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Abstract: Crystallization and multicomponent crystal formation of active pharmaceutical ingredients
Baclofen and Phenibut with dicarboxylic acid co-formers are discussed. The crystallization process
of several crystalline entities is elucidated via single crystal—as well as powder X-ray—diffraction,
followed by thermal analysis and phase stability studies over time. Both APIs form increasingly
complex crystalline phases with co-formers malic and tartaric acid, where phase purity of a desired
compound is not necessarily a given. Therefore, the influence of different solution and milling
environments during crystallization on the outcome is studied. Emphasis is laid on how molecular
influences such as the chirality, propensity to form hydrates as well as low solubility of Baclofen and
Phenibut impede attempts to gather high-quality single crystals. The results highlight that targeted
crystallization of these compounds with dicarboxylic acids can be difficult and unreliable.

Keywords: crystallization; chirality; GABA; zwitterions; milling

1. Introduction

Targeted synthesis of a desired crystalline modification remains a core objective in
crystal engineering, and manifold approaches for various applications are continuously
developed [1-4]. Occurrences of polymorphism, hydrate or solvate formation can hinder
crystal synthesis of the wanted product, especially if said product is not the thermodynami-
cally most stable variant [5-8]. The underlying challenge is a common tendency among
many compounds—to crystallize in varying forms during all stages of the crystallization
process. This empirical observation was first conducted by Wilhelm Ostwald in 1897 [9].
Presently, progress is made in understanding how crystal growth occurs from molecu-
lar to nanocluster stages [10-13] and how factors such as solvent medium, saturation,
temperature or presence of ‘impurities” impact the crystallization product [14-18]. The
influence of molecular chirality on crystal formation, as well as methods to determine the
chiral outcome of a crystallization batch, were recently enhanced [19-21]. This is especially
important for the pharmaceutical industry, as eutomer, the product of desired chirality,
and distomer, the by-product of undesired chirality, can vary widely in their effectiveness.
Receiving active pharmaceutical ingredients (APIs) in their desired crystalline phase with
the correct chirality must be accomplished to guarantee reliable product effectiveness and,
therefore, marketability [6,8,22-24].

APIs Phenibut ((RS)-4-amino-3-phenylbutanoic acid) and Baclofen ((RS)-4-amino-3-
(4-chloro-phenyl) butanoic acid) are structurally similar y-amino butanoic acid (GABA) deriva-
tives with a phenyl subunit on C3. Both pose a chiral center in that position, with the (R)-form
being the eutomer [25-28]. The sole difference is a chloro-subunit on the phenyl-ring in
Baclofen in the p-position in regard to the GABA chain. Baclofen is commonly used in the
treatment of spastic diseases [29-31], but its potential in the treatment of alcohol addiction is
an additional topic of interest [32-34]. Contrary to that, Phenibut is not actually approved for
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medical use in the US, Europe or Australia but is classified as a dietary supplement, research
chemical or new psychoactive substance [25,35-38]

Different attempts at multicomponent crystal formation on racemic Baclofen (1) and
Phenibut (2) were conducted from solution with pure enantiomers and racemic mixtures
of dicarboxylic acids tartaric acid (3) and malic acid (4) (Scheme 1). Since 1 and 2 show
extremely poor solubility in almost every solvent except for water, limiting the choice of the
solvent for the supramolecular synthesis and single crystals growth, a mechanochemical
crystallization was performed as an alternative route to access the desired products. Various
multicomponent species, including hydrates, salts and salt hydrates, were obtained, eight
of which could be characterized via single crystal X-ray diffraction (SC-XRD). Powder
X-ray diffraction (PXRD) shows how some of the obtained phases remain stable even after
months while others undergo quick phase transitions. Furthermore, differential scanning
calorimetry (DSC) investigations highlight that while a similar melting range is present
in all compounds, multiple transitions can occur upon heating, and recrystallization by
re-cooling can never be achieved. The present study aims to link these findings to molecular
peculiarities in Baclofen and Phenibut, namely their chirality, zwitterionic charge status and
phenyl-subunit. The latter distinguishes them from other GABA derivative APIs, such as
Pregabalin and Gabapentin, with a comparatively reliable crystallization behavior [39,40].
By placing the herein investigated molecules in a larger context of other pharmaceutically
active GABA derivatives, the massive influence of small molecular changes in otherwise
similar entities is highlighted. Thus, the limits of relatively simple crystallization behavior
predictions for these compounds are presented.

Cl

COO "H3N COO

(a) (rac)-Baclofen 1 (b) (rac)-Phenibut 2

HOOC

OH

COOH COOH
HOOC

OH OH

(c) Tartaric Acid 3 (d) Malic Acid 4

Scheme 1. Overview of the investigated APIs: (a) (rac)—Baclofen 1, (b) (rac)—Phenibut 2 and co-
formers (c) tartaric acid 3 and (d) malic acid 4. The dicarboxylic acids were used as racemic mixtures
and enantiomerically pure D— and L—forms.
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2. Materials and Methods
2.1. Chemicals

Baclofen and hexafluoropropan-2-ol were purchased from flurochem. Phenibut was
purchased from Combi-Blocks (San Diego, United States). Enantiopure tartaric acid was
bought from J&K Scientific (Beijing, China). Racemic tartaric acid was purchased from
Carl Roth (Karlsruhe, Germany), D-malic acid was purchased from BLD pharm (Shanghai,
China) and L-malic acid was purchased from Glentham Life Science (Corsham, United
Kingdom). All chemicals were used without further purification.

2.2. Sample Preparation

Single Crystals. Equimolar amounts of the APIs (0.5 mmol) and the chosen co-formers
(0.5 mmol) were dissolved in water (all systems); additionally, water: ethyl acetate (1:14)
mixture and hexafluoropropan-2-ol were used for Baclofen: malic acid systems. Single
crystals suitable for SC-XRD were obtained by diffusion crystallization from aqueous
solution using acetonitrile as an antisolvent for Phenibut hydrate and Baclofen hydrate as
well as from hexafluoropropan-2-ol solution for Baclofen: malic acid hydrate. All other
single crystals were obtained by slow evaporation of the solvent from aqueous solution at
room temperature.

Powder samples. Crystalline powder samples were obtained from solution under the
same conditions described before. Samples were vacuum dried in a Biichi 585 Drying
vacuum oven at 100 °C and 107! bar for 2 h. Furthermore, liquid-assisted grinding (LAG)
experiments were conducted using equimolar amounts of API (0.5 mmol) and co-former
(0.5 mmol) with 10 uL of methanol in a Retsch MM400 ball mill with 10 mL stainless steel
containers and 2 ZrO, balls (diameter: 1 cm), milling for 30 min at 25 Hz.

2.3. Powder X-ray Diffraction (PXRD)

Powder patterns of the obtained samples were measured on a Rigaku Miniflex 300
using Cu Ko radiation (A = 1.54182 A). The measurements were conducted at ambient
temperature in 0/20 geometry between 5° and 50° with a runtime of ten minutes.

