULTS

NMR Analysis. The NMR results were not the focus of the
present study, as the detection of polymorphic forms by this
technique has been previously described for a number of
compounds.>***" In Figure 2, *C solid-state NMR spectra of
polymorphic forms of methacrylamide (Al, A2), piracetam
(B1, B2), and 2-thiobarbituric acid (C1, C2) are plotted. It can
be clearly seen that the crystal packing induces specific
shielding; i.e., the samples used in the Raman measurement
correspond to the required forms.

Curiously, only nonpure preparations of methacrylamide
batches, i.e., those also containing one or the other form, have
been described so far.® As it is apparent from the NMR spectra
(Figure 2), we did obtain pure forms of this compound.
However, when sample A2 (prepared from water solution) was
not completely dried before the CP-MAS experiment, it slowly
transformed to Al. The process could be monitored in a series
of successive CP-MAS spectra, in which the A2 signals were
decreasing while the Al ones were increasing. The A2 to Al
transformation may have been facilitated by the combined
effect of residual solvent and higher pressure in the MAS rotor
spinning at 12 kHz because it was not observed when the
sample was dry or wet and stored without spinning.

The calculations reproduce the experimental differences in
chemical shifts of the polymorphic forms quite well. Except for
one atom, all predicted signs agree with the experiment, with a
small average error of 1.5 ppm (&, see Table S1). These results
are in accord with our earlier study, where the solid state NMR
spectroscopy was found to be very suitable for identification of
the polymorphic forms and the crystal packing.*' The crystal
packing is reflected in the chemical shift in two ways; it directly
affects the electronic shielding by neighboring molecules and
the geometry or conformational changes due to the packing
itself.>> Either of these contributions can be estimated by the
comparison shifts calculated for an isolated molecule (while
employing either X-ray data or optimized geometry; see second
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and third column in Table S1). However, as expected, the full
periodic boundary computation (fourth column in Table S1) is
needed to reach the best agreement with the experiment.

Theoretical Models Adopted for Raman Spectra. To
understand the Raman spectral pattern, we adopted various
models for its simulation. This is exemplified by the spectra of
the A2 form plotted in Figure 3. The single-molecule
computation performed at the B3PW91/6-31++G**/CPCM
level (panel a in Figure 3) is compared to the spectrum of the
cluster (b). In addition, the elementary cell signal was obtained
from (b) by the CCT transfer** (c) and as the plane-wave PBE
result (d). The experiment is plotted in panel e. The B3PW91
frequencies were scaled by a factor of 0.96 for an easier
comparison.

The effect of the packing interactions is clearly manifested in
spectra shown in Figure 3. The isolated molecule (a) provides
the basic spectral pattern; however, it deviates in some features
from the experiment (e). For example, there is no signal
(except for the weak band of methyl rotation at 163 cm™") at
the lowest wavenumbers, unlike in the experiment with a strong
peak at 131 cm™'; the experimental band at 1575 cm™ does not
have a clear counterpart in the simulation, and the simulated
bands at 3459 and 3585 cm™' (in- and out-of-phase NH
stretching, respectively) are too high.

The cluster model (b) provides a more realistic spectrum. In
particular, the lowest wavenumber (~100—600 cm™) signal
rises and is better structured than on (a), which reflects the
crystal packing forces. These modes are to a large extent
composed of delocalized translations/rotations of various
molecular parts. Also, the NH out-of-phase stretching
frequency dramatically falls to 3379 cm™’, and the in-phase
mode (3201 cm™ in (b)) is even below the CH, group
stretching. This corresponds to the uneven length of the
NH--O hydrogen bonds in the crystal, 2.029 and 2.093 A,
contributing to the splitting of the NH stretching modes. It is
also interesting to note that the PCM approximation of the
bulk crystal adopted for the single-molecule spectrum a does
not adequately represent the NH stretching frequency affected
by the hydrogen bonding. Such inability of the polarizable

continuum solvent models to fully describe the directional and

dx.doi.org/10.1021/jp404382f | J. Phys. Chem. B 2013, 117, 7297—7307
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partially covalent hydrogen bonds has been well documented
elsewhere.>*°

