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5 ABSTRACT: Among GRAS molecules, α-amino acids have been extensively
6 used to produce molecular salts and cocrystals of APIs thanks to their
7 nontoxicity, ready availability, cheapness, and their zwitterionic nature. Here we
8 report on the use of both anhydrous and hydrated L-proline (Pro and Pro·H2O,
9 respectively) with methyl gallate (MG) to selectively obtain by mechanochem-
10 ical methods anhydrous and hydrated cocrystals: MG·Pro2 and MG2·Pro2·H2O,
11 respectively. The two new forms were characterized by means of single-crystal
12 and powder X-ray diffraction (SCXRD and PXRD), solid-state nuclear
13 magnetic resonance (SSNMR), DSC, and TGA. Interestingly, the choice of
14 the starting material together with the stoichiometry drives the formation of the
15 cocrystal toward either the anhydrous or the hydrate form: the anhydrous form could be obtained only on starting from anhydrous
16 Pro, whereas the hydrate could be obtained with Pro·H2O or with Pro by matching the correct stoichiometry. An energy framework
17 analysis allowed us to rationalize this peculiar water uptake behavior in terms of both relative the interaction strengths of proline−
18 proline, proline−water, and proline−methyl gallate pairs and packing features.

19 ■ INTRODUCTION

20 Crystal engineering1 is defined as the understanding of
21 intermolecular interactions in the context of crystal packing
22 and the use of such a comprehension in designing new
23 crystalline materials with the desired physicochemical proper-
24 ties, such as hygroscopicity,2 optical properties,3 tabletability,4

25 dissolution rate,5−7 and melting point.8 Cocrystallization
26 represents an established strategy to pursue the aims of crystal
27 engineering.9 A cocrystal is defined as a homogeneous
28 crystalline phase whose asymmetric unit contains at least two
29 different chemical entities that are solid at room temperature.10

30 These are linked through weak interactions, such as hydrogen
31 bonds (HBs), halogen bonds, and π-stacking.11,12

32 In the case of APIs (active pharmaceutical ingredients), the
33 efforts to obtain new crystal forms are justified by several
34 implications on many aspects. For example, cocrystallization
35 allows for a better understanding of molecular recognition
36 mechanisms and weak interactions,13,14 in addition to
37 structure−property relations,11 it can lead to the improvement
38 of drug performances with the advantage of minor side
39 effects,15,16 and it implies the chance of patenting the new
40 crystal forms.17 Though salification has long been adopted as a
41 strategy to improve the dissolution properties of poorly soluble
42 drugs, cocrystallization serves as a valid alternative. Moreover,
43 it can be applied to APIs that do not display any ionizable site,
44 and it offers a wider range of coformers with respect to the
45 available counterions for salts. The selection of the coformers,
46 especially when it comes to drugs, is a pivotal step of the

47design process of cocrystals, since these need to both be
48harmless to patients and able to establish stable supramolecular
49synthons with the API. GRAS molecules (generally recognized
50as safe by the U.S. FDA) are thus usually employed as
51coformers. Among these, α-amino acids have been extensively
52used to produce molecular salts of APIs, as well as some
53cocrystals.18 This is due to their nontoxicity, ready availability,
54cheapness, and their zwitterionic nature at physiological pH,
55which imparts saltlike dissolution properties to cocrystals.
56GRAS molecules are already included in a variety of developed
57 s1and marketed pharmaceutical salts.19 L-Proline (Pro) (Scheme
58 s11, left), in particular, represents an ideal candidate for
59cocrystallization, since it is characterized by a high water
60solubility and it displays a rigid five-membered ring in its
61molecular structure, which can aid the intermolecular assembly
62from an entropic point of view. A CSD (Cambridge Structural
63Database) survey gives 117 hits for crystal structures
64containing Pro. In all of them, Pro displays a zwitterionic
65character. Of the 117 structures, less than 20 are
66pharmaceutical cocrystals involving zwitterionic Pro. Some
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67 representative examples are celecoxib,20 niflumic acid, clonixin
68 and diclofenac,21 and naproxen.22