2.4. Single-Crystal X-ray Diffraction (SC-XRD)

Suitable crystals were carefully selected under a polarized-light microscope, covered
in protective oil and mounted on a cryo-loop. Following that, crystals were selected for SC-
XRD experiments: a needle-shaped colorless crystal of 1 @ HO (size 0.87 ¢ 0.06 o 0.05 mm);
a plate-shaped colorless crystal of 2 @ HO (size 0.11 @ 0.09 ® 0.03 mm); a plate-shaped color-
less crystal of 1:L—3 @ H,O (size 0.18 o 0.06 ® 0.05 mm); a block-shaped colorless crystal of
1:D—3 @ H,O (size 0.35 ® 0.1 @ 0.09 mm); plate-shaped colorless crystals of 1:DL—3 e H,O
(size 0.09 @ 0.04 @ 0.03 mm) and 1:D—4 @ H,O (size 0.16 ¢ 0.07 ¢ 0.06 mm); a block-shaped
colorless crystal of 2:L-3 @ HyO (size 0.2 @ 0.09 @ 0.06 mm) and a plate-shaped colorless crystal
of 2:DL—3 (size 0.16 @ 0.06 @ 0.05 mm). The single crystal diffraction data were collected using
a Rigaku XtaLAB Synergy S Diffraction System (Malvern Panalytical, Malvern, United King-
dom) with a Hybrid Pixel Array Detector and a PhotonJet X-ray source for Cu-K« radiation (A
=1.54184 A), with a multilayer mirror monochromator at 100.0 + 0.1 K using w-scans. Data
reduction and absorption correction were performed with CrysAlisPRO v. 42 (Oxford Diffrac-
tion /Agilent Technologies UK Ltd, Yarnton, England) software, using numerical absorption
correction based on Gaussian integration over a multifaceted crystal model and empirical
absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scal-
ing algorithm [41]. Structure analysis and refinement: The structures were solved by direct
methods (SHELXT-2015), full-matrix least-squares refinements on F2 were executed using
the SHELXL2017/1 program package [42,43]. Structure, as well as disorder solution and
refinements were conducted using Olex2-1.5 (Olexsys, Durham, England) software [44].
Disorders are present in :D—4 ® H,O and 2:DL—3. In the former, about two water
molecules are disordered over three positions in canal voids (Occu. 0.75:0.64:0.58). Fur-
thermore, malic acid’s hydroxyl group O7-H27A and hydrogen H27B were half-occupied
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due to an inversion center in the malic acid molecule. In the latter, the GABA subunit (C1,
C2, C3) was disordered over two positions (Occu. 0.57:0.43). Hydrogen atoms were freely
refined except C-H hydrogens in 1:L—3 @ H,O, :DL—3 e H,0, 2:L—3 @ H;O,1:D—4 e
H,0 and 2:DL—3. The rest electron density was found on the N- and O7-atoms, which
correspond to hydrogen atoms. However, all attempts to refine these freely failed and led to
a structure breakdown, probably due to the present disorder. Accordingly, N-H hydrogens,
as well as the O7-H27A hydrogen in 1:D—4 e H,O, were also positioned geometrically. The
following atomic displacement parameters were used: Ujso(Hcp) = 1.2 Ueq, and further
for 1:D—4 @ H,0 Ujso(Hnp) = 1.2 Ueq and Uiso(Hon) = 1.5 Ueq. Overviews of the received
crystallographic datasets are given in Tables 1-5. Graphics were prepared with the program
Mercury [45]. The crystallographic data for the structures were deposited in the Cambridge
Crystallographic Data Centre (CCDC-numbers 2201472-2201477) and can be obtained free
of charge via: www.ccdc.cam.ac.uk/data_request/cif (access date: 1 August 2022).

Table 1. Crystallographic data obtained by SC-XRD measurements of 1 @ H,O and 2 e H,0.

Parameters 1 H,O 2 e H,O
Formula C10H12C1N02, HQO C10H13N02, HQO
Formula Weight [gmol ] 231.67 197.23
T [K] 100 100
Crystal System orthorhombic orthorhombic
Space Group Aea 2 Aea 2
a[A] 9.5543 (2) 9.7521 (3)
b [A] 32.6466 (6) 29.3294 (11)
c[A] 7.1995 (1) 7.1397 (2)
B[] 90 90
V [A%] 2245.64 (7) 2042.12 (11)
7,7 8,1 81
R1, wR2 [%] 4.56,12.11 442,104
Hooft 0.003 (16) —0.18 (16)
Source Cu Ko (A =1.54184) Cu Ko (A =1.54184)

Table 2. Overview of the received single crystalline forms. The depicted compounds containing
Baclofen (1), Phenibut (2), tartaric acid (3) or malic acid (4) are sorted by their tendency to transit
phases. Products in the left column remain stable only until dried. Products in the mid column
remain stable for a longer time upon drying or show transition signals other than melting in the DSC.
The product in the right column remains stable after six months under dry conditions and only shows
a melting signal in the DSC. Additionally, space group information is given, and some important
properties are described.

Phase Transition > 3 d or in Remains Stable, DSC
DSC Melting Only

1:D—3 e H,O, P1, transition
in about 1 week

1 @ H,O, Aea2, only stable in 1:L—3 e H,O, P1, transition
in about 1 week

Quick Phase Transition < 3 d

mother liquid
1:DL—3 e H,O, P2, /n, DSC
transition, no decomposition 2:DL—3, P1, disorder along
over time GABA subunit

1:D—4 e H,O0, P1, strongly
disordered water molecules;
no decomposition over time

2:L—3 e H,O, P2, DSC
transition, no decomposition
over time

2 @ H,O, Aea2, transition
upon drying—slower
than1 e H,O
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Table 3. Crystallographic data obtained by SCXRD measurements of 1:L—3 e H,O, 1:D—3 e H,O
and 1:DL—3 e H,O.

Parameters 1:L-3 ¢ H,O 1:D—-3 ¢ H,O 1:DL—-3 ¢ H,O
C1oH13CINO,, C1oH;5CINO,, (C1oH13CINO),,
Formula CyH-Or H-O CiH-Or H-O C10H12CINO,,
e e (C4H50g)2, (H20)3
Formula Weight 381.76 381.76 995.19
[gmol ]
T [K] 100 100 100
Crystal System triclinic triclinic monoclinic
Space Group P1 P1 P21 /n
a[A] 7.3819 (1) 7.3781 (1) 19.2882 (4)
b [A] 8.5625 (1) 8.5661 (1) 7.2929 (3)
c[A] 13.8601 (2) 13.8636 (1) 32.3679 (10)
o [°] 75.551 (1) 75.546 (1) 90
BI°] 88.406 (1) 88.339 (1) 92.378 (2)
v [°] 89.616 (1) 89.529 (19) 90
V [A%] 848.02 (2) 848.111 (17) 4549.2 (3)
7,7 2,2 2,2 4,1
R1, wR2 [%] 2.56, 6.50 2.76,7.26 6.56, 18.38
Hooft —0.003 (6) —0.003 (7) -
Source Cu Ko (A =1.54184) Cu Ko (A =1.54184) Cu Ko (A =1.54184)

Table 4. Crystallographic data obtained by SCXRD measurements of 1:D—4 e H,O.

Parameters 1:D—4 ¢ H,O
C10H12CINOZ, C10H13C1N02,
Formula (CoH13CINO,)os5, (H20),
Formula Weight [gmol '] 1051.91
T [K] 100
Crystal System triclinic
Space Group P1
a[A] 6.1571 (1)
b[A] 11.8661 (2)
c[A] 17.6166 (5)
«[°] 77.292 (2)
B [°] 82.763 (2)
vI°] 76.139 (2)
V [A3] 1215.34 (5)
Z,7 4,2
R1, wR2 [%] 8.31,21.28
Hooft -
Source CuKa (A =1.54184)

Table 5. Crystallographic data obtained by SCXRD measurements of 2:L—3 @ H,O and 2:DL—3.

Parameters 2:L.—-3 ¢ H,O 2:DL-3
Formula (C10H14NOI_21)36(C4H506)3’ C10H14N02, C4H506
2
Formula Weight [gmol '] 1023.93 329.20
T[K] 100 100
Crystal System monoclinic triclinic
Space Group P2y P1
a[A] 7.4642 (2) 7.2070 (0)
b [A] 20.0354 (6) 8.2646 (0)

c[A] 15.8509 (5) 13.2223 (3)
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Table 5. Cont.

Parameters 2:L.—-3 ¢ H,O 2:DL-3
a[°] 90 93.570 (2)
B[°] 100.400 (3) 103.006 (2)
vI°] 90 97.319 (2)
V [A%] 2331.53 (12) 757.73 (2)
7,7 2,1 2,1
R1, wR2 [%] 5.89, 13.85 5.01,12.72
Hooft 0.1(2) -
Source Cu K« (A =1.54184) Cu Ka (A =1.54184)

2.5. Thermal Analysis

Differential Scanning Calorimetry (DSC) measurements were conducted on a Linkam
THMS 600 DSC with a heating rate of 5 °C/min. Additionally, thermogravimetric analysis
(TGA) was executed on a Netzsch TG 209 F3 Tarsus in the range from 30 °C to 350 °C with
a heating rate of 5 K min~! under a nitrogen atmosphere. Selected TG curves are presented
in the Supplementary Materials.