Finally, spectra ¢ and d obtained from the periodic
elementary cell and the (0, 0, 0) phonon mode are the most
realistic ones. The cluster-based model (c) provides a more
realistic hydrogen-stretching pattern, in particular the 3192
cm™! signal observable at 3172 cm™}, and intensities above
1200 and below 200 cm™'. On the other hand, some features,
mostly within 200—1200 cm™, are better reproduced by the
plane-wave calculation (d).

A visualization of the normal mode displacement reveals an
interesting shift of the amide I (C=0 stretching) mode, in the
single-molecule (a) hidden at the signal around 1642 cm™".
This vibration heavily mixes with the in-phase NH bending and
shifts downward in the crystal, to 1542 cm™' for the cluster
model ¢, experimentally at 1575 cm™. Note that the plane-
wave approach can take into account the longer-scale electron
conjugation and periodicity of the crystal structure, whereas the
cluster model comprises interactions of the neighboring
molecules only. On the other hand, the cluster approach
enables one to use a more advanced functional (B3PW91,
containing the Hartree—Fock exchange) and the more
economical Gaussian basis set.

A1 and A2 Polymorphs. The differences between the
individual polymorph spectra of methacrylamide (Al vs A2,
calculation vs experiment) are documented in Figure 4 showing
the 1300—1750 cm™' interval where the most significant
spectral changes occurred. As it can be seen, individual
polymorphs of this molecule differ in minor shape changes of
the Raman bands.

The relative intensity and frequency changes between
individual peaks in Al and A2 spectra can easily be inspected
visually (Figure 4). Experimentally, for example, the intensity at
1374.5 cm™' of A2 partially moves to 1391 cm™' for Al.
Corresponding calculated peaks at 1356.6 and 1370 cm™" reveal
that this is caused by changes in mode coupling, rather than by
shifts of the vibrational frequencies themselves. In particular,
the CH; umbrella CH bending vibrations (experimentally
~1376 cm™) couple differently with the other modes (NH,,
CH, bending, C—C stretching), providing thus the intensity
boost at 1370 cm™ in Al.

Similarly, another strong signal for A2, experimentally at
1433 cm™’, calculated at 1407 cm™, originates in CH scissoring
modes coupled with other CH bending and C—C stretching. A
minor band of A2 at 1475 cm™! is caused primarily by CH,
scissoring vibrations. The calculated band at 1512.2 cm™" in A2
shifts to 1519.8 cm™ in Al, as in experiment, although the
observed change is smaller and the absolute frequency higher,
at ~1576 cm™". Because this frequency is underestimated in the
cluster model as well (e.g,, at 1542 cm™, spectrum c, Figure 3),
the lack of anharmonic corrections in the model is the most
likely scenario. Presently, we are not aware of any other method
providing reliable anharmonic corrections for systems of this
size.

It is important to understand that the main differences in the
polymorphic spectra have in this case their origin in the crystal
packing. The cis and trans conformations of individual
methacrylamide molecules provide different spectra (cf. Figure
S1) but do not explain the crystal features (Figure 3) or the
polymorphic differences (Figure 4). Interestingly, the Al and
A2 crystal Raman spectra (see Figure S2 for a comparison in
the entire range of frequencies) resemble more each other than
those of the isolated cis and trans conformers (Figure S1). In
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other words, crystal packing appears to smear the differences in
the spectra of individual isomers.

Polymorphs B1 and B2. Piracetam behaves somewhat
differently than methacrylamide. The B1 and B2 polymorphic
forms are composed of very similar rotamers. The con-
formation in which the amide group is approximately
perpendicular to the nearly planar five-membered ring is also
conserved. The differences in the Raman spectra primarily arise
from the different crystal packing, with the P-1 symmetry in B1
and P21/n in B2. Even then, the packing is quite similar,”> with
a piracetam dimer being the basic unit held together by a
dispersion attraction of the five-membered rings, and by
hydrogen bonds between the NH, and exocyclic carbonyl
groups. In B1, the dimer hydrogen bonds are slightly shorter
(1.953 A), and the ring is slightly more puckered than in B2 (cf.
the N—C,—C—C angle of 7°, Figure $).

