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Molecular Spectroscopy Workbench

Raman Spectroscopy
and Polymorphism

Single crystals can be formed that have different unit cells. Crystal polymorphism is the formation of a
compound in various crystallographic forms. The differentiation of polymorphs is important, particu-
larly in the pharmaceutical industry. Raman spectroscopy has emerged as a complementary method
to X-ray diffraction, the “gold standard” for characterization of crystal structure. Different crystal forms
of ionic or covalent solids and molecular crystals can be differentiated through Raman spectroscopy.
The Raman spectra of molecular crystals consist of bands attributable to external and internal crystal
lattice vibrational modes. We discuss these aspects of chemical bonding and solid state structure that
affect the Raman spectra of crystal lattice vibrational modes, and demonstrate the practicality of using

Raman spectroscopy to differentiate crystal forms for polymorph characterization and screening.

David Tuschel

olymorphism is a term used in various scientific

disciplines with different meanings. Here, we use

it to describe the multiplicity of phases or crystal
structures of a single compound. Crystal polymorphism is
the formation of a compound in various crystallographic
forms; that is, single crystals can be formed that have dif-
ferent unit cells. The differentiation of polymorphs is im-
portant, particularly in the pharmaceutical industry. The
crystal form of an active pharmaceutical ingredient can
affect its chemical or physical stability, and its dissolution
rate. Consequently, the crystal structure of a pharmaceuti-
cal compound can have a profound effect on its efficacy
and potency. Of course, to analyze crystal structure, X-ray
diffraction is considered the “gold standard” for charac-
terizing and differentiating crystal forms of compounds.
However, once different phases of a chemical compound
have been confirmed or newly identified by X-ray diffrac-
tion, those same samples can be used to generate reference

Raman spectra of that compound’s specific crystal forms.
Raman spectroscopy is often found to be experimentally
more convenient to use than X-ray diffraction for poly-
morph characterization or screening. Reference Raman
spectra of a compound’s polymorphs can be reliably used
to confirm crystal forms, or even to identify new ones in
a research setting or in polymorph screening. The most
important aspect of Raman spectroscopy when applying it
to polymorph analysis is spectral resolution. That is con-
sistent with the fact that high spectral resolution is also
required to differentiate crystal forms by X-ray diffraction.
The Raman spectrometer must have spectral resolution
sufficient to resolve the smallest differences in energies of
the crystal lattice vibrational modes, which are affected by
changes in molecular interactions arising from different
unit cell structures or configurations of the molecules, or
formula units within the unit cell. Just as small differences
in a compound’s crystal structure lead to small differences
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in the X-ray diffraction pattern, the
Raman spectra of crystals with small
differences in bond lengths or crys-
tal spacing will manifest small differ-
ences in the Raman peak positions.
Hence, just as high resolution X-ray
diffraction is needed to resolve poly-
morphs, so too is high spectral reso-
lution required to differentiate crystal
forms by Raman spectroscopy.

Many spectroscopists are chem-
ists, and therefore most likely learned
vibrational spectroscopy as molecular
spectroscopy. If you are a chemist, you
learned about the normal vibrational
modes of discrete molecules, as op-
posed to solid state materials, and their
Raman or infrared activity based upon
molecular spectroscopic selection rules.
Raman spectra of compounds in the
liquid or vapor phase consist of narrow
bands whose widths depend upon the
degree of chemical interaction between
the molecules. The weaker the chemical
interaction, the narrower the band will
be. In fact, the bands of a compound in
the vapor phase will be narrower than
those of the same compound in the liquid
phase for the very reason that the molecu-
lar interactions are weaker (1). The broad
infrared absorption and Raman bands of
water demonstrate the effect of hydrogen
bonding and the result of different de-
grees of chemical interaction between the
molecules in a neat liquid. The breadth of
the O-H stretching modes in particular is
a manifestation of the distribution of vi-
brational energy states as a result of these
many and different chemical interactions.
Those same molecular interactions can
affect the vibrational spectrum of a com-
pound in the solid state, and are dependent
upon how the molecules are configured or
oriented in the unit cell.

