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Polymorph Identification
and Analysis Using
Ultralow-Frequency
Raman Spectroscopy

Ultralow-frequency Raman spectroscopy has commonly been cited as
an effective technique for polymorph identification because it access-
es the lattice vibrations related to the physical structure of the mole-
cule. However, these frequencies have been difficult and expensive to
access with traditional Raman spectrometer systems. Recent advances
in volume holographic grating (VHG) filter technology enable rapid
acquisition of high-quality ultralow-frequency Raman spectra in the
5-200 cm™ region using a compact filter system and single-stage
spectrograph, greatly simplifying and reducing the cost of utilizing this
technique. We report results using this system with both visible and
near infrared (NIR) excitation wavelengths to analyze multiple forms
of the polymorphic active pharmaceutical ingredient carbamazepine.
Both the intense low-frequency Raman bands and fingerprint region
transitions are simultaneously captured and compared, demonstrating
the range, ease of use, and efficacy of this technique.

James Carriere, Randy Heyler, and Brian Smith

reliable detection and identifica-

tion of polymorphs — solid ma-
terials that exist in more than one
form or crystal structure — is essen-
tial to formulation, analysis, quality
assurance, and process control. For
example, in pharmaceutical devel-
opment and manufacturing, active
pharmaceutical ingredients (APIs)

In many industries the rapid and

can have significantly different effi-
cacies and bioavailabilities depend-
ing on their form. And for poly-
mers, both the physical properties
and chemical interactions will be
strongly affected by the molecular
and intermolecular structure of
the polymeric chain. The conse-
quences of inadequate detection of
polymorphs in the manufacturing
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Figure 2: Bandwidth of traditional edge filters vs. VHG notch filters.

process can be both costly and time
consuming or even hazardous.
Conventional approaches to poly-
morph discrimination in the finger-
print region often rely on the anal-
ysis of relative peak magnitudes,
which can be tricky and unreliable.
Ultralow-frequency Raman spec-
troscopy is an effective alternative
technique for polymorph identifica-
tion because it accesses the lattice

vibrations related to the physical
structure of the molecule or inter-
molecular interactions (1). However,
these frequencies, which reside ex-
tremely close to the Rayleigh exci-
tation wavelength, have been both
difficult and expensive to access
with traditional Raman spectrom-
eter systems. Rayleigh attenuation
is critical to all Raman systems,
because the process of Raman scat-
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Figure 3: System schematic of the low-
frequency Raman spectrometer platform.

tering is extremely inefficient (only
about 1 X 107 of the incident pho-
tons will produce a Raman signal).
So, to resolve these extremely weak
signals, the excitation wavelength
needs to be attenuated with o.d. 8
or better.

Most commercial Raman sys-
tems use thin-film edge filters to
completely remove the Rayleigh
excitation that typically cuts off all
signals below about 200 cm™! from
the Rayleigh line, which also blocks
the entire anti-Stokes region. The
use of most commercially avail-
able notch filters will allow capture
of anti-Stokes signals, but will also
block low-frequency signals be-
cause of limitations on their tran-
sition bandwidth. When detection
of ultralow-frequency signals is re-
quired, a multistage (or cascaded)
monochromator system has been

the historical solution for achieving
extremely high Rayleigh reduction
while preserving the signals that
are close to the laser line, but at the
cost of greatly reducing the overall
Raman signal as well. These systems
are quite large, expensive, and re-
quire a great deal of expertise to op-
erate, thus limiting their usefulness
in a manufacturing environment.
Recent advances in volume ho-
lographic grating (VHG) filter
technology (2,3) have enabled the
manufacture of exceptionally nar-
row bandwidth notch filters with
very high throughput. This has
led to systems that are capable of
rapid acquisition of high-quality,
ultralow frequency Raman spec-
tra in the 5-200 cm™! region (Fig-
ure 1). These systems are based on
a stable wavelength laser source,
a compact series of VHG filters,
and a single-stage spectrograph.
Each VHG filter has a notch pro-
file that is designed to diffract only
one specific wavelength matching
the laser and to transmit all other
wavelengths. The ultranarrow tran-
sition bandwidth of these filters en-
ables extremely high attenuation
of the laser wavelength (> o.d. 4),
while maintaining very high trans-
mission of nearby Raman signals
beyond ~5 cm! (Figure 2). This
combination of strong Rayleigh
attenuation and high broadband
transmission enables the system to
simultaneously capture both the in-
tense low-frequency Raman bands
and fingerprint region transitions,
greatly simplifying the overall sys-
tem and reducing the cost, while
improving the sensitivity and re-
liability of using Raman for poly-
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Figure 4: Differentiation of different allotropes of sulfur are easily observed in the low-

frequency Raman regime.

morph identification and other ap-
plications.

Experimental

Experimental measurements were
taken with a custom confocal
Raman system (Figure 3), compris-
ing a single-mode 785-nm stabilized
diode laser (SureLock LM series,
Ondax, Inc.), and a series of ultra-
narrowband VHG filters that were
spectrally matched to the laser out-
put wavelength.

First, two VHG amplified spon-
taneous emission (ASE) suppression
filters (NoiseBlock, Ondax, Inc.)
were used to remove any nearby ASE
from the laser that tends to be the
same order of magnitude or larger
than the Raman signals and reduce
the signal-to-noise ratio (S/N) in the
system. Next, a dichroic 90:10 VHG
beamsplitter filter (NoiseBlock,
Ondax, Inc.) was used to redirect
the laser towards the sample. A 10X
objective lens focused the laser onto
the sample and collected the back-
scattered light. The 90:10 beamsplit-
ter then reflected 90% of the Ray-
leigh scattered light back toward the

laser while transmitting the Raman
shifted signals. The dichroic nature
of the 90:10 beamsplitter resulted in
an almost fourfold improvement in
collected Raman signal compared
to a broadband 50:50 beamsplitter.
Finally, two ultranarrowband VHG
notch filters (SureBlock, Ondax,
Inc.), each having optical density
greater than 4.0 were used to fur-
ther attenuate the collected Ray-
leigh scattered light while trans-
mitting the Raman signals with an
estimated system transmission effi-
ciency of >80%. The entire laser and
filter assembly is extremely compact
— approximately the size of a ream
of notebook paper — and the low
power requirements of the laser also
make the system operable by battery
supply if desired.

