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Application of multivariate curve resolution to non-invasive Raman
spectra has been investigated for rapid on-line analysis of crystallisation
processes and high-throughput screening. Exploring quantification of
mefenamic acid solid forms (form |, form I, and dimethylformamide
solvate) from the Raman spectra indicated excellent agreement with
off-line X-ray analysis.

The determination of polymorph purity is critical to manufac-
turing in many industries (e.g., pharmaceutical, fine chemical,
food, and functional materials), with the benchmark technique
being powder X-ray diffraction (PXRD)."> However, a key issue
is that PXRD has limited in situ analytical capability, with delays
occurring between the process and analysis® leading to potential
phase transformations. Raman spectroscopy is an alternative tech-
nique to PXRD that can address these challenges. The ability to
analyse samples directly in the reaction medium without sample
preparation (e.g:, isolation and/or grinding)* and using compara-
tively shorter timeframes for data acquisition® make Raman mea-
surements applicable to high-throughput screening.>® Crucially,
in situ Raman measurements, especially non-invasive modes,"” can
minimise the potential for solid form changes during isolation and
analysis® (e.g, conversion of metastable phases,’ loss of solvent
from,'® or changes in polymorph during grinding)."* In addition,
rapid analysis can identify the presence of transient metastable
phases that may not be observed during off-line analysis. The
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enhanced specificity and sensitivity towards polymorph discri-
mination (peaks arising from the crystalline solid state) offered
by low frequency (THz) Raman spectroscopy has been recently
demonstrated for pharmaceuticals and materials chemistry.*'?

Traditional methods to spectroscopically quantify different
solid forms often require reference spectra for the individual
phases'® or a reference (generally off-line) technique. For
example, a crystallinity index approach has been applied to
hydroxyapatites,'* conversion of amorphous indomethacin to
the y-form has been monitored using a semi-quantitative
methodology,"” and calibrations have been used to quantify
the o and B polymorphs of r-glutamic acid in binary solid
mixtures."'® Calibrations to quantify transient metastable poly-
morphs that interconvert during analysis are particularly
challenging.'”"*® Multivariate curve resolution (MCR), a chemo-
metric method that decomposes a matrix of mixture spectra
into concentration and spectral profiles,'® provides a strategy to
overcome such challenges. Application of real-world con-
straints (e.g., non-negativity) to the MCR algorithm can lead
to more chemically interpretable and meaningful results,
including resolving in situ THz Raman spectra of solid state
phase transformations.>**' MCR is applied to quantify poly-
morph contributions in Raman spectra®® in this work to
indicate the crystallisation outcomes for mefenamic acid
(MFA), a non-steroidal anti-inflammatory drug that displays
concomitant polymorphism where multiple phases can be
isolated from the same crystallisation vessel. MCR is applied
to resolve spectra where reference data are not available for all
components to mimic a future scenario where unknown forms
are present and demonstrate applicability to high-throughput
experimentation and manufacturing.

The three known polymorphs of MFA*® are the stable
desired form I and metastable form II and form IIL>* MFA
form I and form II can be prepared by recrystallisation from
acetone and N,N-dimethylformamide (DMF), respectively.”®
Reference materials for MFA forms I and II were required to
assess non-invasive Raman spectroscopy as a tool for screening.
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Fig. 1 Scores plot of PC 2 vs. PC 1 (variance in brackets) from PCA
performed on the (a) mid-frequency and (b) THz Raman data for the 31
samples. The presence of form | (Fl), form Il (FIl), and DMF solvate (denoted
DMF) have been assigned from the screening PXRD, except where high
resolution PXRD data was obtained (filled symbols).

