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ABSTRACT

Reliable discrimination of diastereomeric pharmaceutical cocrystals remains a significant analytical challenge,
particularly when structural differences are subtle or when monocrystals suitable for X-ray diffraction are not
available or difficult to prepare. Here, we compare the performance of four spectroscopic techniques, solid-state
nuclear magnetic resonance (ssNMR), Raman spectroscopy, infrared (IR) absorption, and solid-state vibrational
circular dichroism (ssVCD), in terms of the resolution of model diastereomeric cocrystals. The first pair of dia-
stereomeric cocrystals, (S)-naproxen with (R)- and (S)-alanine, represents an example of systems with pro-
nounced packing differences, whereas the cocrystals of (R)-ivabradine hydrochloride with (R)- and (S)-mandelic
acid are nearly isostructural diastereomers. The NMR and vibrational spectra were interpreted based on density
functional theory (DFT) simulations, allowing for a detailed spectra-structure assignment and analysis. Although
all techniques detected cocrystal formation, their practical discriminatory power toward diastereomers varied.
VCD spectroscopy provided reliable differentiation, even for nearly isostructural systems, although the data were
hampered by the experimental noise. Raman spectroscopy, especially in the low-frequency region, was effective
for a rapid detection of distinct packing motifs but less sensitive for the closely related structures. ssNMR pro-
vides a complementary localized insight. The results indicate the advantages and drawbacks of using Raman
spectroscopy, ssNMR, and VCD for screening, structural studies, and chiral identification of pharmaceutical
cocrystals and other chiral complex solid-state systems.

1. Introduction

[16,17], e.g., for combination therapies [18]. Cocrystal preparation in-
cludes a plethora of methods, such as solvent-based crystallization,

Active pharmaceutical ingredients (APIs), the main components of
drugs, are preferentially administered orally in various solid-state for-
mulations, such as polymorphs, amorphous forms, salts, hydrates, or
solvates. Newly designed solid forms often improve the physicochemical
properties important for therapeutic use [1-5]. These include solubility,
bioavailability, mechanical resistance, easier manufacturing, pharma-
cokinetics, stability, or the taste [1,6-11]. Among the diverse solid
forms, cocrystals have emerged as a particularly versatile strategy for
tailoring the drug performance. They are typically composed of an API
and a neutral coformer [12-14] and became standard in modern drug
formulation, particularly after regulatory rules concerning cocrystals
were amended by drug agencies, which made them easier to patent [14,
15]. Cocrystals containing two different APIs are also being developed

grinding, spray drying, or hot-melt extrusion [19].

Cocrystals are often characterized using X-ray diffraction, thermal
analyses, spectroscopic and other techniques [20-25]. For example,
solid-state nuclear magnetic resonance (ssNMR) can detect local
conformation, hydrogen bonds and proton transfer [26-29], salt and
cocrystal forms [30-35], stoichiometry [36], and trace anhydrous
polymorph [37] or API [38]. Vibrational spectroscopy may often offer
faster and cheaper analyses [7,39-42]. Raman spectra, particularly in
the low-frequency (LF) region, carry information about intermolecular
interactions and crystal packing [43-52]. Also, the surface-enhanced
Raman scattering (SERS) extends the capabilities of conventional
Raman spectroscopy by providing enhanced sensitivity toward mole-
cules located close to a metal particle [53]. First SERS studies of crystal
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surfaces have been published demonstrating its usability in solid-state
applications; however, the technique currently struggles with many
challenges in terms of reproducibility, substrate preparation, quantita-
tive interpretation, and solid-form stability [54]. Vibrational circular
dichroism (VCD) is sensitive both to the structure and chirality [55,56],
sensing crystal packing [55-57], polymorphs [57,58], and cocrystals
[59-61].

More than half of marketed drugs are chiral [62] and diastereomeric
salts or cocrystals are often developed to enable isolation of the desired
enantiomer [62-64]. Typically, a diastereomeric cocrystal contains an
enantiomerically pure compound A crystallized with both enantiomers
of a compound B. Unlike enantiomers, which have identical physical
properties, diastereomers may differ in crystal structure, solubility
melting point, etc. [42,65]. In contrast to salts, where the formation of a
diastereomeric pair of salts is the prevailing rule, cocrystal systems
frequently exhibit enantiospecific behavior [66,67]. In pharmaceutical
practice, cocrystallization using a single enantiomer of a coformer is
typically exploited in enantiomeric resolution. In contrast, cocrystals of
a single API configuration with different coformer enantiomers are
being studied to elucidate the mechanisms governing the formation,
stability, and selectivity of cocrystals [68]. Understanding of such
mechanisms can make the cocrystals development more efficient [65].