1. 955

B2

P

Figure S. Piracetam dimer structure in two polymorphic crystal forms
(distances in A, torsional angles in deg).

The great degree of similarity between B1 and B2 causes
only minor changes in the Raman spectra. The small effect of
the packing on the spectra in an organic crystal is in agreement
e.g. with a recent study®" about vibronic effects and solid state
circular dichroism. However, as it can be seen in Figure 6 where
the experiment from the 1064 nm excitation is compared to the
plane-wave calculation, the differences exhibited as fine
frequency and intensity changes occur within the entire range
of frequencies and are reasonably matched by the computation.

Calculation

—
ke

—

1500 2800
Wavenumber (cm’ﬂ)

Figure 6. Calculated (top) and experimental (bottom) Raman spectra
of the piracetam polymorphs Bl and B2. The intensity scale is
arbitrary, but consistent in calculation and experiment; the intensities
in the upper right panel are scaled down by a factor of 0.25.

dx.doi.org/10.1021/jp404382f | J. Phys. Chem. B 2013, 117, 7297—7307
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The experimental spectrum obtained with the 532 nm laser is
quite similar, and its comparison with a computed spectrum is
shown in Figure S3. The correspondence between the
simulation and the experiment is less clear in the hydrogen
stretching region (2800—3400 cm ™', Figure 6), most likely due
to anharmonic forces®® that are difficult to include in the
computation.”> However, the theory provides correct signs of
the intensity shifts of most bends including the most important
intensity features of the difference spectrum plotted in Figure 6
in blue.

Alternatively, one can inspect the frequency change of
individual vibrational bands for the two polymorphic forms.
This analysis is more laborious than visual comparison of
intensities as the corresponding peaks need to be identified.
Nevertheless, as shown in Figure 7 where 10 vibrational bands

mm Cluster
PW
Experiment

295
566 A
777 1
853 1
865 1
899 -
1031 A
1433
1490 A
1654

Vibrational Band (cm™1)

Figure 7. Ten largest frequency differences in the Raman bands
between piracetam polymorphs, Aw = w(B1) — w(B2), calculated by
the cluster and plane-wave method, and measured experimentally.

with the largest changes were selected, the frequency changes
can also be quite reliably reproduced by the calculations. The
plane-wave method appears to be more reliable than the cluster
model; the latter one even yielded a frequency difference for
the 1031 cm™ Raman band with a wrong sign. Overall,
however, the main trends are reproduced well. The large
differences between the computation and experimental changes
for 777 and 1433 cm™" bands are at least partially explicable by
an interference of close vibrations, indistinguishable at the
currently available experimental resolution. On average, the
changes computed by the PW method match the experiment
with an error of only about 2 cm™ and correlation coefficient of
0.739; the cluster results are noticeably worse (Figure S4).

The higher frequency (>2000 cm™') modes were not
included in the statistics as they are difficult to assign and
prone to anharmonic perturbeltions.62’64 Quite often, modes
involving large hydrogen atom movements provide the largest
frequency differences. These include the backbone torsion and
CH, group rotation (experimentally at 295 cm™'), NH,
bending (853 cm™'), torsion (865 cm™'), or CH, scissor
modes (1433 and 1490 cm™"). The modes involving the amide
oxygen (out-of-plane deviation at 566 cm™' and C=O
stretching at 1606 cm™') also provide large frequency
differences of about 5 cm™ (Figure 7).

