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A B S T R A C T

Given the growing interest in the application of Raman spectroscopy for quantitative purposes in solid phar-
maceutical preparations, a revision of the effect of particle size on Raman spectra of compacted samples is
presented. For this purpose, a set of tablets of potassium hydrogen phthalate (KHP) of different particle size were
prepared. KHP was used because of its purity and stability, which allow to consider that samples will not be
altered during measurements; but also because of its chemical structure (aromatic ring and carboxylic groups),
that are present in many active pharmaceutical ingredients (API). The latter makes possible to consider KHP as a
model pseudo-API. As KHP tablets only contain a pure compound, the mapping strategy that was considered for
measuring our samples will not be affected by subsampling issues. The spectra variance can be attributed to the
intrinsically reproducibility in recording the spectra (which mainly depends on the instrument set-up) and the
site-to-site differences in elastic scattering properties. Two different instrumental optics have been studied: a
macro-Raman system and a Raman microscope (500 μm and 50 μm laser spot size, respectively). The effect of the
spectra preprocessing is also evaluated.

The overall results demonstrate raw Raman intensity increases with particle size up to a value that depends on
tablet width and that the applied spectral preprocessing (baseline correction and a unit vector normalization),
reduces the differences in Raman intensities due to the particle size, but does not completely eliminate it for the
lower particle sizes (< 20 μm). For tablets containing particles with predefined sizes, it corrects the mapping
site-to-site differences in elastic scattering.

1. Introduction

Raman spectroscopy is becoming a popular technique for the de-
velopment of analytical methods applicable to several industrial fields.
Among them, and probably because of the implantation of new analy-
tical procedures in the framework of PAT (Process Analytical
Technology) initiative [1], a relatively high amount of the new proce-
dures are focused on pharmaceutical analysis, where Raman spectro-
scopy is being used for monitoring of different unit operations in the
production chain [2–5]. When considering to analyze a solid sample
using this technique, the spectrum obtained is a combination of the
chemical and physical properties of the sample being measured: the
first represents the main contribution to the appearance of the spec-
trum, which allows for example, the building of spectral libraries [6,7],
or the development of quantitative methods for the determination of
API(Active Pharmaceutical Ingredient) content in a solid pharmaceu-
tical preparation [8,9]; but the latter is also important and, to some
extent, its contribution is less intuitive. The main property contributing

to the physical effect is particle size and, in this sense, it has been re-
ported that the accuracy of a Raman method is affected when particle
sizes of the calibration and prediction samples are different [10,11].

The theoretical relation between Raman signal and powder prop-
erties was described by Schrader et al. [12,13], as an extension of the
Kubelka-Munk theory of the optical properties of crystal powders [14].
The radiation balances involved are explained by a set of differential
equations, in which one of the terms corresponds to the coefficient for
the elastic scattering of the sample, which is inversely proportional to
the diameter of the particles. This coefficient determines, as expected,
the flux of the excitation radiation, but also determines the magnitude
of the flux of the inelastically scattered radiation (Raman radiation).

Two different scales regarding particle size must be considered:
nano- and micro-scale. In the case of nanoparticles, as particle size re-
duces, subtle changes in the vibrational spectrum of the material are
noticeable; these are justified in the confinement of phonons effect, and
in practice presents useful information for size characterization at na-
noscale [15–17].
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Considering materials in the micro-scale, which is the order of size
magnitude of the compounds used for the preparation of a solid phar-
maceutical form, several studies in which particle size was controlled
have been described in literature, testing different inorganic salts and
organic compounds and using instruments built both for transmission
and/or backscattering measurements, but with some differences in the
excitation source-sample arrangement. A brief summary of the experi-
mental set-ups used, and the main conclusions reported is shown in
Table 1 [18–25].