Although spectroscopic detection of cocrystal or salt formation is
relatively well-documented [69], spectroscopic differentiation of chiral
diastereomers is rare [70]. It has been shown that diastereomeric coc-
rystals with substantially different intermolecular interaction patterns
and/or different crystal packing can be distinguished by ssNMR [65,70,
71]. Infrared (IR) spectroscopy was also able to distinguish between
selected diastereomers, although the differences were not profound [59,
70,72]. In LF Raman experiments, chiral components were occasionally
investigated as well [10,52,73-75]. Still, a systematic understanding of
how different techniques perform in discriminating diastereomeric
cocrystals is lacking. The sensitivity of these methods to varying struc-
tures has not yet been comprehensively evaluated, which limits the use
of many techniques for cocrystal development and control.

In this study, we address this challenge by comparing ssNMR, low-
frequency Raman, IR, and VCD spectroscopies applied to two model
pharmaceutical systems representing distinct structural regimes. Coc-
rystals of (S)-naproxen with (R)- and (S)-alanine represent structurally
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very distinct diastereomers [76], while cocrystals of (R)-ivabradine
hydrochloride with (R)- and (S)-mandelic acid exhibit only subtle vari-
ations in the structure [9]. Naproxen is an anti-inflammatory drug
commonly cocrystallizing with various compounds [13,76,77]. Ivabra-
dine hydrochloride is a pharmaceutical salt used to treat chronic angina
pectoris and chronic heart failure [78] existing in various polymorphic
forms, solvates and salts [9] with good stability [9]. Experimental results
are supported by density functional theory (DFT) calculations, enabling
better spectral assignments and interpretation. We believe that the re-
sults may be helpful when applying these spectroscopic methods to
chiral crystalline compounds and elucidating the structural origins of
the observed spectral patterns.

2. Methods
2.1. Sample preparation

Enantiomers of alanine and mandelic acid, (S)-naproxen (Scheme 1),
and potassium bromide were purchased from Sigma-Aldrich (>97%).
(R)-Ivabradine hydrochloride (Scheme 1) was kindly provided by Zen-
tiva. Following previously published procedure [59,76], (S)-naprox-
en/(R)-alanine and (S)-naproxen/(S)-alanine were crystallized by the
liquid-assisted grinding following Latif et al. [79] Naproxen and
alanine were ground under ambient conditions at a frequency of 30 Hz
for 60 min in a 1:1 stoichiometric ratio (100:39 mg) with a small
quantity of methanol (10 pl per 100 mg of the mixture). A Retsch mixer
mill MM 200 with three stainless-steel balls with a diameter of 0.5 cm
was used for milling.

The (R)-ivabradine hydrochloride/(R)-mandelic acid and (R)-ivab-
radine hydrochloride/(S)-mandelic acid co-crystals were prepared ac-
cording to conditions reported previously [9]. The (R)-ivabradine
hydrochloride/(R)-mandelic acid cocrystal was prepared by
liquid-assisted grinding of 100 mg of the API and coformer in an equi-
molar ratio using mortar and pestle for 10 min with 20 pL of acetone.
The (R)-ivabradine hydrochloride/(S)-mandelic acid cocrystal was pre-
pared analogously by liquid-assisted grinding for 10 min with 20 pL of
ethyl acetate. All crystal structures were confirmed and characterized by
PXRD, as in Ref. [9] and Ref. [59], and by their ssNMR and IR spectra
matching published data [9,59,79].

(R)-ivabradine

OH

(S)-mandelic acid

OH

Scheme 1. Studied APIs (top) with carbon atom numbering indicated and (S)-enantiomers of the coformers used (bottom).
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2.2. NMR measurement

High-resolution '3C ssNMR spectra were acquired on a JEOL
ECZ600R spectrometer operating at 600.2 MHz for 'H and 150.9 MHz
for 13C nuclei. The samples were loaded into 3.2-mm magic angle
spinning rotors, and measurements were conducted at 18 kHz. Cross-
polarization with a ramped amplitude shape pulse was employed to
acquire the 13C spectra. The contact time was set to 5 ms. To determine
the relaxation delays, the proton T; relaxation times were estimated
from the 'H saturation recovery experiments. The relaxation delay was
set to 1.5 times the corresponding T; time. All chemical shifts were
referenced against the downfield CH signal of external adamantane
(6(*3C) = 38.5 ppm).

2.3. Pellet preparation for Raman and VCD experiments

The cocrystals and KBr (Sigma-Aldrich, >97%) were finely ground
together in an agate mortar in approximately 1:1 (Raman) and 1:100 M
ratios (VCD). In the VCD experiment, the final ratio was adjusted to
maintain the absorbance within 0.8-1.0, to prevent detector saturation
and acceptable signal to noise ratio. The mixtures were compressed into
thin transparent pellets of 7 mm diameter using a Specac Mini Pellet
Press.

