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Making Cross Polarization Magic Angle Spinning
Quantitative: A Solid-State NMR/Multivariate Curve
Resolution-Alternating Least Squares Approach for
Quantifying Crystalline and Amorphous Phases

Chiara Sabena, Chiara Rosso, Lorenzo Castellino, Angelo Gallo, Eugenio Alladio,

Roberto Gobetto, and Michele R. Chierotti*

Accurate quantification of both crystalline and amorphous phases
of active pharmaceutical ingredients is crucial for ensuring drug
efficacy and stability. However, amorphous content quantifica-
tion poses significant challenges using traditional analytical tech-
niques. To overcome these limitations, this work introduces a
novel method combining solid-state nuclear magnetic resonance
(SSNMR) with multivariate curve resolution-alternating least
squares(MCR-ALS). Tested on mebendazole and indomethacin
as model compounds, this approach enables accurate and robust
quantification of crystalline and amorphous phases by leveraging

1. Introduction

Solid formulations dominate the pharmaceutical market, with an
estimated 80-90% of all drugs delivered in solid form." As a
result, understanding and controlling the solid-state properties
of active pharmaceutical ingredients (APIs) has become a critical
factor in drug development. Indeed, APIs can exist in various crys-
talline or amorphous forms, which can exhibit substantial varia-
tions in chemical and physical properties” Consequently,
detecting and quantifying even small amounts of these forms
is crucial for ensuring desired therapeutic profiles and confirming
that only the desired form is present in the drug product. This
information also helps to prevent ethical issues and patent
infringements by pharmaceutical companies.

Several analytical techniques are employed to characterize
and quantify solid-state forms, including powder X-ray diffraction
(PXRD),*~"! Differential scanning calorimetry (DSC),** Dynamic
vapor sorption (DVS),*® fourier-transform infrared (FT-IR),E
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the full spectral deconvolution through advanced multivariate
analysis, overcoming the intrinsic challenges of cross polarization
magic angle spinning (CPMAS) quantification. The approach
allows for accurate quantification by either using reference spec-
tra of the pure forms as constraints or extracting the spectral con-
tributions directly from mixture data, making it applicable even
when pure components are not available. While demonstrated
in pharmaceuticals, this fast, robust, and user-independent
approach is broadly applicable for solid-state quantification
across various fields.

Raman,*%° and solid-state NMR (SSNMR)®=>"%" spectroscopy.
However, all these techniques encounter limitations mainly in
quantifying the amorphous content because their sensitivity is
predominantly optimized for crystalline structures'? These
issues do not occur for SSNMR, which stands out as a useful tool
since it allows to easily distinguish between crystal and amor-
phous forms. Nevertheless, the quantification by SSNMR, partic-
ularly using cross polarization magic angle spinning (CPMAS), the
most extensively employed technique, has limitations due to its
inherently non-quantitative nature. Indeed, CPMAS is based on
magnetization transfer from an abundant spin ('H) to a dilute spin
(*C), and the efficiency of this transfer is affected by cross-
polarization (CP) dynamics which depend on relaxation times
(e.g., Ty,), the time constant describing the polarization transfer
and contact times.*>'° This makes achieving reproducible and
accurate quantifications challenging, especially for mixtures con-
taining overlapping signals or phases with distinct dynamic prop-
erties. CP dynamic analysis and deconvolution can be performed
to overcome this challenge and obtain quantitative data; how-
ever, they are time-consuming and user-dependent, respectively,
as well as they fail or cannot be accurate enough with extremely
overlapped signals.™

To overcome these challenges, several advanced approaches
have been developed. Techniques like mixture analysis using
references (MAR),[">'¥ direct exponential curve resolution algo-
rithm (DECRA),!'® partial least squares regression (PLSR),["® and
! leverage mathematical
modeling to extract quantitative information from spectral data.
While these methods have shown great potential, they are often

automated deconvolution methods!"”
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constrained by specific assumptions or requirements. For exam-
ple, MAR and PLSR depend on high-quality reference spectra of
pure components, which are not always available or may be chal-
lenging to obtain. DECRA, while effective in resolving overlapping
signals, is parameter-dependent, requires long acquisition times,
and needs a calibration with samples of known composition.
Automated deconvolution methods reduce user dependence
but can be sensitive to noise and require careful parameter tun-
ing to avoid overfitting. Moreover, other developed quantifica-
tion approaches include the use of multiple cross-polarization
(MultiCP) pulse sequences!®?? and proton detection by exploit-
ing ultrafast MAS.® The MultiCP approach proved to be effective
for quantifying mixtures, but does not overcome the requirement
of isolated, non-overlapping signals for accurate quantification.
Conversely, ultrafast MAS enhances spectral resolution and
reduces acquisition times, but it requires highly specialized
and expensive instrumental settings, limiting their practical appli-
cability for routine analysis.