More specifically, the relation between sample particle size and the
intensity of Raman signal has been mainly studied for slightly tamped
powders, using instruments with different laser spot diameter (ranging
from 2 μm up to more than 4000 μm). In general, the major conclusion
reported has been that signal increases as particle size decreases
[18–20]. However, a detailed examination of the plots of Raman in-
tensity versus the different particle sizes tested shows that this trend is
not totally fulfilled along the whole interval considered on each of these
studies, being noticeable in some cases that, for the smaller sizes, in-
tensities increase with particle size. And actually, this latter trend is
what Schrader and Bergmann predict in their theoretical study. Chio
et al. [25] reported an increase of the intensity starting from a fraction
containing particles of less than 11 μm up to 20–30 μm, then intensities
stop increasing for larger sizes. A very small irradiation spot was used in
this work and, given that measurements were performed using a con-
focal instrument, very few particles were irradiated and a sampling
deepness delimitation was possible. On the other hand, Wang et al. [19]
performed Raman measurements on solid particles dispersed in dif-
ferent organic liquids; the experimental findings allowed them to prove
that diffuse reflectance is an important mechanism in understanding the
effect of particle size on Raman intensities. Nonetheless, their findings
regarding the evolution of Raman intensities with particle size are op-
posed to the theoretically expected trend.

More recently, Kristova et al. [23] reported the effect of particle size
on the fundamental vibrations of the carbonate in calcite, a mineral
which internal modes have been well studied [26]. They found another
change of trend in their measurements, with Raman intensities in-
creasing with particle size up to 20 μm, and then decreasing for larger
sizes. Additionally, they also found that the rate of increasing was not
constant but wavenumber-dependent.

Hence, the bibliographical review of the previous experimental
works shows that there are considerable differences in the main con-
clusions reported on them, even though the particle sizes of the frac-
tions that were used in each case were, to some extent, overlapped.

Particle size is not an arbitrary property of the solid pharmaceutical
forms currently available in the market, in fact it is an important at-
tribute that influences some characteristics of the final product such as
the dissolution rate, drug release rate for controlled release formula-
tions, and the dosage unit content uniformity [27,28]. Tablets are the
most popular of all the medicinal preparations intended for oral use
[29], and Raman spectroscopy is becoming a very useful tool for the
quantitative determination of API [30]. Since for this purpose, cali-
bration samples must be prepared, it is necessary to go deeper in the
understanding of the effect of particle size not only on Raman intensity,
but also in the attainable precision. On the other hand, raw Raman
spectra are scarcely used. It is nowadays well-known that, in order to
obtain an adequate precision in a quantitative analysis, Raman spectra
must be preprocessed before applying any regression model; in that
sense, the standard protocol includes a baseline correction and spectral
normalization [31]. The performance of this standard preprocessing
procedure in the correction of the effect of particle size must be also
considered.

With the aim of a better understanding of the effect of particle size
in compacted tablets on Raman intensities and their reproducibility, a
set of tablets of potassium hydrogen phthalate (KHP), previously
grounded and sieved from<20 μm to>100 μm, have been prepared.
KHP was chosen because it is a primary standard, what assures its

chemical stability in laboratory conditions [32]. The structure of the
compound also mimics a common API because of the aromatic ring of
the phthalate; this functional group produces strong signals in the
Raman spectra, and commonly represents the most selective analytical
signal for the determination of many APIs. Results on both raw and
preprocessed spectra are compared.

Raman spectra have been recorded using a FT-Raman instrument
that incorporate non-contact optic sampling devices, in which the
sample is placed on a software-controlled x-y-z mapping stage and il-
luminated via a parabolic mirror objective (macro-Raman system,
500 μm spot size), or a 10X objective (Raman microscope, 50 μm spot
size). Both optics include a video camera, to visually focus the laser
onto the surface and collect spectra of the measuring positions. Sets of
spectra were acquired considering two acquisition modes: several suc-
cessive spectra at the same measuring point (repeatability), and from
different points of the measured tablets following a predefined grid
(mapping). The estimation of a repeatability value is related to the best
precision that can be achieved using a specific spectrometer and re-
cording conditions, with prefixed values for spectral resolution and
number of scans averaged. On the other hand, mapping is a practical
solution to overcome the subsampling problem derived from the limited
spot size [33] and sample heterogeneity. The differences found between
the two recording procedures, in a situation where the subsampling risk
is null (tablets are composed by a single compound), may be useful to
measure the effect of the particle size and distribution for a given
sampled area.