2.4. Raman spectroscopy

Raman experiments were performed using WITec Alpha 300RS
confocal Raman microscope. Raman mapping of the pellets was per-
formed in the backscattering geometry, using 10x dry objective (Zeiss
EC Epiplan, numerical aperture 0.25). A laser wavelength of 532 nm
with a power of 19 mW and an 1800 g/mm diffraction grating for
spectra below 200 em™! or 600 g/mm grating for spectra up to
3500 cm ! were used. The 532 nm excitation provides relatively effi-
cient Raman scattering (even in the LF region) with low signal-to-noise
ratio while avoiding resonance effects for the investigated pharmaceu-
tical cocrystals. The mapping was performed with 2 pm steps and 1 s
integration time for an area of 300 x 300 pm (150x150 points). Thus,
each image consisted of 22 500 spectra. Raman maps were then pre-
processed using WITec Project 5.1 software. First, we used a cosmic ray
removal filter (filter size 4, dynamic factor 5), and the signal was
averaged over all pixels for each compound. Baseline was subtracted
from the spectra using our own implementation of the rubber band al-
gorithm [80]. Additional details on the Raman experiment are in the
Supplementary material.

2.5. VCD measurement

VCD and IR absorption spectra were recorded on a ChirallR-2X™
spectrometer (BioTools, Inc., USA) equipped with a dual-PEM™ system
using two ZnSe photoelastic modulators, following a previously estab-
lished procedure [57]: 4 cm ! resolution, the Blackman-Harris apod-
ization function, and PEM calibration at 1400 cm™!. The resulting
spectra are the averages of six recorded blocks, each consisting of 1560
scans, and their accumulation lasted 3 h for each sample. The samples
were rotated around the beam axis during spectrum recording. The
baseline was subtracted using the spectra of the KBr matrix measured
using the same parameters.

2.6. Simulations of NMR spectra

NMR shieldings were computed using the CASTEP program, version
22.11 [81], employing density functional theory (DFT), pseudopoten-
tials to model core electron effects, and plane waves to describe valence
electrons. Before conducting the NMR calculations, the atomic positions
of all atoms were optimized while maintaining fixed unit cell parame-
ters. The geometry optimization was conducted utilizing the GGA
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Perdew-Burke-Ernzerhof (PBE) functional [82], plane wave basis set
energy cutoff at 600 eV, default ultrasoft [83] “on-the-fly-generated”
pseudopotentials, and a minimum k-point spacing of 0.1 A~! over the
Brillouin zone via the Monkhorst-Pack grid [84]. Empirical dispersion
corrections using the TS correction scheme was used [85]. The GIPAW
approach was used for NMR calculations under periodic conditions at
the same computational level as that for geometry optimizations [86,
871.

2.7. Simulations of vibrational spectra

The initial geometries of the cocrystals were imported from the X-ray
crystallographic database [88] (CCDC entries: 985631 [76], 985632
[761, 1479091 [9], or 1479092 [9]) using the Mercury program [89].

Three strategies were used to refine the positions of the hydrogen
atoms. In the first approach (OPT1), the geometry of the unit cell was
optimized in the CASTEP program using the OTFG norm-conserving
pseudopotentials, 990 eV energy cut-off, ultra-fine SCF criteria, the
PBE functional [82] with the GO6 dispersion correction [90]. and a
Brillouin zone fine k-point setup of 1 x 2 x 1. The lattice size was fixed.
In the second (OPT2), a larger crystal fragment consisting of 3 x 3 x 3
unit cells was built, and pairs of close molecules were detected and
partially optimized in the normal mode coordinates [91], using the
QGRAD code [92] linked to Gaussian 16 [93], at the B3LYP/6-311++G
(d,p) level of theory. The environment of a crystal bulk was mimicked
using the CPCM model [94] with parameters for water, which appeared
as a viable approximation previously [39,49,57]. Normal mode co-
ordinates of frequencies greater than 100 cm ' were relaxed. In the
third approach (OPT3), the crystal unit cell was optimized using
CASTEP for the crystal and normal mode optimization of the pairs.

For the pairs, the harmonic force field, polarizability derivatives (for
Raman), and atomic polar and axial tensors (for IR and VCD) were
calculated using the Gaussian program [93] at the B3LYP/6-311++G(d,
p)/CPCM level of theory. The atomic property tensors were transferred
back to the 3 x 3 x 3 crystal fragment using the Cartesian coordinate
transfer implemented in the cctn program [95], which allowed us to
construct a dynamic force field matrix involving interactions within the
elementary cell and its close environment. Finally, the harmonic
vibrational frequencies, IR, VCD, and Raman intensities were calculated
for the zero (0, 0, 0) crystal phonon mode. The line intensities were
convoluted with Lorentzian bands of 10 cm™! full width at half-height.
No scaling factor was used in the calculations to correct the DFT
frequencies.