Interpreting the Raman spectra of
compounds or materials in the solid
state requires the knowledge of concepts
and mathematical treatments other than
those of molecular spectroscopy. The
purpose of this installment of “Molecu-
lar Spectroscopy Workbench” is to dem-
onstrate the use of Raman spectroscopy
for differentiating polymorphs, and to
explain the underlying bases for that
capability. In particular, we examine
and discuss the low and high frequency
regions of a Raman spectrum, explain-

ing the different types of crystal lattice
vibrational modes from which they
originate and comparing their suitabil-
ity for distinguishing crystal forms. To
appreciate why Raman spectroscopy is
sensitive to crystal structure, we need to
understand the origins of Raman scat-
tering from solid state materials. Raman
scattered photons are generated in solid
state materials through the creation or
annihilation of phonons which corre-
spond to Stokes and anti-Stokes Raman
scattering, respectively. A phonon is

March 2019 Spectroscopy 34(3) 11

defined as a crystal lattice vibrational
wave propagating through the crystal
arising from repetitive and systematic
atomic displacements. It should also be
understood that these displacements are
quantized vibrations of the atoms in the
crystal lattice and are travelling waves.
The phonon has the characteristics of a
travelling wave insofar as it has a propa-
gation velocity, wavelength, wave vector,
and frequency. It is important to note that
all of the peaks in a Raman spectrum of
a crystalline solid are attributed to pho-
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Figure 1: Raman spectra of the rutile (red) and anatase (blue) crystalline forms of titanium
dioxide (Ti0,).
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Figure 2: Raman spectrum obtained from a grain of anatase titanium dioxide (TiO,) with an
impurity phase of rutile present (green). The Raman spectra of reference rutile and anatase
phases are shown in red and blue, respectively.
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Figure 3: Raman spectrum obtained from a grain of rutile titanium dioxide (Ti0,) with an
impurity phase of anatase present (green). The Raman spectra of reference rutile and anatase
phases are shown in red and blue, respectively.

nons, and not only those at low energy
or Raman shift. PM.A. Sherwood makes
that point clear in his fine book Vibra-
tional Spectroscopy of Solids: “All crystal
vibrations involve the entire lattice and
are thus lattice vibrations (a term some-
times unfortunately only applied to exter-
nal vibrations) and such vibrations can be
considered as a wave propagating through
the crystallattice” (2). Unlike the normal vi-
brational mode of an individual molecule, a
phonon is a crystal lattice vibrational wave
travelling through the crystal. This is why
amathematical treatment of the vibrational
motions of the crystal’s atoms must take
into account the medium through which
the phonon is propagating, and why the
energy of the phonon depends upon the
configuration of the atoms and chemical
bonds within the unit cell.

In chemistry courses, we learn
about Raman scattering through the
interaction of light with molecules. A
molecule, initially in the ground state,
interacts with an incident photon driv-
ing the molecule to a virtual energy
state whereupon it drops to the first
excited vibrational state and emits a
photon (Stokes Raman scattering).
The energy difference between the in-
cident and scattered photons is equal
to the energy difference between the
ground and first excited vibrational
states. Had the molecule initially
been in the first excited vibrational
state and ended in the ground state,
a quantum of energy would have been
transferred from the molecule to the
scattered photon, and its energy would
have been greater than that of the in-
cident photon (anti-Stokes Raman
scattering). Hence, one can observe
the Raman spectrum at either longer
(Stokes) or shorter (anti-Stokes) wave-
lengths relative to that of the incident
monochromatic laser beam.

When dealing with gases or lig-
uids, it is appropriate to speak of the
interaction of a photon with individ-
ual molecules. However, very often
we deal with solid state materials for
which there may be no molecular spe-
cies, such as titanium dioxide (TiO,),
silicon (Si), carbon (C, graphene or
diamond), or calcium carbonate
(CaCO,). Raman spectroscopy of solid
state materials involves the inelastic



scattering of light by phonons, quanta
that have the energy of crystal lattice
vibrations. The Stokes and anti-Stokes
Raman scattering consists of the gen-
eration or annihilation of a phonon in
the solid, respectively. In crystalline
materials, the phonons can be un-
derstood as crystal lattice vibrational
modes whether the crystal is a covalent
or ionic solid or a molecular crystal
such as TiO,, barium fluoride (BaF,),
or water (H,0, ice), respectively.
When speaking of Raman spectra of
solid state materials, some spectrosco-
pists will describe certain bands as pho-
nons, and others as molecular vibrations.
Strictly speaking, this is not correct. All of
the bands in a Raman spectrum of a solid
arise from phonons. A more appropriate
distinction is to speak of external and
internal crystal lattice vibrational modes
when speaking of solid state Raman band
assignments, particularly for molecular
crystals (2). An external crystal lattice vi-
brational mode can be thought of as the
collective motion of molecules as a whole,
such as whole water molecules moving
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Figure 4: Raman spectra obtained from grains of paracetamol form | (red) and form Il (blue).