2. Theory

The propagation of a Raman radiation in a particulate solid sample
was studied by Schraeder and Bergmann, as an extension of the
Kubelka-Munk theory for diffuse reflectance radiation. From the defi-
nition of an elastic (r) and an inelastic (s) scattering coefficients, and
after solving the radiative transfer equations, one of their findings was
that the intensity of the backscattered Raman radiation could be de-
scribed by the following equation

∅⟵ = ∅→ ⎧
⎨⎩

+ + −
+ +

⎫
⎬⎭

s k
a

k sinh kd a r kd kd krd
a r kd kd

( ) sinh cosh
[( ) sinh cosh ]R 0

2

2 (1)

Where ∅⟵
R is the Raman radiation emerging from the irradiated face,

∅→0 is the irradiation flux, and, s and r , are respectively, the linear
Napierian absorption, elastic scattering and Raman scattering coeffi-
cients. k is a parameter related to a and r.

By considering that the elastic coefficient is proportional to the re-
ciprocal of the particle diameter, and after assigning values to a, s and
k, the main conclusions Schraeder and Bergmann obtained were that
backscattered Raman intensity should:

i) Increase with particle diameter
ii) Increase with sample thickness but should arrive to a plateau after a

certain penetration into the sample. The depth of this penetration
increases with particle size, and for particles of low and medium
diameter (10–100 μm) should be in the range of 1–4mm

As pointed out by McCreery [34], for a FT spectrometer, the signal
magnitude for a given Raman shift value is proportional to the photons
observed for that Raman shift only, while the noise has contributions
from all Raman shift values. This leads to the condition that the ex-
pected standard deviation should be constant at all wavenumbers, and
function of the instrument characteristics and recording set-up. This is
true if spectra are measured exactly at the same point of the sample, but
if spectra are recorded at different positions on tablet surface, the dif-
ferences in the elastic scattering must also be considered. The elastic
scattering coefficient mainly depends on particles size distribution, but
also on differences in refraction indexes, surfaces orientation, etc.
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Another contribution that will affect the reproducibility of spectra ac-
quisition is the slight differences in focusing because tablets are not
always placed in a perfect horizontal position.

Consequently, the expected variance (s2) in mapping measurements
can be described as:

= + + +s s s s sa s f m
2 2 2 2 2

(2)

Where sa
2 is the intrinsic analytical variance when recording a spectrum

(function of the instrumental set-up: spectral resolution, number of
scans averaged); ss

2 is the variance produced by the differences in
scattering between different positions of the same sample; sf

2 is the
variance due to focus variability; and sm

2 accounts for the differences in
composition of the sampled volume when analyzing complex mixtures.
Since ss

2 and sf
2 cannot be differentiated separately, both terms can be

joined and expressed simply as ‘scattering effect’. In the case of re-
cording Raman spectra of a sample containing a single compound sm

2

can be neglected and (2) simplifies to:

= +s s sa s
2 2 2 (3)

From a practical point of view, for a given instrumental set-up, sa
can be estimated recording the spectra at the same measuring position.
Along the text, this recording mode will be referred as a repeatability
measurement.

3. Materials and methods

3.1. Preparation of tablets

Potassium hydrogen phthalate (KHP) (Fluka, Switzerland) was in-
itially dried at 105 °C, and then grounded by hand with a mortar and
pestle. Subsequently, six fractions of different particle diameter were
obtained by dry sieving using a RP.15 laboratory sieve shaker (CISA,
Barcelona, Spain). The nominal aperture of the available sieves (CISA,
Barcelona, Spain) was 20 μm, 25 μm, 50 μm, 75 μm and 100 μm (frac-
tions will be denoted in figures as:< 20 μm=10 μm,
20–25 μm=22.5 μm, 25–50 μm=37.5 μm, 50–75 μm=62.5 μm,
75–100 μm=87.5 μm, 100–150 μm=125 μm). The powder from each
fraction was used to prepare a compacted sample in the form of a disc
using a Perkin Elmer 15.001 hydraulic tablet press (Waltham, MA,
USA): 300mg of each fraction was used for the preparation of the ta-
blets; the resulting disks have a diameter of 13.4mm and a thickness of
1.4 mm for all the fractions except for the>100 μm fraction, which
thickness was 1.5 mm. The compaction pressure was 140MPa for all the
samples.