To compare predicted spectra with experimental ones, spectral

Sexp.1Sexp2dv
( Jstondn fsixpzdl!) 7. Integrals
were calculated over the 20—200 cm ™! region for LF Raman spectra,
200-1800 cm ™! for fingerprint Raman spectra, and 800—1800 cm ™! for
IR and VCD spectra.

similarity indices were calculated as o = [

3. Results and discussion
3.1. Cocrystals of naproxen and alanine

3.1.1. Structure and experimental spectra

The first diastereomeric pair studied was a cocrystal of (S)-naproxen
with (S)- or (R)-alanine in a 1:1 ratio. The crystal packing of both coc-
rystals is compared in Fig. 1. In both cocrystals, (S)-naproxen is neutral,
whereas alanine is zwitterionic. Alanine molecules are oriented "head-
to-tail" interacting via charge-assisted hydrogen bonds and form infinite
chains in the ac plane. This is a typical motif also for other crystalline
amino acids [76]. These alanine chains form sandwich layers in the b
axis stabilized by interactions between adjacent planes. The alanine
molecules are further H-bonded to naproxen, whereas the naproxen
molecules do not form H-bonds with one another. In the two diaste-
reomeric cocrystals, the intermolecular H-bonding distances are similar,
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Fig. 1. X-ray structures of (S)-naproxen/(S)-alanine (top) and (S)-naproxen/(R)-alanine (bottom) cocrystals. H-bonds are indicated by blue lines. The H-bonded parts

are magnified on the right.

which was also well reproduced by calculations (Table S1).

For the (S)-naproxen/(S)-alanine cocrystal, the structure allows n-n
interactions among naproxen molecules, while for the (S)-naproxen/(R)-
alanine cocrystal, a higher proportion of CH-x interactions was observed
[76]. PXRD confirmed that our prepared cocrystals correspond to pre-
viously published structures (Fig. S1) [79].

The solid-state 13C NMR spectra of (S)-naproxen/(S)-alanine and (S)-
naproxen/(R)-alanine cocrystals without the silent region are shown in
Fig. 2. The complete spectra are shown in Fig. S2. Moderate but clearly
visible differences were observed between the two cocrystals. The signal
assignment was performed by comparison with solution-state 13C
spectra and DFT calculations (see section 3.1.2). The largest differences
between the cocrystals can be observed for the signal of carbon atom at
positions C4 (128.1 ppm in (S)-naproxen/(R)-alanine, 125.0 in (S)-

naproxen/(S)-alanine), C8 (130.7 or 132.9 in (S)-naproxen/(R)-alanine,
128.0 in (S)-naproxen/(S)-alanine), C1 (123.4 in (S)-naproxen/(R)-
alanine, 121.5 in (S)-naproxen/(S)-alanine), C3 (128.1 in (S)-naproxen/
(R)-alanine, 126.2 in (S)-naproxen/(S)-alanine), and at C2' 43.6 in (S)-
naproxen/(R)-alanine, 42.0 in (S)-naproxen/(S)-alanine).

For control, we inspected the Raman spectrum of a 1:1 mixture,
which was within the experimental error indistinguishable from the
arithmetic average of the individual component spectra, including the
LF region (Fig. S3). This indicates that milling did not alter the micro-
scopic structure or spectral response. Raman spectra of the (S)-nap-
roxen/alanine cocrystals differ from such plain sum (Fig. 3), confirming
their applicability for monitoring the formation of cocrystals. For
example, the band of naproxen at 1728 em™! (C=01 and O-H
stretching, see Table S2 for the assignment) decreases in intensity, and

3
. , H 9
7 2 ea s 1 on
,
™ al 8 NHz  (S)-alanine
o % (S)-naproxen
—— (S)-naproxen/(R)-alanine
—— (S)-naproxen/(S)-alanine 3
OMe Ala(CHy)
Al 8,8a
1 (coao) 6 (éls) 2
212 a7y 5
| | .
OMe a
Ala 34 Aa 2 Ala(CH;)
1" (CO0) 6 (CH)
4a |8a
200 180 160 140 120 100 60 40 20 0
13 13
3("C) / ppm 8('°C) / ppm

Fig. 2. Experimental 13C NMR spectra of cocrystals of (S)-naproxen with (R)-and (S)-alanine (Region 100-70 ppm without signal is omitted.).
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Fig. 3. Experimental Raman spectra of cocrystals of (S)-naproxen with (R)- and (S)-alanine, their mixture in a 1:1 M ratio, (S)-naproxen, (R)-alanine, and (S)-alanine.
The low-wavenumber region is magnified on the left. The spectra of (S)-naproxen, the mixture, and cocrystals were offset from (S)-alanine by 0.04, 0.06, 0.08, and

0.11 a.u. (LF-region) and by 0.04, 0.08, 0.12, and 0.16 a.u. (entire region).

the 1649 cm™! NH{ deformation band of alanine shifts to 1635 em™!
due to the different H-bonding in the cocrystal. Similarly, upon coc-
rystallization, the 1598 cm ™! alanine band of the NH3 deformation and
valence C=0 stretching shifted to 1585 cm™'. The NH; deformation
vibration becomes more pronounced and shifts from 1649 ecm™! to
1635 cm™!, while the NH3 deformation bands at 1361 em™! and
1307 cm™! disappear. This indicates that the amino group plays a sig-
nificant role in hydrogen bonding interactions.