Here, a new multivariate approach that combines SSNMR, par-
ticularly *C CPMAS spectra, and multivariate curve resolution-
alternating least squares (MCR-ALS) is proposed to overcome all
these limits. This MCR-ALS approach consists of a bilinear model,
in which the internal algorithms allow to mathematically decom-
pose a global signal response into the resolved pure contribution
of each individual species. When combined with NMR, MCR-ALS
follows an alternating least-squares scheme for the decomposition
of the data matrix D (containing the experimental spectra of the
mixtures), which is carried out according to Equation (1):

D=CS+E (M

where C is the matrix describing the concentration profiles of the
mixtures, ST is the matrix containing the pure spectra, and E is the
residual matrix and represents the data that the model does not
explain. Equation (1) is solved with a continuous cycle of iterative
calculations, until achieving convergence.**-*” This approach uses
a whole-pattern fitting of the SSNMR spectra to provide a fast,
reliable, and user-independent method for quantification®®® and
for separation of individual components from overlapping resonan-
ces.?® Herein, the SSNMR/MCR-ALS approach was applied for
quantifying mixtures of both crystalline and amorphous forms:
in particular, it was tested on mebendazole (MBZ, Scheme 1a),
by performing quantification on MBZ polymorphs A and C (both
crystalline forms), and indomethacin (INDO, Scheme 1b), to dem-
onstrate also the applicability on crystalline-amorphous mixtures,
in this case INDO polymorph y and INDO amorphous form.293%
The analysis of SSNMR/MCR-ALS can be conducted in two ways:
1) by using the experimental spectra of the pure forms contained
in the mixtures (referred hereafter as Method 1) or 2) by quantifying
without providing the pure component spectra, relying solely on
the spectra of the mixtures (hereafter Method 2). This capability
is crucial for pharmaceutical applications, where ensuring the exclu-
sive presence of the desired polymorph in production batches is an
ethical, regulatory, and economic necessity. Indeed, batch homoge-
neity directly impacts drug efficacy, stability, and compliance with
intellectual property constraints.
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Scheme 1. Molecular structure of a) MBZ and b) INDO, with atom
numeration.

2. Results and Discussion

Binary mixtures of known composition, both crystalline-crystalline
(MBZ - polymorphs A and C) and amorphous-crystalline (INDO -
amorphous and polymorph y forms), were prepared and analyzed
using *C CPMAS SSNMR, following the conditions and the experi-
mental settings reported in the Experimental Section, to assess the
reliability of the method in quantifying each form. The acquired
spectra were pre-processed using icoshift for alignment,®" and
then treated using MCR-ALS.

As no internal standard is used, it is worth noting that
this method provides relative quantification."® In the SSNMR/
MCR-ALS Method 1, the ™3C CPMAS spectra of pure components
(Figure 1 and 2 for MBZ and INDO, respectively) provide initial
estimates and constraints (Paragraph 1.3 in the Supporting
Information). The two pure forms of MBZ, polymorphs A and C,
are clearly distinguishable by '3C CPMAS due to differences in their
chemical shifts,*? while the amorphous form of INDO exhibits
broad signals, markedly different from the polymorph 7.3334
Using these pure spectra as constraints in the analysis of mixtures
overcomes the intrinsic quantification limits of CPMAS. Indeed, the
spectra of the mixtures are related to those of the pure forms,
which serve as experimental reference constraints. This approach
bypasses the well-known issues associated with CP dynamics, such
as contact time (since all spectra are acquired using the same con-
tact time), 'H T, and Tcp, and it assumes that the molecular dynam-
ics in the pure forms are the same as in the mixtures. As a result,
time-consuming analyses, like CP dynamic studies, or more com-
plex sequences, such as MultiCP, which are not routinely used, can
be avoided. On the contrary, in Method 2, the initial estimates of
the pure component spectra are evaluated by the MCR algorithm
from the spectra of the mixtures. These estimates are then fitted by
ALS to obtain the concentration profiles. As a result, Method 2 does
not require the experimental spectra of the pure forms, making it
extremely useful when they are not available.
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Figure 1. *C (100.63 MHz) CPMAS spectra of a) polymorph C and