On piracetam, we can also demonstrate the effect of the
energy cutoff and grid size on the computed Raman spectra
(Figure SS). Both computational setups provided a reasonable
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spectral shape, and for some bands the cruder model (500 eV,
0.08 A) gave a better agreement with the experiment than the
finer one (900 eV, 0.05 A). However, the finer setup clearly
performed overall better in terms of frequencies and relative
peak intensities. The differences between the two polymorphic
forms were significantly overestimated by the cruder model.
Higher computational precision is thus required to capture the
tiny differences in Raman spectra, as caused by crystal packing.

2-Thiobarbituric Acid Polymorphs C1 and C2. This
compound exhibits yet another behavior than the previous two
systems, with the greatest differences among the Raman spectra
of its polymorphs. The simulated (plane-wave) and NIR
Raman experimental spectra are plotted in Figure 8. In the
hydrogen stretching region (~2800—3300 cm™"), for example,
the C1 form has only one distinct peak in the experimental
spectrum (3104 cm™'), whereas C2 has three. This observation
corresponds to the more extensive hydrogen bond network
only compatible with the enol form C1 (cf Table 1).°
Computation yields more peaks in this region, but we can
suppose that the NH stretching signals (3110, 3126, and 3222
cm™" in Figure 8) are manifested as a broad background only in
the experiment, due to the strong anharmonic effects and
polarity of the hydrogen bond, similarly as for the OH
stretching.

The plane-wave computation provided an unreasonable value
of the OH stretching frequency (~2000 cm™’, not shown),
most probably due to the inaccuracy of the PBE functional
unable to describe the very short hydrogen bond and a rather
long OH bond observed in the crystal. The =O---H and O—H
distances were determined as 1.44 and 1.097 A, respectively.”®
Indeed, the OH vibration can be better reproduced with the
cluster model where the B3PW91 functional can be used and
where the signal at 2000 cm™" disappears. However, this does
not improve the overall agreement with the experiment (cluster
computation, Figure S6). As expected, the single-molecule
spectra, also plotted in Figure S6, are not realistic either. Most
probably, the weak experimental signals of the OH and NH
stretching bands are caused by anharmonic interactions and
consequent inhomogeneous band broadening; the experimental
band at 3104 cm™! can then be assigned to C—H stretching.

In the experimental Raman spectrum of C2, three strong
bands appear in the high-frequency region (Figure 8). The
peaks at 2874 and 2979 cm™" are reproduced by the calculation
(2886 and 3036 cm™') as C—H stretching bands. Interestingly,
the rather unusual low frequency of the experimental 2874
cm™' band seems to be caused by a weak hydrogen bond
involving an aliphatic hydrogen and keto group oxygen. The
third experimental band at the highest frequency (3097 cm™)
is reproduced as a split 3108/3131 cm ™" signal, which unmasks
yet another loophole in the theory regarding the polar
hydrogen bonding.

The spectra of the C1 and C2 forms are even more complex
in the lower-frequency region (<1800 cm™, Figure 8), and the
theory can faithfully reproduce only some experimental
features. It should be also noted that the experimental spectrum
C1 may contain incompletely subtracted contributions from
C2. However, by a careful comparison, a reliable assignment of
most peaks is possible. Only the C2 form provides the C=0
stretching (“amide I”) peak at 1717 cm™ in the experiment,
reproduced at 1657 cm™' by the model. In C1, this mode is
mixed with C=C stretching, providing only a weak signal as
reproduced by the calculation. The amide II mode (largely N—
C stretching) shifts from the experimental 1553 cm™" peak in

dx.doi.org/10.1021/jp404382f | J. Phys. Chem. B 2013, 117, 7297—7307
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Figure 8. 2-Thiobarbituric acid: calculated (plane-wave) and NIR experimental Raman spectra of the two polymorphic forms C1 and C2.

C1 to 1571 cm™ in C2, similarly as in theory (1508 — 1512
cm™"). A ring deformation in C1 gives a strong signal both in
the theoretical (1405 cm™') and observed (1422 cm™)
spectrum, similarly as for the CH, scissoring mode in C2
(exptl 1377 cm™, caled 1325 cm™"). The experimental C=S$
stretching band moves down from 1025 cm™ (C1) to 1010
cm™! (C2), as does the theoretical one (1020 — 999 cm™). A
visual inspection of the normal modes reveals that C=S
stretching is also mixed with C=N stretching, contributing to
the signal around 1170 cm™.