collectively in an ice crystal. Some low en-
ergy Raman bands are a result of shear or
interlayer breathing modes of the crystal
layers. The shear modes can be pictured
as atomic or molecular layers moving
antiparallel to each other within their
respective planes, whereas the breathing
modes involve the layers moving away
from and towards each other. The exter-
nal crystal lattice vibrations are generally
of low energy, and, of course, would be
absent from the liquid or gas spectrum
of the material because of the absence

of long range translational symmetry
that is present in a crystal. The internal
crystal lattice vibrational modes arise
from the coupling through the crystal
of the local vibrational modes observed
for the molecular species. We can think
of these types of phonons as collective
local modes modified through coupling
with other molecules in the crystal and
affected by their arrangement in the crys-
tal lattice. Their Raman shifts are often
similar but not identical to those of the
molecular (liquid or gas) spectrum.
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Figure 5: Raman spectra obtained from different grains of paracetamol form I.
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Figure 6: Raman spectra obtained from different grains of paracetamol form II.
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Figure 7: Raman spectra obtained from grains of paracetamol form I (red) and form Il (blue).

As you may expect, the external lattice
vibrational modes or low energy phonons
are very sensitive to crystal structure.
That is why the low frequency region of
the Raman spectrum has proven so use-
ful in the pharmaceutical industry for

the characterization and screening of
polymorphs. In addition, Raman spec-
tra of low energy phonons are dependent
upon the crystal orientation with respect
to the incident laser polarization as are
the higher energy internal crystal lat-

tice modes. Perhaps less well known is
the sensitivity of the external modes to
molecular interactions, such as hydro-
gen bonding or even the weaker van
der Waals forces between molecules, or
formula unit layers within the crystallo-
graphic unit cell. This sensitivity to the
chemical interactions results in the en-
ergies of the external modes, and there-
fore their Raman peak positions, being
strongly affected by the configurations
of molecules or formula units within
the unit cell. We present and discuss the
Raman spectra of TiO,, paracetamol,
and carbamazepine to demonstrate the
merits of using Raman spectroscopy to
differentiate crystal forms for polymorph
characterization and screening.

Anatase and Rutile TiO,

There are multiple crystalline phases
of TiO,, and the ones with which you
may be the most familiar are anatase
(tetragonal), rutile (tetragonal), and
brookite (orthorhombic). Of these
three, the two most commonly en-
countered in an industrial setting are
anatase and rutile. Anatase belongs
to the crystal class of D, , with four
formula units per crystallographic
unit cell. The correlation method for
vibrational selection rules predicts six
Raman active modes (A1 +2B,+3
E ) for anatase TiO, (3,4). Rutile TiO,
also belongs to the crystal class of D, ,
but has two formula units per crystal-
lographic unit cell. The correlation
method predicts four Raman active
modes (Alg +B,, + Bzg + E.) for rutile
TiO, (3,5). Clear%y, then, one should in
principle be able to differentiate the
anatase and rutile phases of TiO, by
Raman spectroscopy just by applying
the Raman polarization selection rules
to identify the symmetry species of
Raman bands and by the total number
of bands observed in the Raman spec-
trum. Nevertheless, the application of
group theory and Raman polarization
selection rules for the purpose of iden-
tifying or differentiating crystal forms
is not always straightforward.

Group theory and the correlation
method are beneficial for identify-
ing Raman active modes and assign-
ing a symmetry species to a particu-
lar band, but they do not predict the



Raman scattering strength of the
individual crystal lattice vibrational
modes. Furthermore, second order
modes can also appear in the Raman
spectrum, thereby complicating the
assignment of symmetry species and
the total count of bands attributed to
fundamental lattice vibrational modes
appearing in a spectrum. The Raman
spectra of anatase and rutile TiO, are
shown in Figure 1 (These spectra and
all the others shown in this publica-
tion were acquired using 532 nm ex-
citation and a long working distance
50X Olympus microscope objective).
The rutile spectrum consists of four
bands as predicted by the correlation
method. The bands at 143, 445, and
610 cm™ have been assigned to the B,
E and Alg symmetry species, respec-
tively (6). However, the broad band at
241 cm'! has been attributed to second-
order or two-phonon Raman scatter-
ing, and so cannot be counted among
the four fundamental modes predicted
by group theory (6). Where then is the
fourth fundamental mode? Although
barely discernable in the rutile TiO,
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Figure 8: Raman spectra obtained from grains of paracetamol form I (red) and form Il (blue).