The figure also shows that Raman spectroscopy is efficient in dis-
tinguishing individual diastereomers. In the LF region, the (S)-nap-
roxen/(S)-alanine cocrystal exhibits intense bands at 28, 45, 56, and
78 cm’l, whereas the (S)-naproxen/(R)-alanine cocrystal exhibits bands

(S)-naproxen/
(R)-alanine

(S)-naproxen/
(S)-alanine

(R)-alanine

1600 1200 800

Wavenumber / cm™

at 28, 63, 83, and 103 cm ™, and the relative intensities are different as
well. However, only modest differences are apparent in the fingerprint
region above 200 em ™. These mostly involve minor frequency shifts,
some of which are summarized in Table S2 (Supporting Information).
VCD and IR spectra of the (S)-naproxen/alanine cocrystals and their
components are shown in Fig. 4, and the selected band frequencies and
assignments are listed in Table S3. As with ssNMR and Raman spec-
troscopy, the formation of both cocrystals is clearly reflected in the IR
and VCD spectra. For example, the C=0 stretching band of naproxen
(1728 cm™!) and the analogous alanine band at 1597 cm ™! merged into
a signal at 1667 cm ™! for both cocrystals. The +/— couplet of the NHg
symmetric bending vibration in (S)-alanine shifts from 1620 cm! to

1667

126! 1030

3e-3 1

-1e-3

1600 1200 800

Wavenumber / cm™

Fig. 4. Experimental VCD and IR spectra of cocrystals of (S)-naproxen with (R)- and (S)-alanine, their mixture in a 1:1 M ratio, (S)-naproxen, (R)-alanine, and (S)-
alanine. The spectra of (S)-naproxen, the mixture, and cocrystals were offset from alanine by 0.8, 1.6, 2.4, and 3.2 (IR) and by 0.0009, 0.0018, 0.0027, and

0.0036 (VCD).
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1612 cm ! and sign-flips for (S)-naproxen/(S)-alanine. The alanine CHg
bending band shifts from 1521 cm ™! to lower frequencies after cocrys-
tallization (1504 and 1498 cm ™ for SR and SS cocrystals, respectively).
As with Raman spectroscopy, there is no significant difference between
VCD of the control mixture of cocrystal components in a 1:1 ratio and
the average spectrum of these components (Fig. S3).

While the IR spectra of the two diastereomeric pairs exhibit only
subtle differences (~1350 cm’l; Fig. S4), the VCD spectra allow for
clearer differentiation. The most useful VCD bands include the afore-
mentioned C=O0 stretching and CH3 bending of alanine. The carbonyl
stretching band at 1667 em s negative for (S)-naproxen/(S)-alanine,
and positive for (S)-naproxen/(R)-alanine. The CH3 band is positive for
(S)-naproxen/(S)-alanine but negative for (S)-naproxen/(R)-alanine.
Unlike IR or Raman spectroscopy, VCD allows for the differentiation
between enantiomers; that is, the absolute configuration can be assigned
using this technique.

3.1.2. Computed NMR spectra of the naproxen cocrystals

The simulations help in better understanding and potentially guiding
experimental observations. Fig. S5 shows the calculated '3C NMR
spectra of both naproxen cocrystals and the experiment. We observe
overall good agreement, mostly within a few ppm difference of calcu-
lated and experimental shifts. The most pronounced deviation in the
calculations can be observed for the two methyl signals at ~15 ppm,
which was previously attributed to nuclear quantum effects in methyl
groups [96].