It is important to note that the
ultranarrow bandwidth of the VHG
filters (<0.1 nm) requires the laser
to have a very stable wavelength.
Nonstabilized diode lasers tend to
be highly subject to mode hops,
which can shift the laser wavelength
outside the blocking range of the
filters and result in either reduced
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Figure 5: Complete spectra of carbamazepine, showing clearly differentiating low-

frequency signals.

Rayleigh suppression or a complete
loss of signal in the described con-
figuration.

The filtered signal was focused
into a 25-pum core diameter, 0.1-NA
step index fiber (HPSC25, Thor-
Labs), and connected to a high-res-
olution, high-throughput, single-
stage, 0.3-m imaging spectrometer
(IsoPlane series, Princeton Instru-
ments). It was equipped with a 1200-
line/mm grating and a 1340 X 400
imaging array (Pixis model 400BR
with eXcelon, Princeton Instru-
ments) with 20 X 20 um pixel size
and 98% peak quantum efficiency to
ensure maximum signal collection
and ~1.25 cm™! resolution; appro-
priately matched for analysis of the
5-200 cm™! frequency range.

Results

Two samples having multiple allo-
tropic or polymorphic forms (dif-
ferent structural forms for the same
chemical composition) were inves-
tigated for this analysis: sulfur and
carbamazepine. Sulfur forms more
than 30 different allotropes (4), but

the most common and easiest to
produce are forms o, 3, and \. A
sample of o sulfur was placed on a
microscope slide and heated with a
hot plate while the Raman spectra
were measured with the described
system as a function of temperature
with 80 mW of laser power on the
sample and 10 s of total integra-
tion time at each temperature set-
ting. The hot plate temperature was
monitored with a thermocouple.
When the sample temperature was
increased above 95.2 °C, the form
changed from « to 3. Further in-
creasing the temperature above the
melting point at 115.21 °C resulted
in a second form change to A. The
corresponding Raman spectra for
each form were captured and plotted
in Figure 4. Note that while there is
a corresponding change in magni-
tude of the peaks in the Raman fin-
gerprint region, there is no obvious
shift in the position of the peaks. By
comparison, the ultralow-frequency
region changes dramatically from
one form to another in both mag-
nitude and location of the peaks,
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Figure 6: Low frequency and anti-Stokes spectra of carbamazepine.

enabling clear differentiation of the
allotropes.

Carbamazepine is an anticon-
vulsant and mood-stabilizing drug
that is commonly prescribed in
the treatment of epilepsy and bi-
polar disorder. It has four differ-
ent polymorphic forms that have
been well characterized in the lit-
erature (5-9) with form three being
the active pharmaceutical ingredi-
ent. We obtained pure samples
of both form two and form three,
as well as the hydrated form and
measured the carbamazepine spec-
tra with the same excitation laser
and integration conditions (Fig-
ure 5). Because the molecules have
the same chemical composition,
the fingerprint region signals are
quite similar, whereas the differ-
ent structural forms of the poly-
morphs clearly present themselves
as differences in the low-frequency
signals. Figure 6 shows additional
details of the various polymorphs in
the low-frequency regime, includ-

ing the anti-Stokes signals, which
clearly validate the low-frequency
measurements. The anti-Stokes
signals can often be used to verify
low signals in the 5-500 cm™! region
because of the inherent symmetry
about the laser line, thus providing
additional information that can be
used to boost the detection capabili-
ties of the system by removing spu-
rious background noise or signals
that break this symmetry.

Discussion

Both the sulfur and carbamazepine
data demonstrate the value of low
frequency Raman signals for the
discrimination of different poly-
morphic forms. The signals found
in this region are much stronger in
intensity and more clearly differen-
tiating than those in the fingerprint
regions (200-2000 cm!), making
them ideal for rapid detection sys-
tems and algorithms by reducing the
computational complexity required
for form discrimination. And be-
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cause many of the various manu-
facturing and formulation processes
(including temperature, humidity,
and pressure) can lead to a change
in molecular structure, it is essential
that the polymorphic constituents
are constantly monitored during
formulation to ensure purity of the
material. This additional informa-
tion can be used to inform manu-
facturing process changes and im-
prove overall yields while reducing
manufacturing costs. The compact
and affordable nature of the system
allows it to be easily integrated into
locations where Raman spectros-
copy is currently used.

Summary and Conclusions

We have shown that low-frequency
Raman signals can quickly and eas-
ily discriminate between different
material polymorphs with a com-
pact, VHG-enabled, low-frequency
Raman system. The use of ultranar-
row-band notch filters in place of
conventional edge filters to reduce
the Rayleigh signal enables the col-
lection of a wealth of information
about the physical structure of the
molecule in addition to the chemical
composition. Aside from polymorph
identification, there are many other
applications in which low-frequency
Raman signals can be used to gain
important new information about
materials and boost system sensi-
tivity, such as explosives trace de-
tection and forensics, polymer and
industrial chemical development
and manufacturing, cancer detec-
tion, and basic material science.
This new platform will open up the
possibility of using low-frequency
Raman for these and a multitude of

other industrial and scientific uses
in the years ahead.
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