2.6. IR-Spectra

IR spectra were recorded on a Bruker Tensor 27 FTIR device in attenuated total
reflectance mode in the range 4000 cm~! to 400 cm~!. Spectra are presented in the
Supplementary Materials.

3. Results
3.1. Overview of All Received Single Crystals and Pure Hydrates of Baclofen and Phenibut

Indications for a plethora of different phases could be received through solution and
milling experiments via PXRD. However, single crystals could be obtained for eight phases,
most of which are hydrates (Table 2). This highlights the first encountered problem—nearly
all described compounds undergo one or even multiple phase transitions upon crystalliza-
tion and nearly always involve a hydrate stage. At this stage, single crystals suitable for
SC-XRD can sometimes be received from solution.

A commonality in both APIs is the formation of a monohydrate with the same Aea2
space group, very similar structural makeup and in both cases, 1 and 2 retain their zwitteri-
onic molecular state. In1 @ H,O and 2 @ H,O, rows of 1 or 2 molecules connect through
hydrogen bonds (HBs) on their GABA subunits and via edge-to-face m-interactions on their
phenyl residues. These rows are further interconnected by HB involving water molecules
(Figure 1). Both hydrates decompose in a quick time frame, with 1 @ H,O faster than
2 @ H;O, the latter of which could be observed remarkably often. It is notable that they
were obtained during attempts to receive multicomponent crystalline compounds, with
three or four dissolved species present in the mother liquid. If these samples were left to
dry out completely, powdery multicomponent compounds could indeed be obtained as
determined via PXRD. This implies that the hydrates form prior to more complex crystalline
entities. In the context of GABA derivatives as APlIs, it is interesting to mention that similar
hydrate formations can be observed in Gabapentin as well as racemic Pregabalin [46—49].
However, contrary to the herein-described hydrates of 1 and 2, these hydrates remain stable
for a long time, even under dry conditions. Diffraction quality single crystals of 1 @ H,O
and 2 @ HyO can reliably be grown from an aqueous solution with diffusion techniques,
using acetonitrile as an antisolvent.
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(a)

Figure 1. Structure comparison of (a) Baclofen e H,O and (b) Phenibut ¢ H,O (re-determined—see
Komisarek et al., 2021) [26], view along c-axis. Both compounds are commonly occurring intermediates
during attempted crystallizations. Carbon atoms are depicted in grey, hydrogen atoms are depicted in
white, oxygen atoms are depicted in red, nitrogen atoms are depicted in blue and chlorine atoms are
depicted in green.

3.2. Baclofen and Tartaric Acid Species

Baclofen and tartaric acid were crystallized in equimolar ratios either through slow
evaporation from aqueous solution or by methanol-assisted milling crystallization. By
crystallization of 1 and D— or L—3 from aqueous solution, isostructural salt hydrates in
the non-centrosymmetric space group P1 are formed. Here, tartaric acid protonates the
former carboxylate group in 1’s GABA subunit, leading to formal charges on co-formers
1 and 3. Water molecule positions in the lattice are well defined, such as in the described
hydrates of pure 1 and 2 forms, yet a decomposition of these multicomponent species
occurs later, after about one week. This stands in opposition to the 1:DL—3 @ H,O system,
which was likewise received by slow evaporation from aqueous solution. In this system,
one 1 molecule with zwitterionic charges, as well as two further protonated 1 molecules,
interact with two singly deprotonated 3 molecules and three hydrate water molecules.
Even though this structure appears more complicated by the number of differently charged
molecules in its asymmetric unit, it remains stable after six months under dry conditions.
Crystal packings of the discussed 1:3 forms are depicted in Figure 2.

Evidence for additional species was obtained via PXRD. A possibly anhydrous phase
of 1:D—3 or 1:L—3 can be observed by comparison of recorded patterns to the simulated
pattern from single crystal data (Figure 3).
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Figure 2. Structure comparison of (a) Baclofen:L—tartaric acid e H,O (view along a-axis),
(b) Baclofen:D—tartaric acid e H,O (view along a-axis) and (c) Baclofen:DL—tartaric acid ¢ H,O
(view along b-axis). While compounds (a) and (b) behave like mirror images and are composed of
hydrate water, single-charged Baclofen and tartaric acid molecules, compound (c) contains additional
zwitterionic Baclofen entities. Carbon atoms are depicted in grey, hydrogen atoms are white, oxygen
atoms are red, nitrogen atoms are blue and chlorine atoms are green.

A careful comparison of the received patterns shows that complete phase purity for the
enantiomerically pure 1:3 systems cannot be achieved in any case. While the fresh sample is
still in good agreement with the simulated pattern, traces of a new phase are already visible
between 10° and 15° 20, in the small Bragg reflections between 16° and 18° 2@ as well
as at about 25° 20. Patterns recorded after three months shared a good agreement with
the presented milling or DSC patterns (see the Supplementary Materials). The possibly
anhydrous phase was mostly distinguishable from the SC-XRD-characterized hydrate by its
additional small reflections towards low angles at about 5° 2@ and the prevalent occurrence
of reflections between 23° and 26° 20, especially well visible in the pattern recorded after
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DSC heating as well as the one from vacuum dried substance. It is notable that even
the milling pattern seems to retain characteristics of the hydrate form, visible through the
absence of the described signals at lower angles. This highlights how energetically beneficial
the hydrate stage for the described systems as an intermediate must be, as trace amounts
of water in the methanol or adsorbed water from the milling vessel walls have sufficed to
enable its formation. Concerning the racemic 3 forms, aging does not affect the :DL—3
hydrate received from solution, which is in opposition to its chiral 3 counterparts. The
milling sample shows the most outstanding behavior in comparison to the other received
patterns. It seems to be a mixture of 1:DL—3 hydrate and its presumedly anhydrous form,
possibly including hydrated or anhydrous enantiomerically pure 1:3 forms. This suggests
that the formation of anhydrous 1:DL—3 is unfavorable and could explain how next to
the hydrated 1:DL—3 system, enantiomerically pure 1:3 entities are formed during milling.
Anhydrous 1:DL—3 is probably the most visible in the 1:DL—3 sample recorded after DSC
heating. Even though the vacuum-dried sample shows three well-resolved reflections
at 4.8-5.4° 20, it still retains more similarity to the simulated hydrate pattern than the
DSC sample. Furthermore, it does not offer higher overall crystallinity, suggesting that
drying does not work as well here as in 1:3 forms with pure 3 enantiomers. Additional
comparisons involving all received phases are shown in the Supplementary Materials. To
rule out any further phases, DSC data were recorded from a sample obtained from solution
as well as through milling (Figure 4).

~— I

[1:DL-3]p.y

[1:DL-3]psc

N WWWW

I

[1 :DL-3]()|d

[1 :DL-3 HzO] SIM

M

MW

\L_MMAMNW

[1:D-3]psc

n n [I:D'3]Fresh
A A_NAA

|
1

[1:D-3 H,O]sim
ol A_A A

2 5

10 15 20 [ 25 30 35 40

Figure 3. PXRDs of Baclofen:tartaric acid systems under different conditions in a range 2-40°
20. Simulated pattern of 1:D—3 @ H,O from single crystal data (red); recorded pattern from (blue) a
fresh sample of said substance shortly after crystallization; LAG sample of Baclofen and D—tartaric
acid (dark green); heating a fresh sample of 1:D—3 @ H,O in a DSC chamber to 140 °C and subsequent
cooling prior to melting (orange); a vacuum dried sample of 1:D-3 @ H,O (grey). Simulated pattern
of Baclofen:DL —tartaric acid hydrate from single crystal data. (cyan) :DL—3 e H,O after six months
at ambient conditions (purple); after LAG crystallization of Baclofen and DL —tartaric acid (magenta);
after heating a fresh sample in a DSC chamber to 135 °C and subsequent cooling prior to melting
(black) and a vacuum dried sample of 1:DL—3 @ H,O (light green).
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(a) (b)
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A L 143“’0
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(d)

Texo TBXO
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148 °C
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(e) (f)
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Figure 4. DSC data of the samples grown from aqueous solution. (a) Baclofen:D—tartaric acid hydrate,
(b) Baclofen:L—tartaric acid hydrate, (e) Baclofen:DL—tartaric acid hydrate and samples obtained by
milling, (c) Baclofen:D—tartaric acid, (d) Baclofen:L—tartaric acid, and (f) Baclofen:DL —tartaric acid.