3.2. Instruments and software

Raman spectra were acquired using two different instruments: a
conventional macro-Raman system (Brüker MultiRam spectrometer,
Billerica, MA, USA) and a Raman microscope equipped with a 10X
objective (RamanScope III, Billerica, MA, USA); both instruments use a

Nd:YAG laser as excitation source (1064 nm) with a spot size of 500 μm
and 50 μm respectively, and a liquid N2 cooled Ge diode detector. A
software-controlled x-y-z stage is available in both instruments, which
allows controlled and reproducible mapping measurements. The Raman
microscope was also used as an optical microscope to visually confirm
the fractions obtained after sieving. Opus 7.1 was used for system
control and to export data. All the spectra were preprocessed using
Unscrambler 10.3 (Trondheim, Norway).

3.3. Spectral acquisition

The spectra were recorded in two different ways: 10 measurements
at the same point (repeatability) and 10 measurements at different
points of the tablet surface (mapping). One of the fractions was also
measured before compaction. Each spectrum was acquired from 50 to
3600 cm−1 with a spectral resolution of 1 cm−1, and after averaging 32
scans. The laser power was set at 400mW. Previously it was confirmed
that this relatively high laser power did not have any effect on KHP
stability. For mapping acquisition, the system was optically focused on
a central point of the tablet, and a grid of 10 point was recorded. To
avoid tablet displacements, they were fixed on an aluminum disk fitted
on the x-y-z stage.

3.4. Spectral preprocessing

Baseline corrections (baseline offset and slope of the spectrum, ab-
breviated BLC), and a normalization to a unit vector length (UNorm)
were applied to study the effect of these pretreatments on the intensities
and reproducibility of the peaks, in comparison to the raw spectra. The
experimental findings related to the Raman intensities are discussed
considering three wavenumbers (band assignments according Ref.
[35]): 1675 cm−1 (C]O stretching), 1601 cm−1 (CCt stretching) and
1039 cm−1 (CH bending in plane).

4. Results and discussion

4.1. Effect of compacting powder

Since most of the previous published studies have been performed
on powders, initially, a set of spectra were acquired on the 20–25 μm
particle size fraction without compaction: the powder was only gently
flattened using a laboratory spatula over the measuring platform in the
sample compartment of the spectrometer, employing the proper
amount of sample to obtain approximately the same thickness that in
compacted samples, and 10 spectra were recorded as mapping on the
macro-Raman system.

The average of 10 spectra for the loosely packed and compacted
sample are overlaid in Fig. 1. As can be seen, the measurement of a
compacted sample results in a significantly more intense spectrum
(Fig. 1A). In this first comparison, only the compaction level introduces
a difference between samples, as both possess the same particle size.
Hence, the difference between spectra reflects the difference in two

Fig. 1. Overlapped Raman spectra of the loosely packed (grey line) and compacted (black line) for the 22.5 μm fraction. A) Raw spectra, B) Spectra after baseline
corrections and unit vector normalization. The arrows denote the wavenumbers selected for the intensity measurements (1674, 1601,1039 cm−1).
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physical characteristics of the measured sample: the packing degree
between particles, and a resulting porosity. A high-power laser is irra-
diated on the sample, and in each case, there is a number of scattering
molecules that will produce a Raman signal. As the intensities are
stronger in the compacted sample, this suggests that a higher number of
molecules are involved in the resulting response. This can be attributed
to an increase in the density of the sampled material and a decrease of
the elastic scattering coefficient, in perfect concordance with what it is
expected from Kubelka-Munk theory, and has been previously reported
for Near Infrared (NIR) reflectance measurements [36]. Wang et al.
[19] reported a similar comparison using NaNO3, however in their
experiments a compacted sample produced less intense signals than the
corresponding powder; they mentioned that this result was counter-
intuitive, but consistent with the other results found using the same
optical system, formed by parallel optical fibers. Chen et al. [22] also
presented the powder/compacted sample spectra for a K2CrO4/Ba
(NO3)2 mixture, in this case a compacted sample resulted in more in-
tense peaks than those of a loosely packed sample. A confocal Raman
microscope was used in this study.

In summary, it is clear that instrument optics determines the ex-
perimental findings and must be taken into account when the results
from previous studies are interpreted. This is made more evident in
Table 1, where the results reported of the effect of particle size on
Raman intensity have been summarized, showing different conclusions
depending on the experimental set-ups used in each case.