b) polymorph A of MBZ, acquired with a spinning speed of 12 kHz at room
temperature. Colored boxes highlight quantification intervals considered in
the different tests: 48-58 ppm (red), 108-119 ppm (blue), 119-144 ppm
(green), 146-158 ppm (light blue), 192-200 ppm (purple), 108-158 ppm
(orange), and 46-200 ppm (pink).
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Figure 2. *C (100.63 MHz) CPMAS spectra of a) polymorph y and

b) amorphous form of INDO, acquired with a spinning speed of 12 kHz at
room temperature. Colored boxes highlight quantification intervals consid-
ered in the different tests: 4-22 ppm (red), 22-38 ppm (blue), 46-64 ppm
(green), 90-122 ppm (light blue), 122-147 ppm (purple), 150-161 ppm
(orange), 161-184 ppm (pink), 4-64 ppm (brown), 90-161 ppm (dark green).

For the quantification, both for Methods 1 and 2, several tests
were carried out considering different regions of the SSNMR spec-
tra. The intervals used for each test are reported in Table 1 and
are highlighted in Figure 1 and 2. To evaluate the influence of
processing parameters on the quantification, for Method 1 each
test was repeated by using different line broadenings (LBs): 0 Hz,
16 Hz, and the linewidth of the narrowest peak (64 Hz for MBZ
and 68 Hz for INDO).

For both MBZ and INDO, the mean absolute percent errors, i.e.,
the percentage discrepancies between the known compositions
and the obtained concentrations for each mixture, are summarized
in Table 1 for all the tests (at different LBs) of Method 1. In the
Supporting Information, achieved compositions (Paragraphs 2
and 3 for MBZ and INDO, respectively) and examples of spectrum
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fittings from MCR-ALS (Paragraphs 8 and 9 for 25:75 and 1:99 mix-
tures, respectively) are reported.

The mean absolute percent errors in quantification were con-
sistently low (~2-3% for MBZ and ~2-5% for INDO). In general, the
results obtained with LB = 0 or 16 Hz are comparable and represent
the optimal method. The slight improvement with LB = 16 Hz for
INDO is negligible and may vary depending on the system.
Therefore, for a more general approach, LB=0Hz is preferable,
although a LB equal to the resolution (16 Hz in this case) can be
also used. It is recommended considering, on a case-by-case basis,
the application of a LB equal to the spectral resolution to enhance
the signal-to-noise ratio (S/N) (e.g., when the component to be
quantified is present in extremely low quantities).

As for the spectral region on which to perform the quantifi-
cation, in both cases the lowest absolute errors (2.3-2.7%) are
obtained using the aromatic regions (108-119/119-144/
146-158 ppm for MBZ and 122-147/150-161 ppm for INDO).
Surprisingly these regions, despite being the most crowded
and overlapping, outperform the regions that a user would have
selected using traditional methods, i.e, those characterized by
minimal signal overlapping. This outcome highlights the effec-
tiveness of MCR-ALS in unlocking inaccessible information to
any user. However, in the case of an unknown system, it is
not possible to determine a priori which range will provide
the best quantification. Consequently, using the entire spectrum
(0-285 ppm) is the best compromise between generalization and
reliability, with results comparable with the best performances
(2.7% vs 2.3% for MBZ and 3.4% vs 2.3% for INDO). Moreover,
Table 1 also suggests that the method remains unaffected
regardless of whether spinning sidebands are considered,
as shown by comparing the MBZ results in the 0-285 and
46-200 ppm regions (2.7% and 2.6%, respectively).

When looking at individual absolute percent errors rather
than the mean ones (see Figure S9 in the Supporting
Information), the largest errors occur in the mixtures around
50:50 as their spectra differ most from the pure components.
In contrast, highly unbalanced mixtures exhibit lower errors,
for example, for MBZ: 1:99 = 1.0%; 2:98 = 1.4% and for INDO:
1:99 = 2.9%; 2:98 =2.0%; 3:97 = 0.6%, highlighting its accuracy
in detecting small quantities of one component within another.