spectrum, there is a very weak band
at 828 cm™! which has been assigned
to the B, symmetry species. All four
of the fundamental lattice vibrational
modes are now accounted for. You
will also notice a broad shoulder at
approximately 707 cm™! which can
be attributed to two-phonon Raman
scattering. Although one might have
expected a simple spectrum consisting
of four bands based upon group theory
analysis and the correlation method,
a total of six bands are present, two of
which are due to second order Raman

scattering. The lesson to be learned is
that the interpretation of even as sim-
ple a spectrum as that of rutile TiO, is
not straightforward, and we are aided
in our assignments and interpreta-
tion by previously published work. It
is helpful to apply group theory and
the correlation method when perform-
ing crystallographic studies by Raman
spectroscopy, but be sure to consult
previously reported results in order to
perform a thorough study and make
the most accurate band assignments
and interpretations of spectra.

WILEY

Elevate your research

with Wiley spectral libraries

Confident identification with the
NEW Sigma-Aldrich collection

_-ﬁ

\ o
N TS
Sigma-Aldrich Library of
RAMAN SPECTRA

7
Sigma-Aldrich Library of Sigma-Aldrich Library of
ATR-IR SPECTRA FT-IR SPECTRA

= L B 7

“

*Sigma-Aldrich is now Millipore Sigma

For more information, visit
sciencesolutions.wiley.com




16 Spectroscopy 34(3) March 2019

Form Il

Intensity (Arbitrary Units)

50 1;!0 1.;30 200 250
Raman Shift (cm™)

Figure 9: Raman spectra obtained from grains of paracetamol form I (red) and form Il (blue).
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Figure 10: Raman spectra obtained from grains of carbamazepine form I (red) and form IlI (blue).
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Figure 11: Raman spectra obtained from different grains of carbamazepine form IIl.

(Blg), and 638 cm’! (Eg) (6). Those five
assignments account for all but one
A, band. According to Tompsett and

The total number of bands observed
in the anatase TiO, spectrum of Fig-
ure 1 is only five, whereas six are pre-

dicted. The bands and their symmetry
species assignments are 143 cm™ (Eg),
197 cm™ (Eg), 397 cm’! (Blg)’ 516 cm™!

coworkers, the missing A, band ap-
pears at 507 cm™! and can only be re-
solved from the 516 cm™ (B, band

at temperatures below 73 K (6). And
so, with a little work involving group
theory, the correlation method and
study of the literature we are able to
assign the Raman bands, and differ-
entiate the anatase and rutile forms
of TiO, by their distinctly different
spectra. Taken together, we see that
the key to differentiating these two
polymorphs is the peak positions and
relative intensities of the two crystal
forms. However, as we will see when
discussing the Raman spectra of the
molecular crystals paracetamol and
carbamazepine, one must be cautious
and not over interpret the signifi-
cance of different relative intensities.
The analysis of different grains of the
same crystal form of a compound can
produce spectra of vastly different
relative intensities, which can lead the
spectroscopist to incorrectly conclude
that the grains are of different crystal
forms. The differences in peak posi-
tions are far more reliable than differ-
ent relative intensities for differentiat-
ing crystal forms.

It is also important to keep in mind
that samples of a single compound
may not necessarily consist of a single
phase or crystal form. One may find,
even on a scale of only a few microm-
eters, mixtures of crystalline phases.
For example, a spectrum shown in
Figure 2 was acquired from a grain
that is nominally anatase TiO, but
its spectrum is comprised of bands
attributable to both the anatase and
rutile phases. In spite of the fact that
the beam diameter is less than several
micrometers, the spectrum consists
of contributions from two phases.
Clearly, crystallographic domains or
grain sizes can be very small, and so
one must be aware of this fact even
when performing micro-Raman spec-
troscopy. The bands at 143, 197, 397,
516 and 638 cm™! are those expected
for anatase TiO,. However, the bands
at 445 and 610 cm™! very clearly corre-
spond to those of our reference rutile
phase, thereby leading us to conclude
that the sample is not purely anatase,
in spite of the fact that it was labeled
as only anatase. In fact, with our mag-
nified intensity scale in Figure 2, one
can detect weak contributions at 445