3.1.3. Computed vibrational spectra of naproxen cocrystals

Simulated Raman, VCD and IR spectra somewhat differ for the three
optimization procedures used (Fig. S6-S7, Table S4-S5). The combined
method (OPT3) on average provided the best spectra if compared to the
experiment, with similarity indices o: 0.914, 0.761 and 0.746 for
fingerprint Raman, LF Raman and IR spectra of (S)-naproxen/(S)-
alanine; 0.901, 0.517 and 0.722 for fingerprint Raman, LF Raman and IR
spectra of (S)-naproxen/(R)-alanine). The different optimization stra-
tegies mostly affect the LF Raman and IR bands around ~1215,
~1500 ecm ™!, or the 8(NH )ala and 1(C=0)pap bands at ~1600 cem L

Fig. S8 shows the VCD, IR, and Raman spectra simulated using the
OPT3 approach, together with the experimental spectra. One can see
that only some experimental VCD features were correctly reproduced by
the calculation, which is primarily due to the approximations adopted
because of limited computational power, as discussed in Ref. [49].
However, the main differences between the two cocrystal types are
reproduced, such as the richer spectrum of (S)-naproxen/(S)-alanine
compared to that of (S)-naproxen/(R)-alanine. For IR and Raman

(R)-iva.HCI/(R)-mandel
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spectroscopy, the computations excellently capture the main differences
between the two diastereoisomeric cocrystals.

3.2. Cocrystals of ivabradine hydrochloride and mandelic acid

3.2.1. Experimental data

Unlike naproxen/alanine, ivabradine/mandelic cocrystals are more
complex because they consist of a salt (a two-component system) that
further cocrystalizes with a coformer. The structures of the RR and RS
ivabradine/mandelic acid cocrystals are compared in Fig. 5. Ivabradine
is protonated at the acyclic amine nitrogen. Both diastereomers crys-
tallize in the orthorhombic system (P2;2;2; space group) and exhibited
similar crystal packing. They differ in the H-bonds caused by the
different orientations of the hydroxyl group of mandelic acid. In the RR
cocrystal, (R)-mandelic acid forms H-bonds with the chloride anion via
its carboxyl group (O3-H---Cl") and with ivabradine carbonyl via its
hydroxyl group (O1'-H---02). The ivabradine nitrogen forms an H-bond
with chlorine (N1'-H---C17). In the RS cocrystal, (S)-mandelic acid forms
H-bonds between O3-H..-Cl~, 02-H.--Cl~, and a weaker N1-H..-C1~
[9]. The X-ray analysis also indicates somewhat shorter H-bonds in the
(R)-ivabradine/(R)-mandelic acid cocrystal (Table S1). These structural
differences are reflected in the higher melting point and density of the
RS cocrystal compared to that of RR. PXRD confirmed that our prepared
cocrystals correspond to previously published structures (Fig. S1) [9].

The main signals in the experimental 13C NMR spectra of the two
cocrystals are shown in Fig. 6 (cf. Fig. SO shows the entire range). As in
the case of naproxen/alanine, small differences in peak positions are
apparent. The largest difference can be observed for the CHy group
adjacent to the lactam ring (44.3 ppm in the (R)-ivabradine/(R)-man-
delic acid cocrystal, 41.7 ppm in the (R)-ivabradine/(S)-mandelic acid
cocrystal; labeled as lac-CHjy-) and the aliphatic C-H carbon of mandelic
acid (73.3. ppm in RR and 71.0 ppm in RS; Mand.(C-OH)) and C7'
(38.3 ppm in RR and 40.0 ppm in RS).

Raman spectra of (R)-ivabradine.HCl/(S)-mandelic acid and (R)-
ivabradine.HCl/(R)-mandelic acid cocrystals are plotted in Fig. 7,
assignment of some Raman bands is given in Table S6, comparison of
calculated and experimental Raman bands is given in Table S7. Ivab-
radine exhibits much weaker Raman scattering than mandelic acid, so
that the latter dominates in the 1:1 mixture. Upon cocrystallization, the
Raman signal of ivabradine becomes more pronounced, in line with
Ref. [9].

The differences between the RR and RS combinations are subtler
than those for the naproxen/alanine system (compare the black and red
spectra in Fig. 7). Unlike naproxen/alanine, the two forms can be more
easily resolved in the fingerprint region. Minor changes in the positions
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Fig. 5. Structures of the RR and RS ivabradine.HCl/mandelic acid cocrystals, and details of the H-bonded atoms.
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Fig. 6. Experimental >C NMR spectra of (R)-ivabradine hydrochloride/(R)-mandelic acid and (R)-ivabradine hydrochloride/(S)-mandelic acid cocrystals. Region
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and shapes of bands above 1600 em™! and around 3000 cm™! were (R)-ivabradine.HCl/(R)-mandelic acid cocrystal, while at ~1653 em ™!

already observed in the work of Sladkova et al. [9] using a 1064 nm for the other one. The similarity in the LF range is due to the similar
laser. Using the 532 nm laser, we also observe a difference in the posi- packing of both diastereomers, with only slight differences in the mutual
tion of the v(C=0O)janc band, which is at 1638 cm™! for the interactions of the molecules (Fig. 7, bottom). From the figure, it is
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evident that the positions and conformations of ivabradines in both
cocrystals are identical. Similarly, the positions of the aromatic rings and
carboxyl groups of the mandelic acids are identical, and only the
orientation of the hydroxyl groups differs.