This method was also tested using only the spectra of the pure
forms and a single mixture for both amorphous-crystalline
and crystalline—crystalline systems (see Paragraph 4 in the
Supporting Information). In both cases, remarkable results were
obtained (absolute errors ~0.70% for MBZ and ~0.80% for
INDO), demonstrating that the method provides reliable quantifi-
cation regardless of the number of spectra provided, i.e., even with
only three spectra. In this sense, the calibration curve is unneces-
sary, drastically reducing the acquisition time. It has also been
demonstrated that this method is robust when using a different
number of scans to acquire the spectra (see Paragraph 5 in the
Supporting Information).

However, it is well known that the spectra of the pure forms are
not always available, especially in cases where the pure reference
materials cannot be synthesized, isolated, or are unstable. In such
cases, Method 2 demonstrates its robustness by estimating the
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Table 1. Mean absolute percent error values of the tests carried out with SSNMR/MCR-ALS Method 1 on MBZ and INDO, processed at different LBs).
MBZ INDO
TEST LB 0 Hz LB 16 Hz LB 64 Hz TEST LB 0 Hz LB 16 Hz LB 68 Hz
Mean Error [%] Mean Error [%] Mean Error [%] Mean Error [%] Mean Error [%] Mean Error [%]
All the spectrum 27 2.7 3.0 All the spectrum 34 33 338
(0-285 ppm) (0-285 ppm)
48-58 ppm 34 39 46 4-22 ppm 43 43 53
108-119 ppm 27 2.7 27 22-38 ppm 5.1 49 4.2
119-144 ppm 2.7 2.7 29 46-64 ppm 3.9 3.5 34
146-158 ppm 23 24 26 90-122 ppm 44 44 5.2
192-200 ppm 3.1 3.1 3.1 122-147 ppm 27 2.7 35
108-158 ppm 26 2.6 29 150-161 ppm 23 1.9 2.1
46-200 ppm 26 2.7 3.0 161-184 ppm 3.8 37 45
All signals® 26 2.7 3.0 4-64 ppm 43 4.0 3.6
90-161 ppm 33 33 3.9
IThis interval considers all the signals without the regions with only noise (i.e., 48-58, 108—119, 119-144, 146—158 and 192-200 ppm).

spectra of the pure components directly from the mixtures
through iterative decomposition. This capability is particularly
advantageous for complex systems, bypassing the need for refer-
ence spectra. The results summarized in Table 2 confirm the reli-
ability of Method 2. All tests were conducted with LB = 0 Hz, which
proved to be the most effective choice for a general approach in
Method 1. Achieved compositions are reported in the Supporting
Information (Paragraphs 6 and 7 for MBZ and INDO, respectively).

By applying the SSNMR/MCR-ALS Method 2, for MBZ, the
mean absolute errors remain consistently low across all spectra
regions, with the best result achieved in the 146-158 ppm range
(1.6%). This demonstrates the ability to leverage well-defined
spectral intervals for accurate quantification. For INDO, the best
performance is observed in the 122-147 ppm range, with a mean

Table 2. Mean absolute percent error values of the tests carried out with
SSNMR/MCR-ALS Method 2 on MBZ and INDO, processed at LB equal to 0 Hz.

MBZ INDO

TEST LB 0 Hz TEST LB 0 Hz

Mean Error [%] Mean Error [%]

All the spectrum 1.9 All the spectrum 5.2

(0-285 ppm) (0-285 ppm)
48-58 ppm 1.8 4-22 ppm 6.8
108-119 ppm 25 22-38 ppm 6.8
119-144 ppm 23 46-64 ppm 7.2
146-158 ppm 1.6 90-122 ppm 8.4
192-200 ppm 3.0 122-147 ppm 2.8
108-158 ppm 19 150-161 ppm 5.9
46-200 ppm 1.9 161-184 ppm 9.3
All signals® 1.9 4-64 ppm 7.5
90-161 ppm 46

IThis interval considers all the signals without the regions with only noise
(i.e., 48-58, 108—119, 119-144, 146—158, and 192-200 ppm).
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absolute error of 2.8%. These results highlight that, even for more
challenging systems like amorphous-crystalline mixtures, Method
2 provides remarkable accuracy despite the broader, less defined,
and more overlapped signals of the amorphous phase. Therefore,
for both systems, the analysis of some specific spectral regions
yields the lowest errors. Nonetheless, as stated for Method 1,
the most reliable approach for generalizing the method to
unknown systems is to perform quantification using the entire
spectrum (0-285 ppm). This strategy ensures that all available
spectral information is utilized, balancing between general appli-
cability and reliability, as it minimizes the potential influence of
errors in specific spectral intervals.