DSC was heated at 5 °C min~?; for clarity, only a temperature range of 70 °C (a,b,e), 80 °C (c,d), and
110 °C (f) is shown.
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The DSC data suggest that higher quality samples are obtained from aqueous solution
compared to LAG experiments in the case of enantiomerically pure 3 entities. The presented
signals for samples grown from solution show a better signal-to-noise ratio than those
which were obtained by milling. Furthermore, the melting signal is more intense than the
signal for the presumed loss of hydrate water. This is not the case in the milling samples,
suggesting the presence of a larger amorphous amount of substance. The hydrate water is
removed at a comparatively high temperature of 130 °C. This indicates that water molecules
are bound strongly into the 1:D—3 (or 1:L—3) hydrate lattice. Low binding force to hydrate
water molecules thus is probably not the reason for the phase transition. Rather than that,
the anhydrous lattice is overall energetically more beneficial compared to the hydrate form.
Melting of the anhydrous form occurs about 15 °C after the hydrate water loss, between
143 °C and 148 °C. In the 1:DL—3 hydrate grown from an aqueous solution, on the other
hand, the presumed loss of hydrate water begins at lower temperatures of 103 °C. However,
the anhydrous 1:DL—3 system remains stable for approximately just as long as the 1:3
forms of the determined chirality, resulting in a well-defined melting signal at 148 °C.
Interestingly, if 1:DL—3 is produced through milling, an exothermic signal can be observed
starting at 90 °C. This indicates further crystallization of amorphous material upon heating.
If a powder pattern is recorded after the heating process, but prior to melting, an increase in
crystallinity by better resolution of signals can indeed be observed (see the Supplementary
Materials). Furthermore, signals corresponding to the 1:DL—3 hydrate are removed from
the pattern. However, it still appears to be better to start from a solvent-based sample to
receive an anhydrous 1:DL—3 form, indicated through a well-resolved powder pattern
and a sharper melting signal.

Baclofen:tartaric acid species, including single crystals, can best be produced from
aqueous solution, even though hydrates are formed in the first place. In the case of 1:3
species with enantiopure 3 co-formers, aging of the received hydrate will take place over
time. Heating or vacuum drying of the described species should remove hydrate water
quicker and help obtain a pure phase. Grinding leads to a product of lower crystallinity,
especially visible through the badly resolved DSC data. If DL—3 is used as a co-former, the
hydrate form remains stable for a longer time, but water molecules can also be removed
through heating. Milling experiments lead to low crystallinity and phase mixtures in the
first step. Subsequent heating interestingly leads to a similar product as the drying of a
hydrate product. The described hydrates can be received reliably from aqueous solution,
even though they do not remain stable for long. Milling under the exclusion of water and
vacuum drying, however, can reliably produce the presumedly anhydrous forms.

3.3. Baclofen and Malic Acid Species

Similar experiments with Baclofen and tartaric acid were conducted with Baclofen and
malic acid. Equimolar amounts of 1 and 4 were either crystallized by methanol-assisted
grinding or from solution. Solution-based crystallization attempts involved solvent water,
hexafluoro-2-propanol and ethyl acetate. Through the crystallization of 1 and D—4 from
hexafluoro-2-propanol solution, the 1:D —4 monohydrate with the centrosymmetric space
group P1 was synthesized. Interestingly, while it was actually attempted to reproduce the
anhydrous P2; 1:4 form first described by Cérdov-Villanueva et al. in 2018 [50], residual
water in the hexafluoro-2-propanol seems to have favored the described hydrate formation.
It should be noted that the same experiment with dried hexafluoro-2-propanol could not
be performed because of the complete insolubility of 1 in the absence of water. A pure
1:D—4 e H,O form was not reproducible, neither as a single crystal nor as a crystalline
powder. This species contains strongly disordered water molecules in opposition to the
previously discussed compounds. An additional oddity is the changing orientation of the
D —4 molecule in the lattice, which is captured by the half occupation of either a hydroxy-
or hydrogen subunit on C22 in D—4. This variation of the alignment in the 1:D—4 lattice
enables the formation of a centrosymmetric space group despite decisive chiral information
on a molecular level. Rows of 1 molecules, where default zwitterionic and singly protonated
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ones alternate, are connected through HBs on their GABA subunits over deprotonated
D—4 species. Canal voids are formed by two D—4 entities and four 1 units filled with
disordered water molecules. Towards the chlorophenyl subunits, 1 molecules are stacked
offset in regard to each other. Positioning and distance between phenyl-centers-of-gravity
and edges or between chlorine atoms makes 7-interactions or halogen bonds unlikely. It is
more probable that dispersive forces stabilize the structure in that direction (Figure 5).

Figure 5. Crystal packing of Baclofen: D—malic acid e H,O; view from a-axis. Strongly disordered
water molecules accumulate in the pores between Baclofen and malic acid entities. Both malic acid
molecules are half occupied and invert their alignment at each position. Carbon atoms are depicted
in grey, hydrogen atoms are white, oxygen atoms are red, nitrogen atoms are blue and chlorine atoms
are green.

The P2; form already published by Cérdova-Villanueva et al. [50] could be obtained
from purely aqueous solution in two cases, but more reliably via milling. Next to the de-
scribed hydrate and previously published anhydrous form, a plethora of different mixtures
was obtained, especially from solution and seemingly independent of the chosen conditions.
Given the results of numerous experiments, authors are not comfortable in proposing a
definitive answer to what phase can be safely obtained under which solvent conditions.
However, the received results seem to confirm Cérdova-Villanueva et al. in that milling
leads to a clean formation of the anhydrous form. Furthermore, the racemic form of 4 does
not appear to crystallize in an independent manner compared to enantiomerically pure
co-formers. A selection of pure phase powder patterns received under various conditions
is presented in Figure 6. Data recordings of some chosen phase mixtures are shown in the
Supplementary Materials.
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Figure 6. PXRD:s of different Baclofen:malic acid systems obtained as pure phases at least once: freshly
synthesized sample of 1:D—4 @ H,O (blue) and a six months old sample of 1:L—4 e H;O (green),
both obtained from hexafluoro-2-propanol solution contaminated with water; 1:D—4 e H,O sample
after heating to 140 °C (orange) or vacuum drying (grey); samples of 1:DL-4 @ H,O (purple) and
1:L—4 e H,O (cyan) after methanol-assisted grinding. Simulated patterns of obtained 1:D—4 e H,O
(red) and previously reported by Cérdova-Villanueva et al. [50] (Crystal Structure Database, Ref. Code
YIPLAN) (black) are shown for comparison.

While the shown patterns might suggest easily obtainable clean phases, it should
again be emphasized that 1:4 hydrates in the shown purity were only received once
during the conducted experiments. The hydrate could not be obtained with DL—4. It
remains stable over time but decomposes to a mixture of amorphous substance and pure
1 near its melting point in the DSC (Figure 7, see the Supplementary Materials for PXRD
comparisons regarding DSC products). Milling experiments, on the other hand, led to a
relatively reliable formation of the anhydrous form. Even though the shown pattern of
vacuum drying suggests that this method works just as well as milling, similar results
could not be obtained for any other attempts at vacuum drying (see the Supplementary
Materials). It is notable that higher crystallinity seems to be present when using DL—4, as
compared to enantiomerically pure 4 co-formers, and some slight changes are visible in
the pattern. For example, an additional small Bragg reflection is present in 1:L —4 between
the two high-intensity reflections at 17° and 18° 20, respectively. Furthermore, the whole
pattern appears to be shifted slightly towards lower diffraction angles. Similar observations
were described by Cérdova-Villanueva and colleagues [50]. They theorize the existence
of an additional phase, backed by infrared spectroscopy data. We, however, suggest that
the visible behavior might be explainable by considerations of chirality. Contrary to the
1:4 hydrate, the anhydrous form crystallizes in the non-centrosymmetric space group P2;
and poses a definitive chirality on 1 as well as 4. Therefore, two isostructural phases
are actually formed R—1:L—4 and S—1:D—4. This is not possible if only L—4 or D—4
are present during the experiment, which might lead to a larger amorphous amount in
the received product or, as proposed by Cérdova-Villanueva et al., another crystalline
system. Chirality might also explain why a pure phase is hard to obtain from solution. As
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previously mentioned, the hydrate crystallizes in the centrosymmetric space group P1, even
though chiral information is present on co-former 4. Yet, by forcing a disorder that accounts
for the chiral directionality, this chiral influence is canceled out. Thus, the hydrate can be
formed from solution, which lessens the amount of available 4 molecules for the anhydrous
1:4 formation, and as the powder recordings show, the hydrate of 1:4 remains stable over
time, thereby not releasing the necessary molecules back. Furthermore, 1 tends to form its
own hydrate, which can often be observed in the received solution crystallization products
(see the Supplementary Materials).