IR and VCD spectra of both cocrystals and their components are
shown in Fig. 8, and the band assignments are provided in Table S8.
Clearly, VCD is more sensitive to structural changes than IR spectros-
copy or NMR. In both the RR and RS cocrystals, the 1720 and
1744 cm ™! C=0 bands of mandelic acid are both negative, whereas pure
S and R mandelic acids give opposite signs at 1712 cm™!. C=0 bands of
(R)-ivabradine (1661 and 1648 cm’l) become weaker and shift to lower
wavenumbers in the cocrystals. VCD bands at 1184 cm ™! and 1159 cm ™!
(C-H vibrations near the quaternary nitrogen) are affected by the
interaction between ivabradine hydrochloride and mandelic acid.

VCD also clearly distinguishes the cocrystals and the 1:1 ground
mixture of (R)-ivabradine-HCI and (S)-mandelic acid. For example, the
C=0 stretching band shifts from 1723 cm™! in the cocrystal to
1744 cm ™! in the mixture. This suggests that VCD can also detect minor
differences in the carbonyl moiety. In contrast, LF Raman spectroscopy
was unable to detect this subtle difference. The biggest differences be-
tween the VCD spectra of the ivabradine cocrystals appear in the
carbonyl stretching regions of both ivabradine and mandelic acid. The
negative v(C=0)pan band at ~1744 em ! in the RR cocrystal shifts to
~1720 cm ™! in RS. Similarly, the v(C=0);y, band shifts from 1652 em™!
to 1638 cm™ . The intensity of the 1(C=0)pan band is also substantially
higher for RS than for its diastereomer. However, in contrast to nap-
roxen, the differences between the diastereomers are reflected only in
the positions and intensities of the v(C=0) bands, and not in their signs
(Fig. S10). As with naproxen, there is no significant difference between
Raman or VCD of the mixture of cocrystal components and plain sum of
pure components (Fig. S11).

Interestingly, the VCD-to-IR signal ratios are very small for the coc-
rystals, approximately one order of magnitude smaller than those for the
naproxen/alanine cocrystals. This may be related to weaker intermo-
lecular interactions in ivabradine cocrystals compared to naproxen
cocrystals, and long-range VCD contributions [97,98]. In addition, a
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large part of the system is composed of aromatic, intrinsically non-chiral
residues.

3.2.2. Computed NMR spectra of ivabradine cocrystals

The simulated '>C NMR spectra are compared with the experimental
results in Fig. S12. Although the agreement between the calculations
and the experiment is somewhat poorer than in the case of the nap-
roxene cocrystals, it is still good, with most chemical shifts reproduced
within a few ppm. Thus, although the differences between the (R)-
ivabradine/(R)-mandelic acid and (R)-ivabradine/(S)-mandelic acid
cocrystals are rather minor, the calculations reproduce the observed
trends well. As with naproxen, the methyl signals at ~55 ppm remain
problematic. In addition, the nearly overlapping experimental signals
for C2 of ivabradine (~172 ppm) and mandelic acid carboxyl
(~173 ppm) are unrealistically distinguished in the calculation.
Remaining discrepancies do not affect the overall spectral assignment or
the discrimination of the diastereomers based on lac-CH,-, C7' or Mand.
(C-OH) (Fig. S13).

3.2.3. Computed vibrational spectra of ivabradine cocrystals

As with the naproxen cocrystals, the simulated Raman, VCD, and IR
spectra somewhat differ for the three optimization procedures used
(Fig. S14-S15), and the best OPT3 approach is used as the default in
Fig. S16, where the simulations are compared to the experiments. A
relatively good agreement was achieved for both diastereomers, with
similarity indices o: 0.867, 0.959 and 0.864 for fingerprint Raman, LF
Raman and IR spectra of the RR diastereomer; 0.883, 0.966 and 0.858
for fingerprint Raman, LF Raman and IR spectra of the RS diastereomer.
This is sufficient for phase identification, although detailed in-
consistencies exist as well, similar to those observed with naproxen.

The adopted computational procedures were limited by the size of
the crystal unit cell. For ivabradine/mandelic acid cocrystals it contains
four molecules of ivabradine and four molecules of mandelic acid. The
total of 364 atoms makes it too large for a direct simulation of Raman
spectra using “periodic” codes like CASTEP. Moreover, the VCD calcu-
lations are not generally implemented in such programs, and the family
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Fig. 8. Experimental IR and VCD spectra of (R)-ivabradine.HCl/(R)-mandelic acid (R)-ivabradine.HCl/(S)-mandelic acid cocrystals, their mixture in 1:1 M ratio, (R)-
ivabradine, (R)-mandelic acid, and (S)-mandelic acid. The VCD intensities of the cocrystal spectra are multiplied by five for better visibility. The spectra of (R)-
ivabradine.HCl, the mixture, and cocrystals were offset from (R)-mandelic acid by 1.0, 1.7, 2.6, and 3.4 (IR) and by 0.0012, 0.0025, 0.0040, and 0.0050 (VCD).
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of available functionals is limited. Therefore, we see the fragmentation
and transfer approach offering greater flexibility as a suitable compro-
mise between the accuracy and computational cost, as documented
previously on studies including Raman, IR, or VCD spectra of similar
solid-state systems [49,57,59].