It is also worth noting that Method 2 performs slightly
better with crystalline—crystalline mixtures compared to amor-
phous-crystalline ones. However, the remarkable results for
amorphous-crystalline mixtures are particularly notable, as quan-
tifying amorphous phases is inherently more challenging.
Furthermore, the fact that Method 2 achieves these results with-
out requiring the spectra of the pure forms underscores its
robustness and applicability. Indeed, this method can provide
a valuable quantification tool not only when pure spectra of indi-
vidual components are unavailable but also when manufacturing
and processing alter the properties of APIs, making them incon-
sistent with the reference spectrum of their pure forms.

It is worth mentioning that both proposed methods were
demonstrated on a limited set of systems—i.e, MBZ and INDO—
to prove the efficacy of the SSNMR/MCR-ALS approach. A com-
prehensive validation study to precisely assess the minimum
concentration threshold at which the method provides reliable
results is currently underway and requires a broader range of sys-
tems. In the cases of MBZ and INDO, the mean absolute percent
errors are used as indicators of the minimum threshold. However,
it must be considered that SSNMR, and consequently the perfor-
mance of the method itself, depends on the specific system
under investigation and the available acquisition time.

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Figure 3. Plot of the data of MCR-ALS methods (Method 1, green; Method 2, blue) and traditional (orange) and automated (purple) deconvoluted percent-
age compositions against experimental values of polymorph A for MBZ (left), and of the amorphous form for INDO (right). The black dashed line represents

the identity line (y =x).

The SSNMR/MCR-ALS methods, with LB of 0 Hz and consider-
ing the entire spectrum, were compared with the traditional and
automated deconvolution procedures, with the latter performed
using the R Shiny webtool developed by Valkenborg et al."” (more
details in Paragraph 9 in the Supporting Information). A compari-
son of the mean absolute percent errors shows that SSNMR/
MCR-ALS Method 1 (2.3% for MBZ and 3.4% for INDO) and
Method 2 (1.9% for MBZ and 5.2% for INDO) lead to comparable
results both to the traditional (4.3% for MBZ and 2.4% for INDO)
and the automated deconvolution (1.5% for MBZ and 2.5% for
INDO). Figure 3 provides a visual representation of how the data
obtained from the MCR-ALS methods and from the manual and
automated deconvolution deviate from the ideal values, repre-
sented by the identity line (y=x). Regarding the crystalline-
crystalline system, both the SSNMR/MCR-ALS methods lead to bet-
ter results than the traditional deconvolution approach and
analogous to the automated one. In contrast, for the amor-
phous-crystalline one, the results are only slightly less accurate
for Method 1, while Method 2 shows somewhat lower performance,
although still comparable with the other methods. The expected
lower performance of Method 2 is largely offset by the advantage
of not requiring the spectra of pure components, making it more
widely applicable across various research fields and in a less
time-consuming manner. It is worth noting that, like the automated
deconvolution, SSNMR/MCR-ALS allows to overcome the traditional
deconvolution requirements, such as selecting signals not exces-
sively overlapped and with known CP rates, conditions that
are not always met. Additionally, the novel approach is user-
independent and enables quantification across the entire spectrum,
averaging potential errors from specific regions and eliminating
operator variability. Thus, SSNMR/MCR-ALS stands out as a highly
robust, fast, and user-independent approach for quantifying both
crystalline—crystalline and amorphous—crystalline mixtures.

3. Conclusion

In conclusion, the SSNMR/MCR-ALS method offers a fast, reliable
and accurate approach for quantifying pharmaceutical