and 610 cm™ in our anatase TiO, refer-
ence spectrum, thereby indicating that
our anatase reference material may not
be entirely pure. Another possible in-
terpretation of the middle spectrum
in Figure 2 is that it may indicate the
presence of the brookite phase of TiO,.
However, the brookite phase TiO,
spectrum has many more bands than
the middle spectrum, and the peak
positions are not a good match (6).
Therefore, we can reasonably conclude
that the sample is primarily anatase
TiO, with some rutile TiO, present.
To further emphasize the need to be
aware of the presence of multiple forms
or impurity phases, consider the spec-
trum in Figure 3 from a sample labeled
as rutile TiO,. As expected, the rutile
bands at 241, 445, and 610 cm™! are
present. However, we see unexpectedly
strong Raman scattering at 143 cm’l,
and bands at 197, 397, 516, and 638
cm’l, which can be attributed to the
anatase form of TiO,. Of course, the
contributions of the signal strengths
of the two phases are directly propor-
tional to their relative amounts, and it
would appear that the spectral contri-
bution of the impurity phase is greater
here than that in Figure 2. However,
caution is necessary if one is to use the
relative signal strengths to perform
even a semi-quantitative analysis of a
sample consisting of multiple phases.
Reference spectra of the pure phases
would be required, and the optical
experimental conditions for sample
laser illumination and light collection
should be comparable, if not identi-
cal, in order to accurately perform a
semi-quantitative mixture analysis.
Also, don’t forget the importance of
the sample shape and size. A single
crystal with a flat surface oriented in a
particular plane relative to the incident
laser polarization will yield a spectrum
of quite different relative intensities
compared to that of a polycrystalline
grain of the same crystalline phase. It
would be very difficult to perform an
accurate quantitative mixture analy-
sis if the grain morphology closely ap-
proximated that of a single crystal.

Paracetamol Forms I and 1l
Whereas TiO, is a covalent solid

and no individual TiO, molecules
exist at standard temperature and
pressure, the common pain reliever
paracetamol is a molecular crystal
consisting of molecules in the crys-
tallographic unit cell. Paracetamol is
a solid at room temperature, but, if
heated and melted, will form a liquid
consisting of paracetamol molecules.
That is not the case for TiO,. There
are significant differences between
the vibrational spectra of ionic or co-
valent solids and those of molecular
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crystals. The Raman spectrum of a
molecular crystal will be similar, but
not identical, to that of the molecular
(liquid or vapor phase) spectrum of
the same compound. Those bands in
the Raman spectrum of a molecular
crystal that are similar to those found
in the molecular spectrum of the
same compound in either the liquid
or vapor phase are attributed to inter-
nal phonon modes. The designation
internal phonon mode arises from the
approximation of those crystal lattice
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Figure 12: Raman spectra obtained from grains of carbamazepine form I (red) and form 1l (blue).
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Figure 13: Raman spectra obtained from grains of carbamazepine form | (red) and form lil (blue).
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Figure 14: Raman spectra obtained from grains of carbamazepine form I (red) and form lil (blue).

vibrational modes being associated
with the functional groups or struc-
tural units (tetrahedra or octahedra)
of the molecule and their stretching or
angle bending of local bonding in the
molecule. When a crystal is formed,

the atom-bond or bond-bond molec-
ular interactions within the unit cell
perturb the energetics of the bonds,
and thereby affect the vibrational
frequencies of those internal phonon
modes. The energies of even the inter-

nal phonon modes can be affected by
near neighbor chemical interactions
depending upon the arrangements
of the molecules within the unit cell.
Consequently, crystal structures with
different configurations of the mol-
ecules within the unit cell will mani-
fest different molecular interactions,
thereby affecting the energies of the
crystal lattice vibrational modes, in-
cluding the internal phonon modes.
That is the reason for the differences
in Raman spectra of polymorphs of
a molecular crystal. The energies of
the crystal lattice vibrational modes
depend upon the configuration of the
molecules within the crystallographic
unit cell, and, in particular, their mo-
lecular interactions.

As discussed in the introduction,
the external crystal lattice vibrational
modes are those involving the collec-
tive oscillation of entire molecular
species within the unit cell and propa-
gating through the crystal. These col-
lective oscillations of entire molecules
can consist of shear modes, so-called
interlayer breathing modes (wherein
the molecules move towards and away
from each other), and bending modes
(where the angle between molecules
varies). As you might expect, these
lattice vibrational modes are at low
frequency, typically less than 100 cm™,
and as low as 5 cm™!, because of the
higher mass of the collective move-
ments of entire molecules within the
unit cell. This region of the vibrational
spectrum corresponds to the terahertz
frequencies when performing infrared
absorption spectroscopy. The frequen-
cies of the external vibrational modes
are very sensitive to the molecular
arrangements within the unit cell.
Consequently, the external crystal lat-
tice vibrational modes are generally the
most sensitive to crystal form, and the
most beneficial for differentiating poly-
morphs. We will compare the efficacy of
the internal and external crystal lattice
vibrational modes for characterizing and
differentiating polymorphs in the fol-
lowing discussions of Raman spectra of
paracetamol and carbamazepine.