Metastable form III, which was reported to form in the presence
of adenine (during attempted co-crystallisation),”* was not
anticipated to be produced here but should be resolved by
MCR if it was present. There is a known DMF solvate, a
spectrum of which was deliberately not acquired to test the
MCR method for the resolution of unknown phases. For this
study, 31 samples were prepared (Table S1, ESIt) and analysed
immediately after drying using low resolution screening PXRD
and non-invasive Raman and THz Raman spectroscopies to
accurately capture the presence of the reported metastable
form II and DMF solvate.**

Principal component analysis (PCA) was initially employed
to establish whether Raman spectroscopy (low and mid-
frequency) could identify the solvate species. For both spectral
regions, there are three distinct clusters in the scores for the
first two principal components (PCs, Fig. 1), matching the
number of phases expected in the samples. For the mid-
frequency region, comparison of the loadings with reported
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spectra®® show PC 2 correlated with form II peaks (632, 695, and
1574 cm™ ') and anticorrelated with form I peaks (624, 704, and
1582 cm ', Fig. S1, ESIf). The third cluster suggests a set of
samples comprising predominantly DMF solvate with the PC 1
loadings suggesting unique peaks at 674, 872, and 1677 cm™ "
(Fig. S1, ESIY). PC 3 is related to variations in the background
fluorescence. For the THz Raman spectra, the loadings suggest
PC 1 is correlated with form I peaks (33, 98, and 109 cm ™) and
anticorrelated with form II peaks (43, 68, and 82 cm ™, Fig. S2,
ESIt).”” If the third cluster is dominated by DMF solvate, then
the PC 2 loadings suggest contributions at 31 and 71 cm ™"
(Fig. S2, ESIT). There is a rotation in the scores for the THz
Raman region compared to the mid-frequency region; forms I
and II separating along PC 1 instead of PC 2. The scores reflect
the comparatively higher sensitivity of THz Raman to poly-
morphism; 96.77% and 78.58% variance is described by the
first two PCs for the low and mid-frequency regions, respec-
tively (Fig. 1). With minimal preprocessing and without using
reference spectra, PCA has confirmed that the Raman spectra
contain polymorph information and identified specific spectral
features for the DMF solvate (for which reference data do not
exist).

The phase purity of samples 1 (form I) and 31 (form II) were
confirmed by Rietveld refinement®® of the phases against the
PXRD data (Fig. S3 and S4, ESIf), corroborating the PCA results.
The THz Raman spectra for the form I and form II polymorphs
of MFA obtained (Fig. S5, ESIf) are consistent with other
studies.”” For form I, strong peaks are observed at 33 and
47 em™ " and there is a broad feature with peaks at 73, 86, 98,
and 108 cm ™. The form II THz Raman spectrum features a
broad scattering profile?” with peaks at 44, 50, 68, and 82 cm ™.
The phase pure form II polymorph was more challenging to
prepare; recrystallisation via cooling crystallisation from DMF>’
yielded form II with the presence of form I and the DMF solvate
(sample 2). A number of factors were investigated to isolate the
pure form II: recrystallisation solvent,>* cooling duration, wash
solvent, and drying conditions. To successfully obtain the pure
phase (sample 31), the sample was cooled for 30 min, washed
with cold DMF, and dried at 65 °C. Sample 28 (Table S1, ESIt)
was also analysed by high resolution PXRD, confirming the
presence of a small amount of form I amongst predominantly
form II (Fig. S6, ESIt). The relative mass ratios of the forms
present in the remaining samples (Table S1, ESI{) were pro-
vided by Rietveld refinement*® of the pattern obtained from
screening, confirming the composition of the samples deter-
mined from PCA of the Raman spectra (Fig. 1). Interrogating
the data further, form I was generally present in the mixed
phase samples dried at elevated temperatures, likely owing to
desolvation of the DMF solvate yielding form 1.>* Sample 16 (PC
1 score 21.05 and PC 2 score —14.74, mid-frequency; PC 1 score
2.95 and PC 2 score 5.38, low frequency, Fig. 1) was identified as
comprising predominantly DMF solvate with a small amount of
form II (Fig. S7, ESIt).