(a) (b)
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Figure 7. DSC data of 1:D—4 e H,0O (a) and 1:L—4 e H,O (b) samples grown from aqueous
hexafluoropropan-2-ol solution; 1:D—4 (c) and 1:DL—4 (d) samples produced by milling. DSC was
heated at 5 °C min~!; only important temperature ranges are shown for clarity.

DSC recordings highlight that the composition of the received products must differ.
The 1:4 hydrates presented in Figure 7a,b show varying intensities and slight temperature
shifts for the presumed same transitions at about 60 °C, as well as 104 °C and 113 °C.
Furthermore, the melting signal at 143 °C and 139 °C is irregularly resolved in a comparable
manner to the melting signals of the Baclofen:tartaric acid species. As the respective powder
patterns show no evidence for impurities of a crystalline nature, possible amorphous
substance or varying degrees of incorporated hydrate water might explain this behavior.
As was shown, contrary to 1:3 hydrates, water molecules are not incorporated in a fixed
network but rather occur as filling in present voids in 1:4 hydrates. If the powder pattern
of a sample heated in a DSC-oven up to 140 °C is used for comparison, a phase mixture
still remains. This could explain the uneven distribution of signals and the wide range of
melting signals. Thermograms in Figure 7c,d show better-resolved phase transitions, and
the melting signals for 1:D—4 and 1:L—4 are at the same position (Comparison shown in
the Supplementary Materials). However, the received DSC data seem to confirm the theory
regarding another phase, as assumed by Cérdova-Villanueva and colleagues. 1: DL—4 melts
at 116 °C, which is 5 °C prior to the 1:D—4 or 1:L—4 phases. Furthermore, the latter show
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an additional signal between the melting signal and the broad, less intense signal at higher
temperatures. No powder patterns could be recorded for samples at this point as only a
gooey substance was received, but the presence of crystallites of a different phase might
be presumed.

Contrary to Baclofen:tartaric acid species, Baclofen:malic acid forms can best be pro-
duced using mechanochemical means. However, co-former chirality seems to play a
decisive role in the accessibility of exact phases, as shown through PXRD recordings and
thermal analysis. The phase with the highest purity is obtained if both 1 and 4 are of
a racemic nature. Interestingly, anhydrous phases can possibly be obtained by vacuum
drying, but it is not reliable that the outcome will show the desired qualities.

3.4. Phenibut and Tartaric Acid Species

Phenibut and tartaric acid were crystallized in equimolar ratios either through slow
evaporation from aqueous solution or by milling crystallization under the addition of
10 puL methanol at 25 Hz for 30 min. Two multicomponent crystalline single-crystal struc-
tures were obtained with 2 and two embodiments of 3: the monoclinic 2:L—3 e H,O with
the space group P2y, as well as the triclinic 2:DL—3 with the space group P1. 2:DL—3 is
the only species characterized via SC-XRD, which does not contain any hydrate water in its
lattice. It shows a disorder along its GABA subunit on 2 molecules: in half of its occupations,
the alignment is akin to an S-chirality of 2, in the other half to an R-chirality. However, its
lattice makeup is relatively simple. A single crystallographically independent protonated
Phenibut molecule and a single deprotonated DL—3 molecule interact via hydrogen bonds.
Rows are formed with 2-phenyl subunits facing away from the HB-network and DL—3 con-
necting between two 2-GABA subunits. The alignment of the phenyl subunits again makes
mi-interactions unlikely, considering distances between edges and phenyl-centers-of-gravity.
While a similar binding motive is present in 2:L—3 @ H,O, some decisive differences occur:
The asymmetric unit consists of three crystallographically distinct protonated 2 and three
deprotonated L-3 molecules in congruence with two additional hydrate water molecules.
The latter are incorporated into the HB network that is formed in a similar manner to
2:DL—3 regarding 2 and 3 molecules. However, in 2:L—3 ® H,0O, alignment and distance
of edges and centers-of-gravity in 2 phenyl subunits would make m-interactions possi-
ble. Although no disorder is present in the Phenibut:L-tartaric acid e H,O structure, the
multitude of crystallographically-independent molecules results in an overall structure
perceived as less ordered, yet retaining some similarity to the anhydrous 2:DL—3 form
regarding 2 and 3 positioning and interaction motif. A comparison of both lattices is shown
in Figure 8.

Especially compared to the previously discussed Baclofen:malic acid entities 2:3 can
be obtained with pleasant reliability by solvent crystallization or the mechanochemical
approach, even though phase purity cannot be achieved instantly in all cases (Figure 9).

Concerning 2:3 forms with enantiomerically pure 3 entities, it is evident that phase
purity is not obtained by crystallization from solution. This is observable by just comparing
the first signal at about 5.6° 20 in the pattern simulated from the single crystal data. In
the solvent-based sample, two Bragg reflections can be observed there, an additional one
at 5.8° 20. Contrary to that, the shown pattern of the milling sample only poses the
latter reflection. Furthermore, a strong reflection at 7.2° 20 is present. Even though the
pattern received from heating the solution-based sample in a DSC chamber or after vacuum
drying does not have the 7.2° 20 reflection, and the reflection at lower angles seems to
be slightly shifted towards higher angles; careful analysis reveals that these patterns have
more in common with each other than with the simulated or solvent-based pattern (see
Supplementary Materials for larger comparison of the discussed samples). Two possible
explanations seem reasonable: Either the milling pattern is a different phase, or it is just
better resolved due to higher crystallinity. The slight amorphous course of the baseline
in the PXRD pattern recorded after DSC, as well as the worse signal resolution, suggest
a lower crystallinity after heating. This could cover up the 7.2° 2@ signal, which might
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also be more prevalent in the milling sample due to less preferential directionality from
smaller crystallites after milling. Therefore, it seems most likely that milling of 2:L—3
and heating of a solution-based 2:L—3 sample in the DSC lead to the same, presumably
anhydrous, product. It is noteworthy that the milling sample prepared from D—3 under
the same conditions, and at the same time as its L-analog, led to a pattern akin to the
solution product. This led us to the assumption that more water must have still been
adsorbed on the milling vessel of the 2:D—3 sample. As methanol from the same batch
was used in both cases, impurities contained in solvent can be ruled out as a reason for this
behavior. While no obvious impurities occur in 2:DL—3, a small reflection that cannot be
observed in the simulated pattern appears at 5° 2@ when grown from solution. This signal
is attributable to a non-incorporated precursor and does not disappear upon aging of the
sample (see the Supplementary Materials). However, a mechanochemical approach seems
to favor the formation of a pure 2:DL—3 phase as opposed to crystallization from solution.
The received pattern matches well with the simulated one. To further confirm phase purity,
DSC data were recorded (Figure 10).

(b)

Figure 8. Structure comparison of (a) Phenibut:DL—tartaric acid (view from a-axis) with a highlighted
disorder in the GABA subunit and (b) Phenibut:L—tartaric acid e HyO (view from a-axis). Phenibut
occurs in two half-occupied GABA-subunit confirmations in a), as shown through additional atom
positions along the chain, which is highlighted between the red and blue colored atoms and bonds
on the Phenibut molecule. Carbon atoms are depicted in grey, hydrogen atoms are depicted in white,
oxygen atoms are depicted in red and nitrogen atoms are depicted in blue.