Spectra consisting of bands due to ex-
ternal and internal crystal lattice vibra-
tional modes of the fingerprint region



acquired from two forms of paracetamol
are shown in Figure 4. Note how simi-
lar the spectra of forms I and II are at
Raman shifts greater than 200 cm™,
whereas they appear quite different
between 10 and 200 cm™. Of course,
what we have in mind in making that
statement is the apparent similarity of
the approximate band positions and
the relative intensities of the two spec-
tra. One might therefore incorrectly
conclude from Figure 4 that merely ex-
amining the low frequency portion of
the spectrum is all that is necessary to
distinguish polymorphs, and that the
high frequency region is not helpful in
differentiating crystal forms. However,
viewing the spectra of forms I and IT in
this fashion for purposes of comparison
can be a little deceptive. We shall see
that, when viewed on a different scale,
the actual peak positions of forms I and
IT are not exactly the same for the two
forms, and that the bands from internal
phonon modes can be effectively used to
differentiate polymorphs.

An important consideration in spec-
tral interpretation is the optical sam-
pling of the spectral acquisition. This
is critically important particularly if
performing micro-Raman spectros-
copy where the orientation of individual
sample grains relative to the direction
and polarization of the incident laser
beam can have significant effects on
the acquired spectrum. For example,
compare the spectra shown in Figure 5
acquired in the same spectral region of
10 to 1750 cm™! from different grains of
paracetamol form I. These spectra, al-
though acquired from different grains
of the same crystal form, appear more
dissimilar than the spectra obtained
from the two different crystal forms
shown in Figure 4. If one were not care-
ful, one might incorrectly conclude that
the spectra in Figure 5 were acquired
from two different crystal forms. Like-
wise, the spectra shown in Figure 6 were
acquired from different grains of form II
paracetamol. The spectra appear quite
similar at Raman shifts greater than
200 cm™ as we would expect. However,
below 200 cm™ the band structures ap-
pear quite different, and one might in-
correctly conclude that the spectra were
acquired from different crystal forms.

So where does this leave us? How are we
to confidently apply Raman spectroscopy
to characterize and differentiate poly-
morphs of molecular crystals if the spectra
obtained from different grains of the same
crystal form can appear different? This is
where the spectral resolution of the Raman
spectrometer is so important. We start by
analyzing and comparing the peak posi-
tions of the Raman spectra of paracetamol
forms I and II at the higher frequencies of
the fingerprint region shown in Figure
7. The spectra are indeed similar as one
would expect, because they are spectra
from molecular crystals of the same com-
pound. However, they do not have exactly
the same peak positions because the ener-
gies of their corresponding phonons are
different due to slightly different crystal
structures. For example, there isa 6 cm'
difference between the 1619 and 1625
cm! bands in forms I and II, respectively.
Furthermore, note how very different the
band structures (peak positions and rela-
tive intensities) of the two forms are in the
1200 to 1300 cm! region. In fact, most of
the corresponding bands in the spectra of
the paracetamol forms I and IT have differ-
ent positions to a greater or lesser degree
in the region from 1100 to 1700 cm™. The
exception is the band at 1169 cm™ which
is the same for both forms. And so, with
adequate spectral resolution, one can read-
ily differentiate paracetamol forms I and IT
based upon the peak positions of high fre-
quency internal crystal lattice vibrational
modes. In general, the polymorphs of mo-
lecular crystals can be differentiated even
at the high frequencies of the fingerprint
spectral region if the Raman spectrometer
has a spectral resolution of 1 cm™ or better.

