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Molecular Spectroscopy Workbench

Multiparticle Analysis
by Raman Microscopy

There are multiple circumstances where characterization of a collection of particles has value
to analysts. In some environments, materials are plagued by particulate contamination that
impacts product quality. In the case of small-molecule pharmaceuticals, the solid form of the
active pharmaceutical ingredient has to be controlled because of its impact on stability, bio-
availability, and intellectual property protection. Raman analysis of relatively large areas with
sparsely dispersed particles is now integrated with particle statistics. Results of some simple

studies are shown in this column.
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s a means of illustrating these capabilities, we

analyzed a particle dispersion of a mixture

of L-cysteine and L-cystine. The structures of
these small molecules are shown in Figure 1. I se-
lected these compounds for a model study because
L-cystine is a dimer of the amino acid, L-cysteine,
which is a result of oxidation and the formation of the
disulfide bond. Whereas, clear differentiation of the
Raman bands in the fingerprint region is often dif-
ficult because of the heavy mixing of atomic motions
in molecules, in this case the -S-S- disulfide bond
in the dimer does not mix appreciably with other
interatomic bonds, and its vibrational band is easily
recognized as a strong sharp band near 500 cm™! in
the Raman spectrum. In addition, the vibration of
the monomer’s —-SH sulfhydryl functional group has a

band in the Raman spectrum near 2500 cm™ that also
does not mix with other species. Thus, it is quite easy
to differentiate these two compounds, as seen in Fig-
ure 2, with the sulfhydryl band at 2549 cm™! and the
disulfide band at 495 cm™.

Small amounts of the two powders were mixed
on a micrograph slide. For Raman examination, the
particles were transferred to a metallized surface
to avoid the broad spectrum of the glass that would
add noise to the results, even if the glass signal was
subtracted. A region was selected for examination
where the particles were well separated. This region
was considerably larger than the microscopic field of
view (the 100X objective normally provides a field of
view of about 80-100 pm), so a montage of the field
was acquired in preparation for measurement of the



Figure 1: Molecular structure of the amino acid L-cysteine (left) and its
dimer L-cystine (right).
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Figure 2: Raman spectra of L-cysteine (monomer) and L-cystine (dimer):
(a) the full spectra, with the monomer shown in blue and the dimer in red
— the disulfide band is at 495 cm™ just below 500 cm™, and the sulfhydryl
band is near 2549 cm; (b) expanded views of the spectral regions around
these two bands.

Raman signals. The micrograph in Figure 3 shows a
dark-field image of a 600 um X 600 pum region that
was selected for analysis.

Before the selection of the particles and the collec-
tion of the Raman spectra are initiated, it is helpful
to know that the selected area contains more than
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Figure 3: Micrograph montage showing a 600 pm X 600 pm region
selected for particle analysis by Raman spectra.

one molecular species. It is possible to use a real time
display function to jump from particle to particle and
examine the spectrum. Figure 4 shows (in a different
region of the sample) the ability to identify the pres-
ence of two species.

Note that if the goal is to
distinguish chemically similar
species such as crystalline
polymorphs of an API,

good spectral resolution
could be critical.

Particle Selection for

Automated Measurements

Examination of the field of view of Figure 3 indicated
the presence of two populations of particles, some
quite large, and some small. We chose to examine
them separately. Using the image analysis features in
the software we were able to select these populations
independently, and the selected particles are shown
highlighted in blue in Figures 5a and 5b. Particles are
separated from the background with a threshold in
the brightness scale. When necessary, morphological
filters such as open and dilate are used to remove the
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Figure 4: (a) Micrographs of a selected region with a clear platelet in the middle of the field of view exhibiting spectral features of the disulfide dimer
in the fingerprint (left) and CH (right) regions. (b) Same micrograph but with the cursor pointing to a white scattering particle in the top of the field
of view and exhibiting spectral features of the monomer in the fingerprint (left) and SH/CH (right) regions.

noise or separate joined particles.
After the particles are separated
from the background, the software
provides the statistics of size and
shape descriptors, as well as the
number of particles. We can select
particles for Raman measurement
based on any of the size and shape
descriptors provided. We chose the
area and a size descriptor, and ap-

plied a filter to select particles in

a certain size range. Selected par-
ticles are numbered in the order of
Raman measurements. All of this
procedure is done using Interna-
tional Organization for Standard-
ization (ISO) standards 13322-1 and
9726-6. Finally, the entire set of
parameters of the particles selected
for measurement can be stored,

recalled in the software, and cop-
ied into a spreadsheet for further
analysis. Table I shows how this in-
formation can be presented.

Raman Measurements

All the standard conditions for
Raman measurements are avail-
able; these include laser wave-
length, spectral resolution (grat-
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Figure 5: (a) Montage micrograph with particles of large area selected for analysis. (b) Montage micrograph with particles of small area selected

for analysis.
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Figure 6: Calculated composition of the 92 small particles shown in Figure 5b, where the blue
values correspond to the monomer and the red values to the dimer.

ing), confocality, and acquisition
time. The results shown below
were acquired by scanning the
grating to cover the entire spec-

trum without any compromise in
spectral resolution. Note that if the
goal is to distinguish chemically
similar species such as crystalline

polymorphs of an API, good spec-
tral resolution could be critical.