A rather specific signal, clearly stronger in the C2 form, is due
to out-of-plane motions, such as NH bending; it is
experimentally observed at 798—935 cm™
867—913 cm™'. The strongest experimental intensities,
detected at 587—606 cm™!, are underestimated by the
computation. They originate in the out-of-plane C=0, C=

and calculated at

S, and C—H group motions, which are notoriously difficult to
describe within the harmonic approximation.””®® Finally, the
lowest-wavenumber region is also rich in information,
involving, for example, the 526/535 (calcd/exptl) cm™ or
the 428/427 cm™ ring deformation band characteristic for C1
and a very stable C=S bending frequency (experimentally at

264/275 cm™! for C1/C2).
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Although the polymorphic differences can be reliably
reproduced by our models, an accuracy improvement is
certainly still needed. It as very likely that the accuracy of the
GGA force field and Raman intensities obtained within the PW
computations represent the limiting factor; the cluster approach
is more flexible in the basis set and functional choice but limited
in the physical model. The absolute Raman intensities in
particular are extremely sensitive to the basis set variations.®®
For the C1/C2 polymorphic forms, a correction for
anharmonic forces can potentially improve the hydrogen-
stretching region (2800—3200 cm™'). However, this is
currently impossible for a system of this size. Additionally,
larger deviations between the simulations and the experiment
are also encountered in the lower-frequency region. Although
this region is presumably well described at the harmonic level,
frequency shifts of several cm™' caused by anharmonic forces
cannot be excluded. Future improvements of the method are
thus dependent on the efficiency of implementing more precise
electronic and vibrational quantum chemical methods.

Other structural information might also be hidden in the
lattice modes, not analyzed in the present study. Our
spectrometers do not enable measurement below ~100 cm™.
These vibrations are difficult to analyze because of the large
background signal and a limited precision of calculated force

dx.doi.org/10.1021/jp404382f | J. Phys. Chem. B 2013, 117, 7297—7307



fields. Another important practical issue in the Raman spectra
interpretation is the use of coordinates determined by X-ray
diffraction. If one wants to replace X-ray spectroscopy, a pure a
priory generation could be considered in the future for the
initial coordinates as well. Currently, we propose the Raman
technique as a convenient complementary way of examining

the polymorphic forms in analytical practice.

B CONCLUSIONS

We succeeded in preparing model polymorphic crystal forms of
three model compounds including those of practical
importance and characterized them by NMR and Raman
spectroscopy. Pure polymorphs of methacrylamide were
prepared, which has not been reported so far.

The NMR data confirmed sample purity and good
performance of the technique in polymorphic discrimination.
Raman spectroscopy proved to be an equally viable technique,
as the spectra of different polymorphs exhibited distinct
features that could be reliably reproduced by the density
functional computations. Compared to green (532 nm) laser,
excitation by a near-infrared one was somewhat more suitable
as it suppressed sample fluorescence. The spectral shapes were
similar in both experiments.

In spite of minor inconsistencies, the plane-wave approach,
inherently comprising the crystal symmetry and periodicity,
made it possible to reliably simulate spectral frequencies and
intensities. Occasionally, the cluster-based computations were
more advantageous as they could be combined with more
theoretical approaches, in particular with different functionals.
The studied examples represent a wide array of interpolymor-
phic differences manifested in the Raman spectra, from an
almost pure crystal packing influence (piracetam) to profound
changes in molecular structures (methacrylamide, 2-thiobarbi-
turic acid). The computational models could successfully
handle all cases, and we aim to further improve them so that
even more complex systems can be reliably examined in the
future. In any case, we demonstrated that Raman spectroscopy
combined with computational modeling can significantly
enhance the structural analysis of organic compounds’

polymorphic forms.
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