69 The most common supramolecular synthons established by
70 Pro consist of charge-assisted HBs between the carboxylate
71 and the ammonium groups of Pro or between either of them
72 and a carboxylic moiety of a different molecule (e.g.,
73 naproxen,14 fumaric acid23). Both moieties tend to form
74 interactions with OH groups from alcohols (e.g., dapagli-
75 flozin)24 or phenols (e.g., ezetimibe,25 quercetin26), while the
76 COO− group is prone to engage in dimeric interactions with
77 molecules displaying two proximal NH (e.g., ureas)27 or OH
78 (e.g., boronic acids)27 groups.
79 In this work, we focused on methyl gallate (MG, Scheme 1,
80 right). MG naturally exists in several plants, such as Toona
81 sinensis, Sapium sabiferum, and Acer barbinerve, and is
82 commonly used in traditional oriental medicine for the
83 treatment of pathogenic bacteria.28 MG shows good
84 antibacterial and anti-inflammatory activity,28 and it is
85 currently being studied as a promising antitumor agent.29,30

86 However, as MG is not listed in either the European or the US
87 Pharmacopeia, it cannot be officially considered an API. MG
88 was chosen as a model molecule since it displays several HB
89 donors and acceptors that are promising in forming supra-
90 molecular synthons with Pro. To the best of our knowledge, a
91 single polymorph of MG is known as of today, with a
92 monoclinic lattice and P21/n space group.31

93 In this paper we present the selective synthesis of anhydrous
94 (MG·Pro2) and hydrated (MG2·Pro2·H2O) cocrystals of MG
95 successfully achieved by employing L-Pro as a coformer in its
96 anhydrous and hydrated (Pro·H2O) forms, respectively.
97 Interestingly enough, MG·Pro2 is obtained only on starting
98 from anhydrous Pro. On the other hand, the hydrate could be
99 obtained by starting either with Pro·H2O or with Pro, provided
100 that the correct stoichiometry is matched.
101 The novel cocrystals (MG·Pro2 and MG2·Pro2·H2O) were
102 obtained by mechanochemical methods and thoroughly
103 characterized by means of single-crystal X-ray diffraction
104 (SCXRD), powder X-ray diffraction (PXRD), solid-state
105 nuclear magnetic resonance (SSNMR), Hirshfeld surface
106 analysis, and infrared spectroscopy. Complementary to
107 structural data, calorimetric measurements such as differential
108 scanning calorimetry (DSC) and thermogravimetric analysis
109 (TGA) were carried out to investigate the change in the
110 performances of the cocrystals. Finally, further evidence from
111 an energy framework analysis allowed us to rationalize the
112 peculiar behavior of the system with regard to the water
113 uptake.

114■ EXPERIMENTAL PART
115L-Pro, MG, and 99% ethanol were purchased from Sigma-Aldrich and
116used without further purification. Pro·H2O was obtained by slurrying
117Pro in distilled water for about 6 h.
118Synthesis Procedures of Cocrystals. MG2·Pro2·H2O. A white
119microcrystalline powder was obtained by manually grinding MG (200
120mg; 1.1 mmol) with Pro·H2O (145 mg; 1.1 mmol) for 30 min in an
121equimolar stoichiometry. The hydrated form was also obtained by
122kneading MG (200 mg; 1.1 mmol) with Pro (125 mg; 1.1 mmol) in
123water for 30 min or by kneading MG·Pro2 (228 mg; 0.55 mmol) with
124MG (100 mg; 0.55 mmol) in water for 30 min. Crystals suitable for
125SCXRD were obtained by slow evaporation of a 1:1 solution of MG
126and Pro·H2O in 99% ethanol.
127MG·Pro2. A white microcrystalline powder was obtained by
128manually grinding MG (200 mg; 1.1 mmol) with Pro (250 mg; 2.2
129mmol) for 60 min. The anhydrous form was also obtained by
130kneading MG (200 mg; 1.1 mmol) with Pro (250 mg; 2.2 mmol) in
131water for 30 min. Crystals suitable for SCXRD were obtained by
132seeding of the cocrystal in 99% ethanol.
133Single-Crystal and Powder X-ray Diffraction. The single-
134crystal data were collected with a Gemini R Ultra diffractometer with
135graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) by the ω-
136scan method. The cell parameters were retrieved with the CrysAlisPro
137software, and the same program was used to perform data reduction
138with corrections for Lorentz and polarization effects. Scaling and
139absorption corrections were applied through the CrysAlisPro32