Thermal analysis of the discussed compounds containing enantiopure 3 shows that the
majority of the obtained samples do not solely contain 2:D—3 or 2:L—3 hydrates. Hydrate
decomposition starts between 81 °C and 89 °C and occurs in a wide signal, which contains
an additional shoulder at 103 °C or 104 °C. The subsequent melting signal between 131 °C
and 136 °C is, in most cases, less intense than its predecessors. This indicates that the phase
transition that occurs here does not lead to a more crystalline product, which is further
confirmed through the powder pattern received after DSC heating. Here, the crystallinity
is lowered, which leads to a less intense melting signal as less energy is released. DSC
data analysis further confirms the assumptions regarding the received milling product
2:L—3. No signals occur prior to melting, and the melting signal comes in a well-defined
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and intense form. Thus, a pure, presumedly anhydrous phase must have been obtained. In
the case of 2:DL—3, the received products show no decisive differences; a melting signal
occurs at 164 °C or 165 °C.
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Figure 9. Selected powder patterns received from crystallization experiments involving Phenibut and
tartaric acid in a range 2—-40° 20 are compared to the simulated 2:L—3 @ H,O (red) and anhydrous
2:DL—3 (purple) pattern: (blue) freshly prepared sample with L—tartaric acid from aqueous solution;
(green) methanol-assisted co-milling sample of Phenibut and L—tartaric acid; (orange) 2:L—3 @ H,O
sample from aqueous solution after heating to 120 °C in a DSC chamber; (grey) 2:L—3 @ H,O after
vacuum drying; (cyan) fresh 2:DL—3 sample from aqueous solution crystallization; (magenta) a
co-milling sample of Phenibut and D—tartaric acid, methanol-assisted.

Phenibut:tartaric acid species tend to form higher purity phases compared to Ba-
clofen:malic acid species and contain smaller amounts of API-hydrate impurities. However,
it is challenging to remove hydrate water from 2:D—3 or 2:L—3 species. Drying comes with
a great loss of crystallinity, while milling has to be conducted under the exclusion of water
to reliably gain the presumedly anhydrous form. The anhydrous 2:DL—3 species appears
to be the most easily obtainable within all presented samples. However, solution-based
crystallization leads to small impurities. Thus, milling is the authors’ recommendation to
obtain Phenibut and tartaric acid multicomponent systems.
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Figure 10. DSC data collected from Phenibut:tartaric acid samples grown from aqueous solution
(a) 22D—3 ¢ H;0, (b) 2:L—3 ¢ H, 0, (e) 2:DL—3 and samples obtained by milling (c) 22D—3 ¢ H,O,
(d) 22L—3 e H,O and (f) 2:DL—3. DSC was heated at 5 °C min~!; for clarity, only temperature ranges
containing signals are shown.
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3.5. Phenibut and Malic Acid Species

Attempted crystallization of Phenibut with malic acid proved to be more difficult than
with tartaric acid again. Contrary to all other examined combinations, no single crystals
suitable for the SC-XRD could be grown during these experiments. However, PXRD data
suggest the presence of a multicomponent system of 2 and forms of 4 (Figure 11).
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Figure 11. Selected PXRDs received from crystallization experiments involving Phenibut and malic
acid in a range 2—40° 2@ are compared to the simulated 2 @ H,O (red) and recorded 2 (cyan) and
D—4 (black) pattern: (green) freshly prepared sample with D—malic acid from aqueous solution;
(blue) six months old sample of Phenibut and D—malic acid from aqueous solution; (orange) 2:D—4
sample produced by methanol-assisted co-milling; (grey) Phenibut and D—malic acid from aqueous
solution after vacuum drying; (purple) a co-milling sample of Phenibut and DL—malic acid.

The recorded powder patterns reveal the following: fresh samples received from solu-
tion crystallization are identifiable as 2 @ H,O for all combinations (see the Supplementary
Materials for (rac)—malic acid), and a new phase is received via milling of 2:DL—4 as
compared to 2:D—4 or 2:L—4. As freshly prepared samples basically only show reflections
attributable to 2 @ H,O, obtaining single crystals suitable for SC-XRD proves difficult.
Manifold attempts at growing single crystals of the new phase resulted in good quality
needle-shaped crystals, which, however, always turned out to be 2 @ H,O. In general,
Phenibut hydrate formation represents a strong competitive reaction, which impedes mul-
ticomponent system crystallization or occurs concomitantly. Powder patterns of 2:4 forms
could only be obtained after prolonged drying of samples for weeks at room temperature
after all water evaporated or, at least in the presented grey pattern, after vacuum drying.
However, it should be noted that attempting to accelerate this process by vacuum leads to
transition of the solid crystalline sample to a gooey substance, which does not recrystallize
again. The shown pattern was recorded from left-over solid residues taken from said gooey
substance. Traces of 2 hydrate remain visible even in the older sample, for example, in
the Bragg reflection at 12° 20 in the aged 2:D—4 sample. This signal is absent from both
milling compounds. Furthermore, no patterns could be recorded after DSC-heating. Even
though there are two or three visible signals in DSC from solution, they occur in a close
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range (Figure 12). A viscous substance is received even after the first small DSC step, which
is not suitable for PXRD analysis.
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Figure 12. DSC data collected from samples grown from aqueous solution (a) Phenibut:D—malic
acid, (b) Phenibut:L—malic acid, (e) Phenibut:DL—malic acid and samples obtained by milling
(c) Phenibut:D—malic acid, (d) Phenibut:L—malic acid and (f) Phenibut:DL—malic acid. DSC was
heated at 5 °C min~!; selected temperature ranges are shown for clarity.

Thermal analysis indicates that the phase purity of 2:4 species containing enantiopure
co-former was not achieved. Multiple signals were present, especially in the samples
obtained via grinding. Even though the resolution was comparatively high, which indicates
high crystallinity, no pure product was obtained under the examined conditions. This
could explain why no single crystal could be obtained from solution. As no single crystal
data were accessible, it can only safely be concluded by PXRD and DSC analysis that two
of the received phases must be 2 hydrate and a novel phase containing an embodiment of
2:D— or L—4. Judging by the previous received results, a hydrate form of 2:4 seems likely
to be formed. The melting point of the presumed anhydrous 2:D— or L—4 must be in the
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range between 137 °C and 139 °C, as this includes the starting point for the final melting
step in all recorded DSC data. Contrary to that, just a single melting signal was obtained in
2:DL—4 at 113 °C. This suggests a pure formation of this form.

Phenibut:malic acid species are difficult to obtain in a single crystalline form, the
solvent choice being limited to water based on the poor solubility of 2 in other solvents. The
results indicate multiple phases for 2 with enantiopure 4 co-formers, possibly including
additional hydrate stages. While in conjunction with DL—4, a pure product seems to be
obtainable through milling, single crystal growth from solution is still hindered by the
formation of 2 hydrate. Without complete drying for prolonged time periods, the discussed
phase cannot be obtained from solution, which degrades the quality of single crystals too
much to be measured. Attempting to accelerate drying by vacuum or heat results in a gooey
substance that might contain some desired product but cannot be analyzed by common
solid-state methods. However, if just a quick method to obtain a 2:DL—4 multicomponent
system is needed, the authors would recommend grinding, as this system can be regained
reliably, at least by comparison of powder patterns, through milling.