After applying the spectral preprocessing (Fig. 1B), it is no longer
possible to distinguish the samples by their compaction degree. Table 2
presents the intensity values for the wavenumbers selected, and the
corresponding standard deviation for the 10 positions measured. The
absolute standard deviation values for the measurements on the com-
pacted and loosely packed samples are of the same order (variances are
homogeneous according to an F-test). However, and because of the
different signal intensity, the percent relative standard deviation (RSD
%) of the measurements performed on the tablet (2.5–3 %), is almost
half of the RSD% value obtained from the powder sample (5%) when
raw spectra are compared. After spectral preprocessing, the RSD% is
practically the same for the compacted and powdered sample, and it is
reduced by a factor of 4–5, yielding RSD% values in the range of
0.3–1.6 %.

4.2. Evolution of Raman intensities with particle size in compacted samples

Powders were compacted at 140MPa, a standard compaction
pressure in pharmaceutical tablet manufacturing. In a previous study, it
was found that considering tablet compaction pressures ranging from
140 to 700MPa are not distinguish in the acquired Raman spectra after
applying a spectra normalization [8].

In the next sections, the evolution of Raman peak intensities with
particle size will be explained considering the strategy in which spectra
were acquired; the results of the measurements in the same position
(repeatability) will be presented first, and then the results found in
mapping mode. Thereafter, a joint discussion of the repeatability and
mapping measurements will be presented.

4.2.1. Repeatability results
Fig. 2 depicts the results found. As can be seen, the trend is very

similar for both optical systems: an increment in signal intensity with
particle size is clearly observed in raw spectra for the fractions of
smaller size, up to a value around 40 μm, from which the intensity
values stabilize and are independent of particle size (Fig. 2A and C).
The evolution of Raman intensities for the smaller fractions, agrees with
what would be expected for a system controlled by the diffuse re-
flectance effect: Raman signal increases when particle size increases.
The repeatability is quite good, with RSD% values (n=10) in the range
of 0.2–1 %, and 1–5 %, for the macro-Raman system and Raman mi-
croscope respectively, producing error bars that are hardly detected at
the graphical scale of the figure.

The stabilization of the Raman intensity from a determined particle
size can be understood if we consider the depth (volume) of sample
from which the Raman radiation collected in backscattering mode
comes from. In their theoretical approach, assuming specific values for
a and k (Eq. 1), Schrader and Bergmann found that the intensity of the
backscattered Raman radiation should arrive to a plateau at a sample
depth of around 1.5 mm for a particle size of 10 μm and 4mm for
100 μm. This result is in a good agreement with the conclusions re-
ported by Matousek and Parker [37], who found, from a simulation
model where elastic and inelastic radiations propagate in the medium
in random-walk-like fashion within a three dimensional space, that for
a particle size of 10 μm, the 88% of the backscattered Raman radiation
was produced in the first millimeter of sample depth, and less than 3%
after 1.5mm.

Going back to our results, Fig. 3 depicts the intensity recorded at
1601 cm−1 for KHP tablets containing particles corresponding to the
22.5 and 125 μm fractions, as a function of tablet thickness. In a good
agreement with the theoretical findings described above, the intensity
increases with the particle size, arrives to a plateau after a defined
sample thickness, and that this stabilization thickness increases with
particle size (1.1–1.2 mm for 22.5 μm fraction and 1.4–1.5mm for
125 μm). Despite that our results show a lower increment than the
theoretical prediction in the variation of penetration with particle size,
the relevant fact is that the trend predicted by the theory is experi-
mentally corroborated.

It must be kept in mind that the tablets prepared for the experi-
mental design shown in Fig. 2 had a thickness around 1.4–1.5 mm; in
this manner, once arrived at the particle size for which this is the
maximum depth of penetration, it should be expected that the intensity
would remain constant, even for increasing particle sizes. The latter is
what it is actually observed. And finally, it should be pointed out that
even for a relatively large particle size (125 μm), the sample depth from
which the Raman spectrum is acquired is relatively small, emphasizing
the fact that, using a backscattering Raman spectrometer, the acquired
spectra mainly possess information from only the surface irradiated.