Identification of Species
from Raman Spectrum
In this example, it is straightfor-
ward to distinguish the spectrum
of monomer from that of dimer.
In one case, there is a strong -SH
stretching band. In the other, a
strong S-S stretching band. This
is precisely why we selected these
materials for demonstration. The
difficulty is to examine a large
number of spectra one by one.
A multivariate analysis (MVA)
method can help classify a large
number of spectra into groups of
the same chemistry automatically.
We chose classical least squares
(CLS) analysis for this analysis.
CLS analysis fits each spectrum
in a dataset with reference spectra
by minimizing the least square
error.

I=aA+bB+cC+...+¢ (1]
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Figure 7: Raman spectrum of particle 47, decomposed into about 44% monomer and 56% dimer.

where I is a particle spectrum, A,
B, C, and so on are reference spec-
tra (or loadings), a, b, ¢, and so on
are fitting coefficients (or scores),
and e the least square error.

Because there are only two kinds
of particles in the sample, the
equation becomes

I=aA+bB+¢ 2]

where A is the L-cysteine spectrum
and B is the L-cystine spectrum
(Figure 2).

If the particle is L-cysteine, its
spectrum would be similar to A,
or I~A. The corresponding score
would be close to 1, or a~1, and
b~0. Similarly, if the particle is
L-cystine, a~0 and b~1. Conven-
tionally, if the CLS results show
the scores for a particle spectrum
as a~1, and b~0, the particle can
be classified or identified as L-
cysteine. Similarly, the particle is
L-cystine, if scores for its spectrum
are a~0 and b~1. If the particle
is a mixture of L-cysteine and L-
cystine, the spectrum would be a
super-position of A and B, and a
and b would take values between 0
and 1.

CLS scores of small particles
are shown in Figure 6. Most of
the scores are close to 0 or 100%

reflecting the fact that the most of
particles are pure materials. Some
of the scores are values between

0 and 1 indicating that some par-
ticles are mixtures of two chemical
compounds. For instance, scores
for the spectrum of particle 47
(Figure 7) are 44% and 56%. Please
note that these are normalized
scores representing relative spec-
tral intensities, not absolute con-
centrations.

We noticed that some of the par-
ticles exhibited broad features cen-
tered between 1000 and 2000 cm?,
usually attributed to disordered
carbon, which in this case was a
contaminant. We isolated one of
these particles and its spectrum as
an additional loading. The results
(Figure 8) show which particles

We can examine
the spectra one by
one, but it would be
highly ineffective
and inefficient
when the number
of particles is large.
Besides, there is no
guarantee that any
of the spectra are
of pure materials,
which complicates
the chemical
identification.

contained contributions from the
disordered carbon (for example,
particle 34).

Unlike the example above, there
may be a case where no a priori
information is available. We can
examine the spectra one by one,
but it would be highly ineffective
and inefficient when the num-
ber of particles is large. Besides,
there is no guarantee that any of
the spectra are of pure materials,
which complicates the chemical
identification. There are MVA
methods that aim to estimate spec-
tra of pure compounds. Multivari-
ate curve resolution (MCR) is one
of them.

For large particle data, we pre-

Table I: Beginning of table of values for large particles

1| 824 | -2701 | 889.9 337 209.6 46.8 | 30.9 0.7 0.5
2| 746 |-29.4 | 104.1 11.5 98.8 19.9 9.2 0.5 0.4
3| 230.3 | -2385| 11536.8 | 121.2 1073.8 | 164.2 | 126.3 | 0.8 0.4
4| 272.4 | -2954 | 202.0 16.0 163.1 23.0 | 13.0 0.6 0.3
5| -81.4 | -287.2 | 102.5 1.4 38.2 12.2 11.0 0.9 0.9
6 | -144.7 | -212.6 | 13821.0 | 132.7 1481.0 | 280.4 | 94.8 0.3 0.3
7| -19.9 | -259.0 | 408.5 22.8 104.8 27.3 19.1 0.7 0.7
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Figure 8: (a) Results of fitting Raman spectra of small particles to the
two pure components and to the contribution of disordered carbon.
(b) Fit to particle 34, showing a large contribution from the carbon
signature.
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Figure 9: Top: Loadings as derived from the MCR algorithm. Bottom
left: Scores for each of the loadings of each particle whose index,
corresponding to the indicated particles in Figure 5a is indicated on the
bottom of the figure. Bottom right: Scores plot for loading 1 (dimer)
versus loading 3 (monomer).

Capabilities for composition
analysis of microscopic particles
by Raman microscopy can be
accommodated on an instrument
equipped with a motorized
stage and microscope camera for
image capture.

tended not to have any a priori information, and ap-
plied MCR to identify three loadings. The results of
MCR are shown in Figure 9. The first loading (red)
agrees well with the pure L-cysteine spectrum, and a
library search would have identified it easily. The sec-
ond loading (green) shows the spectral features of dis-
ordered carbon. Finally, the third loading (blue) agrees
well with the pure L-cystine spectrum. Scores for each
of the loadings are also shown. Similar to the analysis
above, a high score translates to a high degree of re-
semblance of the spectrum to the loading. For example,
particle 40 shows a high score for the second loading,
and low scores for the first and the third loadings. Its
spectrum agrees well with the second loading, and the
particle is most likely disordered carbon.

Summary

Capabilities for composition analysis of microscopic
particles on a Raman microscope have been described.
These capabilities can be accommodated on an instru-
ment equipped with a motorized stage and microscope
camera for image capture. The software incorporates
particle analysis based on static imaging. Statistical
analysis of particle counts, sizes, and shapes are avail-
able, based on which desirable particles can be selected
for Raman analysis. The added information from the
Raman analysis moves these analyses to a new level.
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