The trend observed in the high fre-
quency fingerprint spectral region is
observed even in the region from 300 to
700 cm’!, as shown in Figure 8. Keep in
mind that the bands appearing in this
middle frequency fingerprint region
also arise from internal crystal lattice
vibrational modes just as do the bands
observed in Figure 7. The band struc-
tures are even more similar in this mid-
dle frequency portion of the fingerprint
spectral region. However, if one were
restricted to only this segment of the
spectrum, the corresponding bands at
466 and 454 cm™! could quite readily be
used to differentiate paracetamol forms I
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and I, respectively. You may have heard
that the lower the frequency of the crys-
tal lattice vibrational mode is the more
sensitive it will be to crystal structure.
Whereas that statement is generally
true when applied to a comparison of
external and internal crystal lattice vi-
brational modes as a group, it is not nec-
essarily true when applied within those
two classifications, as we can clearly see
from high and middle frequency por-
tions of the fingerprint region shown in
Figures 7 and 8, respectively. The lesson
to be learned here is that the difference
in peak position with respect to crystal
form is dependent upon how the dif-
ferent crystal structures affect the mo-
lecular interactions within the crystallo-
graphic unit cell and thereby determine
the energies of the crystal lattice vibra-
tional modes. If there is little difference
between the unit cell structures of two
crystal forms, then the differences in the
energies of their phonon modes and cor-
responding Raman peak positions will
also be very small. Therefore, the ability
to differentiate molecular crystal forms
based upon the peak positions of inter-
nal crystal lattice vibrational modes will
be determined by the spectral resolution
of the Raman spectrometer.

Turning now to an evaluation of
the external crystal lattice vibrational
modes, we examine the spectra of
paracetamol forms I and II in the re-
gion from 10 to 250 cm™ shown in
Figure 9. Here we see significant dif-
ferences in the peak positions and
relative intensities of bands from these
two crystal forms. None of the bands
in this spectral region appear to have
counterparts at the same Raman shift
in the other crystal form spectrum; the
band structures appear almost entirely
different. However, remember that it is
not primarily the relative intensities of
the bands that are to be relied upon to
differentiate the crystals forms but their
peak positions due to the energies of
the external crystal lattice vibrational
modes. The differences in the relative
intensities of the Raman bands in the
low frequency portion of the spectra
acquired from different grains of the
same crystal forms shown in Figures 5
and 6 make clear that different relative
signal strengths cannot be relied upon
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to differentiate polymorphs. Rather, the
energies of the external crystal lattice
vibrational modes and not their relative
signal strengths differentiate the crys-
tal forms. Even small differences in the
configuration of molecules within the
crystallographic unit cell can significantly
affect the energies of external crystal lattice
vibrational modes. The spectra in Figure
9 very clearly demonstrate the oft heard
claim that the low frequency region of
the Raman spectrum attributable to ex-
ternal crystal lattice vibrational modes is
the most sensitive to crystal structure and
thereby the most effective for differentiat-
ing multiple forms of molecular crystals.
Finally, it is important to note how strong
the Raman scattering is from external
crystal lattice vibrational modes. In all but
one of the spectra shown in Figures 4-6,
the signal strengths of the bands below 200
cm are comparable to or greater than the
most intense Raman bands in the higher
frequency portion of the fingerprint re-
gion. Consequently, analyzing the low
frequency portion of the Raman spectrum
for characterizing polymorphism is par-
ticularly advantageous, because it is both
sensitive to crystal structure and yields
very strong signals.

Carbamazepine Forms I and 111

Carbamazepine is a pharmaceuti-
cal compound and molecular crystal
that can be found in multiple crystal-
lographic forms. Like paracetamol,
carbamazepine can be melted or dis-
solved in a suitable solvent to generate
individual molecules. Therefore, the
Raman spectrum of solid state car-
bamazepine consists of bands arising
from external and internal crystal lat-
tice vibrational modes as seen in the
spectra of carbamazepine forms I and
III shown in Figure 10. The spectra
of forms I and IIT appear similar, but
are not identical as one might expect
from different forms of the same com-
pound. However, just as we saw for the
spectra of paracetamol, relative band
strengths are not to be relied upon
for differentiating crystal forms of the
same compound. The spectra shown
in Figure 11 were obtained from dif-
ferent grains of carbamazepine form
IIT and yet appear significantly differ-
ent particularly in the region below 200