After the spectral preprocessing (Fig. 2B and D), the effect of par-
ticle size on peak intensities is considerably reduced, however an
ANOVA test (α=0.05) shows that for the 1039 cm−1 and 1601 cm−1

peaks, there are still significant differences between fractions. These
differences arise from the fraction of smaller particle size (< 20 μm)
which intensity is slight but statistically different of the intensity for
other particle sizes.

Table 2
Effect of compaction on Raman intensities for the sample of 20–25 μm measured by mapping (n= 10) in the macro-Raman system. Intensity, standard deviation in
brackets and RSD%, before and after spectral preprocessing.

Raw data Preprocessed

Wavenumber/cm−1 Powder Tablet Powder Tablet

1675 0.102 (0.005) 4.9 % 0.163 (0.005) 3.1 % 0.0320 (0.0005) 1.6 % 0.0322 (0.0003) 0.9 %
1601 0.487 (0.022) 4.5 % 0.776 (0.020) 2.6 % 0.1532 (0.0005) 0.3 % 0.1529 (0.0008) 0.5 %
1039 0.764 (0.037) 4.8 % 1.220 (0.032) 2.6 % 0.2402 (0.0015) 0.6 % 0.2406 (0.0015) 0.6 %
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4.2.2. Mapping results
Fig. 4 shows the average peak height and its standard deviation

versus particle size, when recording the spectra by mapping, using a
grid of 10 points. The same trend described above is found: an increase
in Raman intensities from<20 μm up to around 50 μm, is again ob-
served.

As expected, given that tablets are solely constituted by a pure
component, the average intensity for each particle size is the same than
in repeatability measurements. It is interesting to note that the mag-
nitude of the standard deviation increases for the larger fractions. Since
the object being measured is a homogeneous sample, this fact cannot be

attributed to the well-known subsampling problem of Raman spectro-
scopy, and must be interpreted in terms of the differences in elastic light
scattering (Eq. 3). A similar trend (variance increases with particle size)
is widely known for NIR spectroscopy [38]. Even though the effect is
lower in Raman spectroscopy than in NIR, it must be highlighted that in
both cases the same trend is found. Moreover, the different relations
between the laser diameter (500 μm), and the size of the particles being
measured, must be kept in mind; as a result the major amplitude of the
error bars for the larger fractions (Fig. 4A), can be justified in the more
significant impact of the individual arrangement of the particles in
comparison when the total number of particles irradiated diminished.

The relative higher increase of the standard deviation with particle
size when using a microscope (Fig. 4C) can be attributed to the smaller
sampled area. In this case, the scattering effect is enhanced because of
the smaller number of particles being irradiated. Having a laser spot
size of 50 μm, it seems that when the diameter of particles exceeds this
value, the specific arrangement of the individual particles will sig-
nificantly determine the intensity of the resulting spectrum acquired in
each of the sampling positions.

The spectral preprocessing minimizes the particle size-dependent
variations in Raman intensities (Fig. 4B and D), however, an ANOVA
test shows again that there are still significant differences for the
1039 cm−1 and 1601 cm−1 bands, similarly to the previously discussed
observation for repeatability measurements: the intensity for the
smaller fraction (< 20 μm) is significantly different from the other
sizes.

4.3. Comparison between mapping and repeatability measurements

For a better visualization of the different trend in peak reproduci-
bility, the evolution of standard deviations and the corresponding RSD
% for the Raman intensity at 1601 cm−1 before and after the spectral
preprocessing is depicted in Fig. 5 as a function of the particle size. It is
clear that, while there is a difference between mapping and

Fig. 2. Evolution of peak Raman intensity and standard deviation of repeatability measurements (n= 10 spectra) of compacted KHP tablets with particle size. Macro-
Raman system: A) raw spectra; B) after spectral preprocessing. Raman microscope: C) raw spectra; D) after spectral preprocessing. In C) and D) the vertical line
indicates the laser spot diameter.

Fig. 3. Average and standard deviation of Raman intensity at 1601 cm−1

measured on KHP tablets of different thickness using the macro-Raman system.
Particle size 22.5 μm (red squares) and 125 μm (yellow dots). Spectra acquired
at a laser power of 400mW, averaging 128 scans, 6 measurements in different
positions of the same tablet. Lines drawn only to visualize the trends.