4. Discussion

In this study, it was attempted to find similarities or distinctions in the multicom-
ponent crystallization behavior of Baclofen and Phenibut with two simple and similar
co-formers, tartaric and malic acid. The goal was to find a feasible method to obtain
single crystals as well as pure co-phases for the investigated compounds. The results
show that the formation of multicomponent species is possible in all investigated cases.
However, a range of difficulties can occur concerning single crystal growth and receiving
pure microcrystalline phases. As was shown, the presence of intermediate hydrates is
prevalent, be it pure API hydrate forms or multicomponent hydrates, both from solution
and liquid-assisted grinding. The zwitterionic GABA moiety present in both APIs offers
various HB possibilities to incorporate water into a crystal lattice, same as carboxylic acid
or hydroxyl-groups present in the co-formers. Furthermore, as both APIs are nearly in-
soluble in every solvent except water (where they cannot be considered as “well soluble”
either), it becomes obvious why hydrate stages are formed in nearly all cases during crys-
tallization from solution. The stability and predominant formation of the hydrate form
become evident, as it occurs even during the grinding process, where water molecules
contained in the atmosphere are adsorbed and incorporated into the crystal lattice. The
chirality of the investigated compounds brings further complexity into this study. The best
results were mainly obtained by milling a racemic API with a racemic co-former, except for
Baclofen:tartaric acid systems, where milling as a method should not be preferred. In the
case of Phenibut:DL—tartaric acid and Phenibut:DL—malic acid, an anhydrous form could
even be received from aqueous solution. Thus, the same chirality on both co-formers seems
to be beneficial. An effect of chirality on crystal lattices is visible in Baclofen:D—malic acid
hydrate as well as Phenibut:DL—tartaric acid, with the former one being disordered. To
compensate for the unfavorable directionality induced by the chiral co-former, the align-
ment of malic acid shifts by 180° in each position. In the latter, even though chiralities
match, the GABA subunit in Phenibut also shifts its alignment constantly to best fit with the
corresponding tartaric acid molecule. The formation of the discussed compounds seems
to be mostly driven by strong intermolecular interactions. This is also highlighted by the
makeup of some other of the received crystalline structures. With the exception of API
hydrates and Phenibut:tartaric acid, they all pose a large asymmetric unit consisting of up
to eight crystallographically independent molecules. This low symmetry suggests that the
raw intermolecular binding force of HB is driving the formation. In Baclofen:DL—tartaric
acid hydrate, even the protonation status of Baclofen molecules differs. This could indicate
that the formation happens before each Baclofen molecule can be protonated by tartaric
acid and just ‘freezes’ in this stage due to beneficial HB interactions. Thus, the formation of
hydrates of pure APIs competes with the formation of multicomponent hydrates as well as
anhydrous forms. While the exclusion of water via milling is helpful in gaining an anhy-
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drous product, in most cases, it is not an absolute solution. Firstly, single crystals cannot be
obtained this way if that is the goal. Secondly, milling must occur under dry conditions to
guarantee the formation of anhydrous forms, as was shown. In the case of Baclofen:tartaric
acid, solvent-based crystallization is the better solution. However, the product still must
be dried by heating, as hydrate traces are persistent even after months. This, on the other
hand, leads to loss of crystallinity. Lastly, Phenibut and enantiopure malic acid could not
be obtained as a pure phase product in all conducted experiments. Even though not all
substances could be received as single crystals, it is highly likely that proton transfer occurs
in Phenibut:malic acid species and uncharacterized anhydrous forms as well. Some form
of protonation/deprotonation occurs in all investigated species except for the Baclofen and
Phenibut hydrates. Furthermore, IR-spectra analysis shows a large variation in carbonyl
bands in all multicomponent systems; thus, salts or salt hydrates are probably applicable
labels to all of them (see the Supplementary Materials). Regarding reproducibility, the
best results can be achieved in the phases described herein, which are obtainable in high
purity. The API hydrates can be received reliably through diffusion crystallization. Hydrate
forms of Baclofen:tartaric acid forms reliably from aqueous solution; however, the drying
product depends on the drying method and crystallinity can vary. The Baclofen:malic acid
systems behave differently in that solution-based crystallization is unreliable for them.
Crystallization through milling can lead to a product that seems pure at first glance, but as
the DSC analysis has shown, the varying distributions of peak areas indicate variations in
composition. These problems are also true for Phenibut:D— or Phenibut:L—tartaric acid
species, even though Phenibut:DL—tartaric acid is the most reliably receivable system by
PXRD as well as DSC analysis. Lastly, Phenibut:malic acid forms are probably the hardest
to obtain. It takes a long time to overcome the Phenibut hydrate stage if these systems
are attempted to grow from solution. This cannot be forcefully achieved through heat or
vacuum drying, as the substance tends to become viscous without recrystallization. While
grinding seems to be able to produce a reliable phase by powder pattern comparison, DSC
analysis shows that composition varies strongly. Thus, trustworthy reproducibility, as con-
firmed by the conducted investigations, is only present in API hydrates, Baclofen:tartaric
acid hydrates and Phenibut:DL —tartaric acid.