The mid-frequency Raman data were modelled by MCR to
establish the feasibility of this approach to obtain a pure
component spectrum for the DMF solvate and quantify the
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Fig. 2 Sample number and weighting of (top) form |, (middle) form Il, and
(bottom) the DMF solvate polymorphs of MFA present predicted by MCR
modelling of the low and mid-frequency (freq.) Raman spectra and
Rietveld refinement of the screening PXRD pattern. For MCR, the dataset
was modelled as three components with non-negativity constraints and
hard concentration constraints for samples 1, 28, and 31. Spectral esti-
mates of the form I, form I, and DMF solvate were provided for the three
components in modelling of the THz Raman data.

three phases present in each sample. Non-negativity con-
straints (applied to both spectra and concentrations,
Table S2, ESIf) were used in all MCR modelling. Hard concen-
tration (equality) constraints were applied using the informa-
tion available from the high resolution PXRD data (samples 1,
28, and 31). The resulting spectral profiles of the first and third
components feature peaks in the positions corresponding to
Raman spectra of phase pure form I and form II, respectively
(Fig. S8, ESIT). Component 2 features the peaks unique to the
DMF solvate identified via PCA. There is reasonable agreement
of the predicted relative concentrations of the three compo-
nents with the screening PXRD data (Fig. 2); discrepancies
potentially arise from differences in physical properties.”® The
approach was validated using a sample comprising a mixture of
form I (0.50) and form II (0.50); the predicted relative concen-
trations (form I (0.54), form II (0.46), and DMF solvate (0.00)
present in the sample) demonstrate that MCR provides an
objective route to quantifying the crystalline phases present
in a sample from its Raman spectrum.

The THz Raman spectra were first modelled by MCR as three
components using non-negativity constraints (Table S2, ESIt)
and the results evaluated by comparing the obtained spectral
profiles with available reference spectra.'®*'*° Whilst the
resulting spectral profiles of the first two components exhibit
characteristics of the form I and form II polymorphs (Fig. S9,
ESIY), irregularities show there are limitations to adopting an
unsupervised approach. To obtain an initial spectral estimate
of the DMF solvate, a separate MCR model was constructed
from a subset of the dataset comprising sample 31 (form II) and
the mixtures of form II and the DMF solvate (samples 10, 16, 19,
21, and 29, Table S1, ESIt). As the spectral profile of component
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Fig. 3 Overlay of (a) THz Raman spectra (normalised with respect to the
maximum peak height) of phase pure samples 1 and 31 and sample 16
(predominantly DMF solvate, Fig. S7, ESIt) and (b) spectral profiles obtained
by MCR, modelling the dataset as three components (comp.) with non-
negativity and equality constraints. Hard concentration constraints were
applied to samples 1, 28, and 31 (from the high resolution PXRD data) and
spectral estimates of the form |, form Il, and DMF solvate were provided for
the three components.

2 exhibits characteristics of the form II polymorph (sample 31),
component 1 was extracted as an estimated spectral profile for
the DMF solvate (Fig. S10, ESIT). The spectra of samples 1 and
31 (Fig. S5, ESIf) were then used as spectral estimates
for components 1 and 2, respectively, in the three-component
model. The information from high resolution PXRD (samples 1,
28, and 31) were incorporated as hard concentration (equality)
constraints. The spectral profiles thus obtained (Fig. 3) are
more representative of the pure component spectra. There is
generally good agreement between the concentrations pre-
dicted by the MCR model applied to the THz Raman data
and Rietveld refinement of the screening PXRD pattern (Fig. 2);
especially consistency between the THz Raman and X-ray
analysis for whether form I is present. Whilst samples 12 and
26 were not analysed by PXRD, comparable predicted composi-
tions to samples 13 and 29, respectively, are reasonable given
the similarities in the experimental conditions (Table S1, ESIT).

Comparing the two Raman frequency regions, better agree-
ment of the concentrations predicted from the THz Raman
spectra with the X-ray data (Fig. 2) reflects the expected superior
performance for the low frequency region; the associated long
range vibrational modes afford higher sensitivity and selectivity
towards polymorphism. In particular, for sample 28 the pre-
dicted loadings for form I of 0.01 by both THz Raman and high
resolution PXRD analysis is comparable to the typical limit of
detection of laboratory powder diffractometers (0.01 to 0.02 by
mass).>!

This study has shown the power of MCR applied to Raman
spectra benchmarked against PXRD data to elucidate multiple
crystalline forms within a sample without requiring reference
data. This approach enabled extraction of information on the
DMF solvate of MFA, mimicking application to transient phases
that may be observed during crystallisation. The lack of sample
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preparation and speed of spectral acquisition (<1 min, vs. ca.
40 min for PXRD) makes this an attractive method for in situ
analysis of solid forms in high-throughput screening.
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