140multiscan technique. The structures of MG2·Pro2·H2O and MG·
141Pro2 were solved with direct methods by using SHELXS-9733 and
142refined with full-matrix least-squares techniques on F2 with SHELXL-
14397. All non-hydrogen atoms were refined anisotropically. Hydrogen
144atoms were calculated, riding on the corresponding bonded atoms.
145 t1Crystal data and refinement results can be found in Table 1. Bond

146lengths, angles, and HB distances are reported in Tables S1−S4
147together with the X-ray atom numeration (Figures S1 and S2) in the
148Supporting Information. The underlying net derived by simplification
149from the crystal structure was analyzed and represented with
150ToposPro, Version 5.1.0.9,34 by considering the HBs between
151different fragments as the defining interactions.35 The graphics of
152the crystal structure were generated using Mercury 3.9.36 A check
153with the Platoon algorithm37 and the PSEUDO program38 in the

Scheme 1. Chemical Structures of Pro (Left) and MG
(Right), with Atom Numbering

Table 1. Crystallographic Data of MG2·Pro2·H2O and MG·
Pro2

MG2·Pro2·H2O MG·Pro2
chem formula 2(C8H8O5)·

2(C5H9NO2)·
H2O

C8H8O5·
2(C5H9NO2)

Mr 616.57 414.41
wavelength (Å) 0.71073 0.71073
temp (K) 298.00 298.00
cryst syst, space group triclinic, P1 orthorhombic,

P212121
a, b, c (Å) 6.8784(3),

10.2802(5),
10.9541(6)

10.0509(11),
10.3000(12),
18.942(3)

α, β, γ (deg) 78.452(5),
81.487(4),
72.448(4)

90, 90, 90

V (Å3) 720.37(6) 1960.9(4)
Z, Z′ 1, 1 4, 1
μ (mm−1) 0.12 0.11
cryst size (mm) 0.42 × 0.30 × 0.28 0.63 × 0.41 × 0.23
no. of measd, indep, and obsd
rflns and no. of params