Baclofen and Phenibut, molecularly similar, also pose a similar crystallization behavior.
Both tend to form pure hydrates and salt hydrates, representing a favorable competing
reaction to the anhydrous phase’s formation, their chirality has a decisive influence on
crystal makeup, and it can require effort to obtain a targeted crystallization product.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12101393/s1. Table S1: Overview on results obtained by
co-crystallization of Baclofen and Phenibut with co-formers tartaric acid and malic acid from solution
in solvent water. Table S2: Overview on results obtained by milling co-crystallization of Baclofen and
Phenibut with co-formers tartaric acid and malic acid under addition of 10 uL. methanol at 25 Hz for
30 min. Table S3: Overview on results obtained by co-crystallization of Baclofen and malic acid in
solvent mixtures of ethyl acetate/water and aqueous hexafluoropropan-2-ol. No experiment was
carried out with Baclofen and DL-malic acid in aqueous hexaflurorpropan-2-ol. Table S4: Overview on
preparation and results of different Baclofen:tartaric acid compounds. 0.5 mmol of Baclofen (107 mg)
and 0.5 mmol of tartaric acid (75 mg) were used if not specified otherwise. Table S5: Overview on
preparation and results of different Baclofen:malic acid compounds. 0.5 mmol of Baclofen (107 mg)
and 0.5 mmol of malic acid (67 mg) were used if not specified otherwise. Table S6: Overview on
preparation and results of different Phenibut:tartaric acid compounds. For the preparation of the
compounds, 0.5 mmol of Phenibut (90 mg) and 0.5 mmol of tartaric acid (75 mg) were used if not
specified otherwise. Table S7: Overview on preparation and results of different Phenibut:malic acid
compounds. For the preparation of the compounds, 0.5 mmol of Phenibut (90 mg) and 0.5 mmol
of malic acid (67 mg) were used if not specified otherwise. Table S8: Chosen bands corresponding
to the carbonyl C=0 stretching depicted in Figure S11. Table S9: Chosen bands corresponding
to the carbonyl C=0 stretching depicted in Figure S12. Table S10: Chosen bands corresponding
to the carbonyl C=0 stretching depicted in Figure S13. Table S11: Chosen bands corresponding
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to the carbonyl C=0 stretching depicted in Figure S14. Table S12: Chosen bands corresponding
to the carbonyl C=0 stretching depicted in Figure S15. Figure S1: Recorded powder patterns of
Baclofen: tartaric acid systems under different conditions in a range from 5°—40° 20: (blue) a fresh
sample of 1:L-3 @ H,O, shortly after crystallization, (purple) a sample of the same substance after
six months, (green) LAG sample of Baclofen and L-tartaric acid, (grey) a vacuum dried sample of
1:L-3 @ HyO, (orange) after heating a fresh sample of 1:L-3 @ H>O in a DSC chamber to 140 °C and
subsequent cooling before melting occurs, (cyan) 1:D-3 @ H,O after six months, (magenta) LAG
sample of Baclofen and D-tartaric, (black) after heating a fresh sample 1:D-3 @ H,O in a DSC chamber
to 140 °C and subsequent cooling before melting occurs. Simulated pattern of 1:L-3 @ H,O hydrate
is shown in red. Figure S2: Recorded powder patterns of Baclofen:DL-tartaric acid under different
conditions in a range from 5°—40° 20. Baclofen and DL-tartaric acid sample after a methanol-assisted
grinding (red) and the same sample after heating in a DSC chamber to 115 °C and subsequent
cooling before melting occurs (blue). Figure S3: Recorded powder patterns of Baclofen:malic acid
systems in a range from from 5°—40° 20: (red) sample of Baclofen and L-malic acid a few days after
crystallization occurs; (blue) LAG sample of Baclofen and L-malic acid; (purple) 1:L-4 @ H, O obtained
from hexafluoro-2-propanol solution contaminated with water six months after crystallization occurs;
(green) simulated from single crystal data provided by Cérdova-Villanueva et al. [50] (Cambridge
Crystal Structure Database Ref. Code YIPLAN) and (cyan) simulated pattern of 1:D-4 @ H,O from
collected single crystals data. Figure S4: Overview on some recorded patterns of phase mixtures
received by co-crystallization of Baclofen and L-malic acid under different conditions in a range from
2°-40° 20: (red) Baclofen; (blue) L-malic acid; (purple) and (green) both samples of Baclofen and
L-malic acid shortly after crystallization occurs; (cyan) 1:L-4 sample received from a solvent mixture
of ethyl acetate and water shortly after crystallization occurs; (grey) a vacuum dried sample of 1:L-4.
Simulated powder patterns from single crystal data provided by Cérdova-Villanueva et al. [50]
(CCDC Ref. Code YIPLAN) (orange), from single crystal data of 1:D-4 @ H,O (magenta) and from
single crystal data of 1 @ H,O (black) are given for comparison. Figure S5: Recorded patterns of
Baclofen:D-malic acid systems under different conditions in a range from 2°-40° 20: Baclofen (red);
D-malic acid (blue); different samples of 1:D-4 shortly after crystallization occurs (purple and green);
1:D-4 @ H,O after heating to 130 °C in a DSC chamber and subsequent cooling before melting
(cyan);. simulated from single crystal data provided by Cérdova-Villanueva et al. [50] (CCDC Ref.
Code YIPLAN) (orange);. simulated from single crystal data of 1:D-4 @ H,O (magenta) and of
1 @ H,O (black). Figure S6: Recorded powder patterns of systems Baclofen:DL-malic in a range
from 2°-40° 20: (red) Baclofen, (blue) D-malic acid; (purple) 1:DL-4 shortly after crystallization,
(green) 1:DL-4 from a solvent mixture of ethyl acetate and water; (cyan) LAG sample of Baclofen and
DL-malic; (grey) a vacuum dried 1:DL-4.; (orange) simulated from single crystal data provided by
Cordova-Villanueva et al. [45] (CCDC Ref. Code YIPLAN [46]); (magenta) simulated from single
crystal data of 1:D-4 @ H,O and (black) simulated from single crystal data of 1 @ H,O. Figure S7:
DSC-data of 1:D-4 (a) and 1:L-4 (b) samples obtained by milling crystallization of Baclofen and
D- or L-malic acid under addition of 10 uL methanol at 25 Hz for 30 min. DSC was heated at
5 °C min~!, only important temperature ranges are shown for clarity. Figure S8: Recorded powder
patterns of Phenibut:tartaric acid systems in a range from 2°—40° 20: (red) 2:L-3 @ H,O pattern
simulated from single crystal data; (blue) 2:D-3 @ H,O sample shortly after crystallization occurs;
(purple) LAG sample of Phenibut and D-tartaric acid; (green) vacuum dried 2:D-3 @ H,O sample.
Figure S9: Further recorded powder patterns of Phenibut:L-tartaric acid systems under different
conditions in a range from 2°-40° 20. Simulated pattern from single crystal data of 2:L-3 @ H,O
(red) is compared to an LAG sample of Phenibut and L-tartaric acid (blue), 2:L-3 @ H,O sample from
aqueous solution after heating to 120 °C in a DSC chamber (purple) and a vacuum dried sample of
2:L-3 @ H,O (green). Figure S10: Recorded powder patterns of Phenibut:malic acid systems under
different conditions in a range from 5°-40° 2@: (red) Phenibut; (blue) L-malic acid; (purple and
green) different samples of 2:L-4 shortly after crystallization; (cyan) LAG sample of Phenibut and
L-malic acid; (grey) a vacuum dried sample of 2:L-4; (orange) 2:DL-4 shortly after crystallization
occurs; (magenta) LAG sample of Phenibut and DL-malic acid; (dark-green) a vacuum dried sample
of 2:DL-4 and (black) simulated pattern from single crystal data of 2 @ HO. Figure S11: Recorded IR-
spectra of used educts (red) Baclofen, (green) Phenibut, (blue) D-tartaric acid, (orange) L-tartaric acid,
(purple) D-malic acid and (cyan) L-malic acid in a range from 4000 cm ™" to 400 cm~!. Figure S12:
Recorded IR-spectra of Baclofen:tartaric acid systems under different conditions in a range from
4000 cm~! and 400 cmfl.Samples obtained via crystallization from solution: (red) 1:D-3, (green)
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1:L-3, (blue) 1:DL-3 and samples after methanol-assisted grinding: (orange) Baclofen and D-tartaric
acid, (purple) Baclofen and L-tartaric acid, (cyan) Baclofen and DL-tartaric acid. Figure S13: Recorded
IR-spectra of Baclofen:malic acid systems under different conditions in a range from 4000 em~! and
400 cm~!. Sample s from solution crystallization of 1:D-4 @ H,O (red), 1:L-4 @ HO (green) and of
1:D-4 (blue) which showed similarities to the published YIPLAN structure in its powder pattern.
Samples after LAG experiments: (orange) Baclofen and D-malic acid, (purple) Baclofen and L-malic
acid, (cyan) Baclofen and DL-malic acid. Figure S14: Recorded IR-spectra of Phenibut:tartaric acid
systems under different conditions in a range from 4000 cm~! and 400 cm~!. Samples from solution
crystallization: (red) 2:D-3, (green) 2:L-3 and (blue) 2:DL-3. Samples from LAG with methanol:
(orange) Phenibut and D-tartaric acid, (purple) Phenibut and L-tartaric acid and (cyan) Phenibut and
DL-tartaric acid. Figure S15: Recorded IR-spectra of Phenibut:malic acid systems in a range from
4000 cm~! and 400 cm~!. Samples obtained from solution crystallization: (red) 2:D-4, (green) 2:L-4
and from LAG experiments: (orange) Phenibut and D-malic acid, (purple) Phenibut and L-malic
acid, (cyan) Phenibut and DL-malic acid. Figure S16: TGA-data of 1:D-3 @ H,O (a), 1:L-3 @ H,O (b)
and 1:DL-3 @ H,O (c). TGA was heated at 10 °C min~! in a range from 30 °C to 350 °C. Figure S17:
TGA-data of a LAG sample of Baclofen and D-tartaric acid with methanol (a), a LAG sample of
Baclofen and L-tartaric acid with methanol (b), a LAG sample of Baclofen and DL-tartaric acid with
methanol (c), a vacuum dried sample of 1:D-3 @ H,O (d), a vacuum dried sample of 1:L-3 @ H,O (e)
and a vacuum dried sample of 1:DL-3 @ H,O (f). TGA was heated with 10 °C min~lina range from
30 °C-350 °C. Figure S18: TGA-data of a sample of 1:D-4 (a), a sample of 1:L-4 (b) and a sample of
1:DL-4 (c). TGA was heated at 10 °C min~! in a range from 30 °C to 350 °C. Figure S19: TGA-data
of a LAG sample of Baclofen and D-malic acid with methanol (a), a LAG sample of Baclofen and
L-malic acid with methanol (b), a LAG sample of Baclofen and DL-malic acid with methanol (c), a
vacuum dried sample of 1:D-4 (d), a vacuum dried sample of 1:L-4 (e) and a vacuum dried sample of
1:DL-4 (f). TGA was heated with 10 °C min~! in a range from 30 °C-350 °C. Figure S20: TGA-data
of a LAG sample of Phenibut and D-tartaric acid with methanol (a), a LAG sample of Phenibut and
L-tartaric acid with methanol (b), a LAG sample of Phenibut and DL-tartaric acid with methanol
(c), a vacuum dried sample of 2:D-3 @ H,O (d), a vacuum dried sample of 2:L-3 @ H,O (e) and a
vacuum dried sample of 2:DL-3 (f). TGA was heated with 10 °C min~!ina range from 30 °C-350 °C.
Figure S21: TGA-data of a LAG sample of Phenibut and D-malic acid with methanol (a), a LAG
sample of Phenibut and L-malic acid with methanol (b) and a LAG sample of Phenibut and DL-malic
acid with methanol (c). TGA was heated with 10 °C min—! in a range from 30 °C-350 °C.
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