Chemistry—Methods 2025, 00, €202500042 (5 of 7)

polymorphs and amorphous forms of APIs in mixtures, that it
is a pivotal challenge in the pharmaceutical field. It exploits
the advantages of SSNMR—for example, easy discrimination of
different polymorphs and the amorphous phase—over other
techniques. It overcomes the intrinsic quantification limits of
the CPMAS technique in the quantification because it uses the
experimental spectra of the pure forms as constraints. The
full-spectrum fitting approach of MCR-ALS offers a significant
advantage over the traditional deconvolution method, which relies
on selecting non-overlapping signals. This user-independent
method reduces variability associated with operator experience,
enhancing the reproducibility and robustness of the approach.
Additionally, the method performs excellently even with minimal
amount of data and without calibration, making it a time-efficient
tool for routine pharmaceutical analysis. Moreover, the introduc-
tion of a second method in which no experimental spectra of
the pure forms are required further extends the applicability of the
SSNMR/MCR-ALS approach. By reconstructing the spectra of pure
components directly from mixture data, this method provides a
practical solution when the reference spectra of the pure forms
are unavailable. While slightly less accurate it remains a robust
and versatile approach, demonstrating excellent performance even
under challenging conditions. This method can provide a valuable
alternative for quantifying components in real-world systems,
where manufacturing and processing can alter the properties of
APls, making them inconsistent with the reference spectrum of their
pure forms. Although tested on binary mixtures of pharmaceutical
compounds, this method can potentially serve as a valuable tool for
the quantification of more complex mixtures across all solid-state
systems: from organic molecules to inorganic materials.

4. Experimental Section
Materials

MBZ was purchased from Sigma-Aldrich and the batch contained a mix-
ture of polymorphs A and C. INDO polymorph y was purchased from TCI
Chemicals. All starting materials were used without further purification.
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MBZ Pure Forms Synthesis

Polymorph A was obtained by slurring the commercial powder in
ethyl acetate for 2 days, after which the resulting powder was ana-
lyzed using FT-IR ATR (Figure S1 in the Supporting Information),
Raman (Figure S3 in the Supporting Information), and SSNMR
(Figure S5 in the Supporting Information) spectroscopy to confirm
the formation of the desired polymorph.?**? Polymorph C was pro-
duced by antisolvent crystallization,** using formic acid as solvent
and water as antisolvent. The commercial powder (250 mg) were
dissolved in formic acid (12.5mL) at room temperature, followed
by the addition of water (50 mL) under stirring. The solution was
refrigerated until white needle-like crystals precipitated, which were
then collected by removing the supernatant. The crystals were then
milled into a powder and analyzed using FT-IR ATR (Figure S1 in
the Supporting Information), Raman (Figure S3 in the Supporting
Information), and SSNMR (Figure S5 in the Supporting
Information) spectroscopy to confirm the formation of the
C form.[29,32]

INDO Pure Forms Synthesis

The amorphous form was obtained through a melt-quenching
process,>¥ where the powder of the crystalline form of INDO
(polymorph y)—analyzed by FT-IR ATR (Figure S2 in the Supporting
Information), Raman (Figure S4 in the Supporting Information), and
SSNMR (Figure S6 in the Supporting Information)—was heated to
approximately 165 °C and, upon visual confirmation of melting, rapidly
cooled using liquid nitrogen. The solidified sample was then milled
into a powder and analyzed using FT-IR ATR (Figure S2 in the
Supporting Information), Raman (Figure S4 in the Supporting
Information), and SSNMR (Figure S6 in the Supporting Information)
spectroscopy to confirm the formation of the desired form.33436371

Preparation of Mixtures

Binary mixtures with known compositions for both MBZ (polymorph
A and C) and INDO (amorphous form and polymorph y) were pre-
pared. The compositions of these mixtures are detailed in Table
S1 and S2 in the Supporting Information for MBZ and INDO, respec-
tively. The different pure forms used to prepare the mixtures were
obtained each from a unique preparation, to guarantee the same
degree of crystallinity, i.e., the same NMR linewidth, in all the mixture
batches. Prior to weighting, the compound powders were gently
ground to reduce particle size, enabling the use of minimal sample
amounts while still ensuring accurate mass measurements with a
five-decimal-place analytical balance. The components for each mix-
ture were weighted in quantities precisely matching the quantitative
volume of the rotor, i.e., the portion of the rotor where a linear rela-
tionship exists between the NMR signal intensity and sample
weight®® The entire powder mixture was used to fill the rotor.
This approach, combining the use of the quantitative volume with
mixtures tailored to perfectly fit the rotor, ensures optimal alignment
between the nominal sample composition and the quantitative NMR
response. Once prepared, the mixtures were blended by using an
electric mixer for ~5 min to obtain homogeneous physical powders.