D.A. Gómez et al. Vibrational Spectroscopy 100 (2019) 48–56

53



repeatability measurements when considering raw spectra, this differ-
ence disappears after the spectral preprocessing. An F test (one-tailed,
α=0.05) confirms that, for raw spectra, variances of mapping

measurements are significantly higher than the variances of repeat-
ability measurements. After the spectral preprocessing, variances be-
come homogeneous. This fact can be interpreted in terms described in

Fig. 4. Evolution of the average peak Raman intensity and standard deviation of mapping measurement (n= 10 spectra) of compacted KHP tablets with particle size.
Macro-Raman system: A) raw spectra; B) after spectral preprocessing. Raman microscope: C) raw spectra; D) after spectral preprocessing. In C) and D) the vertical
line indicates the laser spot diameter.

Fig. 5. Evolution of standard deviation (SD) and percent relative standard deviation (RSD %) of Raman intensity at 1601 cm−1 with particle size, both for mapping
and repeatability measurements. Macro-Raman system: A) SD, B) RSD %. Raman microscope: C) SD, D) RSD %. In C) and D) the vertical line indicates the laser spot
size.
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Eq. 3. The variance recorded in mapping mode is the combination of
two sources of variability, the intrinsic repeatability and the differences
in elastic scattering between different points of the tablet surface. The
fact that the relative standard deviation (RSD%) after spectral pre-
processing overlap with the values obtained in repeatability conditions
(Fig. 5B and D), strongly suggest that the elastic scattering variability is
practically removed after a normalization step.

5. Conclusion

When irradiating a particulate sample to acquire a Raman spectrum,
the excitation flux moves throw the sample by multiple elastic processes
of scattering, and a small fraction of the scattered photons suffer Raman
scattering. Thereafter, the Raman scattered radiation also travels inside
the sample through a diffuse reflectance scattering mechanism. This
mechanism is the qualitative basis of the Schrader and Bergmann the-
oretical approach [19,20]. The effect of particle size in the diffuse re-
flectance mechanism has been studied and demonstrated in a large
number of works in NIR Spectroscopy [39,40]. From a qualitative point
of view, Raman intensity should be affected by particle size in a com-
parable way than in NIR. Hence, an increment of intensity with particle
size should be expected.

Our results are in a good agreement with this assumption. Raman
intensities are lower for the smaller particle size fractions and increase
up to a size of approximately 40–50 μm. For larger particle sizes in-
tensity arrives to a plateau. An intuitive explanation to the intensity
stabilization could be that the amount of sample that produces a Raman
scattering able to leave the sample in a backscattering mode becomes
constant. In fact, as predicted by theory [19], calculated by simulations
[37] and experimentally verified in this work, Raman spectra recorded
in backscattering mode, comes from a thin sample layer which thick-
ness depends on the particle size. In this work, the laboratory prepared
tablets had a thickness of 1.4–1.5 mm. This value is approximately the
estimated penetration depth for compacted particles with a diameter in
the range 40–50 μm. Consequently, the Raman intensity becomes con-
stant for higher particle sizes, just because the whole tablet has been
sampled. Taking into account the particle sizes used in pharmaceutical
tablets, a penetration depth of 1–1.5 mm has to be expected, and ac-
tually this should be considered in the design of the calibration sample
set, as well as in the interpretation of the quantitative results obtained.

The spectral preprocessing used in this work considerably reduces
the effect of particle size on signal intensities, but it must be empha-
sized that a small but significant difference has been still found for the
smallest particle size (< 20 μm). Measurements reproducibility is also a
function of particle size. RSD% in repeatability conditions (i.e. same
position in tablet) represents the best possible value attainable and it is
a function of the spectrometer set up (mainly spectral resolution and
number of scans averaged). RSD% of values obtained in mapping mode
are significantly higher than those obtained when measuring in the
same position, but in this case the spectral preprocessing practically
eliminates the elastic scattering variations, producing mapping var-
iances comparable to those obtained in repeatability conditions. Similar
trends are found both for the macro Raman system and the microscope,
however for the latter, the lower amount of particles sampled, and the
lower magnitude of the acquired signals, produce higher RSD% values.
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