17425, 9373, 6997,
404

10265, 3360, 2760,
294

R1, wR2, GOF 0.056, 0.154, 1.03 0.039, 0.094, 1.03
Δρmax, Δρmin (e Å−3) 0.46, − 0.23 0.16, − 0.19
abs structure param −0.2(7) 0.0(10)
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154 Bilbao Crystallographic Database for pseudosymmetry confirmed the
155 exactness of the P1 space group for MG2·Pro2·H2O with the absence
156 of hidden symmetry elements and defects in the resulting structure,
157 often present for this specific space group.39 Both MG·Pro2 and MG2·
158 Pro2·H2O present a high number of molecular entities in the
159 asymmetric unit (three and five, respectively), although Z′ equals 1
160 for both crystal structures. By looking at this peculiarity of our
161 cocrystals, we decided to analyze the Z′ distribution of the reported
162 Pro cocrystals in the CSD. We considered the Z′ parameter because it
163 correlates with the number of molecules in the asymmetric unit and is
164 automatically calculated and reported in the database. High-Z′
165 structures are in general quite uncommon (≲10%),40 although the
166 tendency of noncentrosymmetric space groups to show a high Z′ is
167 more pronounced.41 From an analysis of the 117 purely organic Pro-
168 containing crystals present in the CSD, it is possible to observe a
169 propensity for Z′ ≥ 2 (∼20%) (Figure S3 in the Supporting
170 Information). CCDC codes 2085041 and 2085042 contain
171 supplementary crystallographic data for MG2·Pro2·H2O and MG·
172 Pro2, respectively. These data can be obtained free of charge via
173 http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cam-
174 bridge Crystallographic Data Centre, 12 Union Road, Cambridge
175 CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.
176 cam.ac.uk.
177 Powder diffractograms were obtained on a Philips X’Pert PW3020
178 Bragg−Brentano instrument, equipped with a Cu Kα X-ray source (λ
179 = 1.54506 Å), operating at 40 kV and 20 mA. Measurements were
180 carried out in θ/2θ mode, with a scanning range of 3−50° for 2θ.
181 IR Spectroscopy. IR-ATR spectra were collected on an Equinox
182 55 (Bruker) Fourier transform spectrophotometer equipped with an
183 ATR device; the resolution was set at 2 cm−1 for all spectra. A spectral
184 range of 400−4000 cm−1 was scanned, using a KBr beam splitter. IR-
185 ATR spectra were processed with Bruker’s OPUS Version 7.0
186 software. The IR technique was exclusively used to monitor the
187 formation of the cocrystals during the screening; the relative spectra
188 are reported in Figures S4 and S5 in the Supporting Information.
189 Solid-State NMR Experiments. SSNMR spectra were collected
190 on a Bruker Avance II 400 Ultra Shield instrument, working at 400.23,
191 100.63, and 40.56 MHz for 1H, 13C, and 15N, respectively. For the 13C
192 and 15N experiments, samples were packed in cylindrical zirconia
193 rotors (4 mm o.d.), with a sample volume of 80 μL. 13C and 15N
194 spectra were acquired at room temperature with rotation frequencies
195 of 12 and 9 kHz, respectively. A ramp CP pulse sequence was used
196 with a 1H 90° pulse of 3.80 μs. The two-pulse phase modulation
197 (TPPM) decoupling scheme42 was used for both nuclei, with
198 frequency fields of 66 and 62 kHz for 13C and 15N, respectively.
199 Detailed acquisition parameters are reported in Table S5 in the
200 Supporting Information.
201 13C and 15N chemical shift scales were referenced to glycine (13C
202 methylene signal at 43.5 ppm and 15N signal at 33.4 ppm with respect
203 to NH3) used as an external standard.
204 Hirshfeld Surface and Energy Framework Analyses. The
205 Hirshfeld surface analysis and the energy framework calculations were
206 performed by using the CrystalExplorer17 program.43 The so-called
207 CE-HF(3-21G) method, as implemented in the CrystalExplorer17
208 program, was used to calculate pairwise interaction energies. This
209 method, although less accurate than the CE-B3LYP (based on DFT
210 methods), was proven to be faster in the presence of a large number
211 of pairwise interactions, correct for a qualitative comparison between
212 similar patterns (especially when dispersive forces are not the
213 principal component), and only fairly worse than the second
214 method.44

215 Thermal Analysis. DSC curves were collected on a DSC Q200
216 TA Instrument. Samples were accurately weighed (5−10 mg) and put
217 into sealed aluminum pans. Calibration for temperature and heat flow
218 was performed using a high-purity standard of indium. All
219 measurements were performed in the 40−350 °C temperature
220 range, with heating/cooling rates of 10 °C min−1.
221 TGA measurements were performed over a temperature range of
222 40−400 °C under 50 mL min−1 N2 flow, on a TA Instruments Q600
223 SDT apparatus equipped with a DSC heat flow analyzer. Samples (5−

22410 mg) were placed into the furnace inside alumina crucibles and
225heated with a ramp rate of 10 °C min−1.