FT-IR Spectroscopy Characterization

Fourier transform infrared (FT-IR) spectra were recorded on an
Equinox 55 (Bruker) spectrometer with an ATR reflectance attach-
ment. Spectra were collected in the 400-4000cm ™' range with a
resolution of 2cm™" and 16 scans. The FTIR-ATR spectra of pure
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components are reported in the Supporting Information (Figure S1
and S2).

Raman Spectroscopy Characterization

The Raman spectra were collected on a Bruker Vertex 70 instrument,
equipped with a RAM Il module. The employed excitation source was a
1064 nm laser, with a power of 50 mW and using a CaF, beam splitter.
Spectra were collected in the 50-4500 cm™' range with a resolution of
4cm™" and 3000 scans. The Raman spectra of pure components are
reported in the Supporting Information (Figure S3 and S4).

Solid-State NMR Analysis

SSNMR spectra were acquired with a Bruker Avance 11 400 Ultra Shield
instrument, operating at 400.23 and 100.63 MHz for 'H and "*C nuclei,
respectively. The powdered samples were packed into cylindrical zir-
conia CRAMPS rotors—i.e., rotors designed for center-packing the
sample to ensure it remains within the detection zone of the RF coil
during the acquisition—with a 4 mm o.d. and a 50 pL volume, cor-
responding to the quantitative volume of the rotor. Harris et al. have
proposed an exhaustive protocol to control and optimize the acqui-
sition and processing parameters of quantitative SSNMR data.®>? In
particular, the spectra were acquired after the instrument setting
check, the temperature control, the magic angle adjustment, and
the pulse calibration. Moreover, recycle delays equal to 8 times
the T, value of the form with the longest relaxation time were
employed, to guarantee almost complete quantitative conditions.
The 'H T, values of the pure compounds were measured by means
of saturation recovery experiments (Figure S7 and S8 in the
Supporting Information). 3 C CPMAS experiments were carried out
with a spinning speed of 12 kHz using a ramp cross-polarization pulse
sequence with an optimized 'H 90° pulse of 3.80 s, a contact time of
3 ms, recycle delays of 72.8 s for MBZ and 40.3 s for INDO, and a two-
pulse phase modulation (TPPM) decoupling scheme with an opti-
mized radiofrequency field of 66 kHz.

For MBZ, each spectrum was collected with 300 scans, while, for INDO,
mixtures 1, 2, 3,4, 5 and 11 required 600 scans each, and mixtures 6, 7,
8, 9, and 10 required 300 scans each. In the case of INDO, all the mix-
tures were acquired in triplicate, to check for the instrumental error. The
3C chemical shift scale was calibrated through the methylenic signal of
y-glycine (6 = 43.7 ppm) as a secondary external standard. The SSNMR
spectra of the pure components and all the mixtures of MBZ and INDO
are reported in the Supporting Information (Figure S5 and S6).

Data Processing

3C CPMAS spectra were processed, for Method 1, with three different
line broadenings (LBs) to evaluate the effect of the processing on the
quantification: 0 Hz (no LB), 16 Hz (corresponding to the digital reso-
lution), and 64 Hz for MBZ and 68 Hz for INDO, corresponding to the
full width at half maximum (FWHM) of the narrowest peak. While, for
Method 2, only LB equal to 0 Hz was used since it provided the most
robust results for Method 1. Spectra were exported from TopSpin in
ASCIl format and loaded into MATLAB. Spectra alignment was per-
formed using icoshift ("average" mode) to correct for any chemical
shift variations.?”” Quantification intervals for each test were deter-
mined and are shown in Table S3 and S4 in the Supporting
Information for MBZ and INDO, respectively. The data were processed
by using an MCR toolbox implemented in MATLAB. Further details
about the processing and settings of the methods used are reported
in the Supporting Information (Paragraphs 1.2 and 1.3).

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Deconvolution Procedures

The traditional deconvolution was performed using the Solids Line
Shape Analysis tool available on TopSpin (v. 3.6.5), focusing on
the 3C signal of C2 both for MBZ (methyl at 51.2 ppm for polymorph
A and 54.2 ppm for polymorph C), and INDO (methylene at 28.1 ppm
for polymorph y and 29.4 ppm for the amorphous form). For the auto-
mated deconvolution, instead, the R Shiny webtool developed by
Valkenborg et al.l'® was used. Further details about the two methods
are reported in Paragraph 9 in the Supporting Information.
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