cmL. The band structures arising from
both the external and internal crystal
lattice vibrational modes appear suf-
ficiently different such that one might
incorrectly conclude from the spectra
that the carbamazepine samples were
of different crystal forms. However, a
careful examination of the Figure 11
spectra reveals that where correspond-
ing bands appear in both spectra they
all do so at the same peak position to
within 1 cm™, thereby confirming that
the grains are of the same crystal form.
Carbamazepine polymorph differ-
entiation through Raman spectros-
copy requires the acquisition of spectra
with resolution sufficient to detect the
small differences in peak positions of
the various crystallographic forms. Pre-
sentation of the carbamazepine forms
I and III spectra to show only the 1200
to 1750 cm™ region in Figure 12 reveals
small differences in the peak positions
just as we had observed for the differ-
ent forms of paracetamol. The general
patterns of band location and relative
intensities are similar. However, all of
the peak positions of corresponding
bands of forms I and III differ by vary-
ing degrees. There are no correspond-
ing bands at the same peak position.
The smallest difference is between the
1488 and 1490 cm™! bands of forms I
and III, respectively. Therefore, the
high frequency portion of the finger-
print region can be used to differentiate
carbamazepine forms I and IIL
Examination of the spectral region
between 500 and 1100 cm™ reveals
that most of the corresponding Raman
bands of carbamazepine forms I and I1I
have different peak positions that will
allow a spectrometer with sufficient
spectral resolution to resolve them and
differentiate the crystal forms (See Fig-
ure 13). It is worth noting here that one
can and should use the peak positions
and magnitudes of the differences of at
least several bands to differentiate crys-
tal forms. For example, the spectrum
of carbamazepine form I has peaks at
619,719, 1025, and 1040 cm™! for which
the corresponding Raman bands in
form III appear at 621, 724, 1025, and
1043 cm™, respectively. Therefore, the
magnitudes of the form I minus form
III band positions of this set are -2, -5,

0, and -3 cm’!, respectively. Obviously,
the more differences in Raman band
peak positions that are measured, the
more thorough the characterization of
or screening for polymorphs will be. Of
course, one could simply compare the
set of all peak positions to those of the
reference spectra of crystal forms that
one has already acquired to confirm the
crystallographic identity of the sample.

Isn’t the measurement of the Raman
band differences redundant to just
matching the peak positions to refer-
ence spectra? Not necessarily, particu-
larly if one encounters a spectrum that
doesn’t exactly match any of the refer-
ence spectra. If the complete set of peak
positions of a sample spectrum does not
match any of those of your reference
spectra, you may have discovered a new
polymorph. This is where the measure-
ments of the differences in peak posi-
tions can help you characterize this new
crystal form. It is likely that the refer-
ence crystal form that yields the small-
est differences in Raman peak positions
relative to those of your unknown or
sample spectrum has a crystal structure
very close to that of the newly discov-
ered polymorph.

Finally, we again review the spectral re-
gion between 10 and 300 cm™! correspond-
ing to the external crystal lattice vibrations.
The low frequency portions of the spectra
of carbamazepine forms I and ITI shown in
Figure 14 are strikingly different. In fact, it is
difficult to even recognize any correspond-
ing bands of the two forms below 200 cm™!
even though a correspondence is clearly
recognizable for all of the bands greater
than 500 cm™ throughout the spectral fin-
gerprint region as seen in Figures 12 and
13. Once again, we see how significantly
different the peak positions of bands aris-
ing from external crystal lattice vibrations
are, thereby demonstrating their sensitiv-
ity to the unit cell crystal structure and the
configurations of the molecules therein.
The low frequency portion of the Raman
spectrum is clearly the most efficacious for
characterizing, differentiating, and screen-
ing polymorphs by Raman spectroscopy.

Conclusion

Raman spectroscopy is sensitive to crystal
structure, and has therefore been success-
fully used for the characterization and
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screening of crystal polymorphs. Group
theory in conjunction with Raman polar-
ization selection rules has been applied to
differentiate the anatase and rutile TiO,
crystal structures by their Raman spectra.
Nevertheless, the interpretation of even
simple spectra such as those of anatase and
rutile TiO, is not straightforward, and we
are aided in our band assignments and
spectral interpretation by previously pub-
lished work. The Raman spectra of mo-
lecular crystals were explained in terms
of external and internal crystal lattice vi-
brational modes occurring in the low and
high frequency regions, respectively. The
energies of the crystal lattice vibrational

modes are most sensitive to the configura-
tions of molecules within the unit cell and
their molecular interactions. The results
very clearly demonstrate the oft heard claim
that the low frequency region of the Raman
spectrum attributable to external crystal
lattice vibrational modes is the most sen-
sitive to crystal structure and thereby the
most effective for differentiating multiple
forms of molecular crystals. Consequently,
analyzing the low frequency region of the
Raman spectrum for characterizing poly-
morphism is particularly advantageous be-
cause it is both sensitive to crystal structure
and yields very strong signals.
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