3.3. Advantages and limitations of employed techniques

The examples inspected above highlight the complementarity of the
techniques in the characterization of different diastereomeric cocrystals.
Low-frequency Raman spectroscopy provides the fastest analyses (mi-
nutes) and is highly sensitive to differences in crystal packing through
lattice vibrational modes, making it an ideal tool for the rapid screening
and detection of structurally distinct phases. However, its crystal-
packing sensitivity decreases significantly for nearly isostructural sys-
tems. It is also inherently insensitive to chirality, as is sSNMR.

Solid-state NMR operates on a longer timescale but offers a more
localized site-specific insight into the local chemical environments and
intermolecular interactions. This appeared especially convenient for
ivabradine, where it discriminated structural differences in the local
geometry or hydrogen bonding.

VCD is inherently sensitive to the absolute configuration and
extremely sensitive also to fine structural differences; however, the high
noise-to-signal ratio resulting in long measurement times limits its
applications.

For all spectroscopies, a computational apparatus is developed,
enabling faithful modeling based on DFT and utilizing either periodic
plane-wave or cluster models. However, their extensive computational
requirements may significantly limit their practical use. For example,
cluster models quickly become too large for crystals consisting of large
molecules, or the plane-wave methodology does not allow the efficient
use of hybrid functionals needed for accurate results.

In simplified summary, Raman spectroscopy is best suited for the
rapid screening and monitoring of cocrystal formation, ssNMR for
structural refinement and interpretation of intermolecular interactions,
and VCD, supported by quantum-chemical calculations, for definitive
chiral discrimination and assignment of absolute configuration. This
complementarity is summarized in Table 1 and underpins the suggested
analytical workflow proposed in Fig. 9.

4. Conclusions

In this study, we evaluated the resolving power of ssNMR, IR, Raman,
and VCD spectroscopy in terms of the analysis of diastereomeric drug-
containing cocrystals. Two representative model systems were exam-
ined: (S)-naproxen/(R)- or (S)-alanine cocrystal and (R)-ivabradine

Table 1
A simplified overview of the four spectroscopic methods.

Talanta 311 (2027) 130238

hydrochloride/(R)- or (S)-mandelic acid cocrystal. The experimental
spectra were acquired and interpreted using quantum chemical
calculations.

While all techniques provided clear differences indicative of coc-
rystal formation, VCD showed the most pronounced discrimination. The
pure enantiomers exhibited mirror-image VCD spectra, whereas the
diastereomeric cocrystal pairs often differed in terms of band signs,
frequencies, and shapes. VCD was the only method that detected per-
turbations in the carbonyl moiety induced by the co-grinding of the
individual components. On the other hand, there are some practical
limitations of ssVCD. The measurement time, typically several hours,
combined with the need for careful preparation of the pellets to main-
tain optimal absorbance and minimize the noise, poses a significant
obstacle to high-throughput applications. However, the inherently weak
VCD signal requires careful sample preparation and extended acquisi-
tion times to obtain reliable spectra.

The '3C NMR spectra provided clearly visible spectral differences for
the (S)-naproxen/alanine cocrystals, whereas the differences for the
nearly isostructural ivabradine hydrochloride/mandelic acid pairs were
more subtle and less obvious. DFT calculations of the NMR spectra were
in good agreement with the experiment and enabled a complete atom-
specific interpretation of the experimental spectra.

Raman spectroscopy also differentiated diastereomeric cocrystals.
Although this method does not distinguish between enantiomers,
structurally distinct diastereomers can be resolved in a relatively short
time compared to VCD (typically tens of minutes, depending on the
number of points mapped). However, as shown for ivabradine cocrys-
tals, Raman spectroscopy appeared less suitable for isostructural
diastereomers.

Computational models have greatly extended our understanding and
enabled detailed interpretation of experiments. Nevertheless, future
improvements in computational methodologies are highly desirable,
such as the incorporation of molecular dynamics, temperature, and
anharmonicity effects. Computationally cheaper periodic calculations
should eliminate the artifacts of cluster models.

In a simplified manner, we propose a hierarchical analytical work-
flow for the development and quality control of chiral cocrystals: (i)
primary screening by LF-Raman spectroscopy, (ii) structural monitoring
refinement by ssNMR, and (iii) definitive chiral identification by IR/
VCD.
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