226■ RESULTS AND DISCUSSION
227MG displays several HB acceptor moieties, i.e. a carboxylic
228group and three phenolic OH functions, while Pro exhibits a
229NH2

+ group that behaves as a HB donor. The NHpyrrolidine···
230OOC heterosynthon appears to be favored in the formation of
231a HB interaction; although, from a search for this synthon on
232the CSD, only six hits were found. The same can be said for
233the NHpyrrolidine···OH synthon, which returns just two hits on
234the CSD. Despite this, two novel crystal forms of MG were
235obtained using Pro as a coformer: a 2:2 MG·Pro monohydrate
236cocrystal (MG2·Pro2·H2O) and a 1:2 MG·Pro anhydrous
237cocrystal (MG·Pro2). The results of mechanochemical experi-
238 s2ments involving Pro and MG are depicted in Scheme 2. Table
239S6 in the Supporting Information reports all of the synthetic
240trials and the respective outcomes.

241Interestingly enough, MG2·Pro2·H2O is obtained by starting
242either with Pro·H2O under any synthetic condition (presence
243or absence of water and different stoichiometries) or Pro, but
244only in the presence of H2O during the synthesis and only
245when the correct stoichiometry (1:1) is matched. On the other
246hand, MG·Pro2 is obtained only on starting from anhydrous
247Pro, regardless of the stoichiometry and of the method. To the
248best of our knowledge, a similar behavior has only been
249reported for theophylline with citric acid,45 where the presence
250of water in one or both of the starting reagents led to the
251corresponding hydrate cocrystal and vice versa. Thus, we took
252an interest in deepening our comprehension of the
253phenomenon and testing different approaches for introduc-
254ing/removing water molecules into the Pro-MG system. No
255conversion between the two cocrystals was observed under any
256experimental condition (slurry, kneading, ...) probably also due
257to the different stoichiometry. Indeed, adding MG to MG·Pro2,
258in order to reach the correct stoichiometry, and kneading them
259with water led to MG2·Pro2·H2O. Several other techniques,
260such as crystallization in water, slurry in water, etc., were tested
261in order to obtain MG2·Pro2·H2O without success. Kneading
262MG·Pro2 with drops of water provided a new unstable phase
263that was characterized only by ATR-IR (Figure S6 in the
264Supporting Information), as it immediately converted back to
265the anhydrous cocrystal. The ATR-IR data, although clearly
266different, show similar features with respect to MG2·Pro2·H2O
267that point toward a unstable hydrated MG·Pro2 phase (perhaps

Scheme 2. Cocrystal Syntheses Involving Pro or Pro·H2O
with MG and the Respective Outcomes
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268 MG·Pro2·nH2O). Heating MG2·Pro2·H2O (120 °C for 24 h)
269 led to a new stable anhydrous form, MG2·Pro2, which did not
270 convert back to the hydrated cocrystal for weeks if it was kept
271 under ambient conditions.
272 A thorough solid-state characterization of MG2·Pro2·H2O,
273 MG·Pro2, and MG2·Pro2, including PXRD, 13C and 15N
274 CPMAS SSNMR, and infrared (ATR-IR) spectroscopy (Figure
275 S6 in the Supporting Information), was carried out in order to
276 detect whether cocrystallization occurred and to elucidate the
277 local HB network.
278 PXRD (see Figure S7 in the Supporting Information) and

f1f2 279
13C and 15N CPMAS NMR analyses (see Figures 1 and 2,

280 respectively) were used to assess the formation of a new
281 crystalline phase. Full (13C and 15N) SSNMR assignments for

t2 282 MG2·Pro2·H2O and MG·Pro2 are reported in Table 2. For both
283 phases, crystallization from ethanol solutions afforded single
284 crystals of good quality for X-ray crystallography. The
285 agreement between the powder patterns calculated from the
286 structures and the experimental patterns proved the crystals to
287 be representative of the bulk (see Figure S8 in the Supporting
288 Information). For MG2·Pro2, all data confirm that this is
289 indeed a new crystal form of the MG−Pro system. SSNMR
290 was able to confirm that it contains two independent molecules
291 of MG and two molecules of Pro in its unit cell.
292 MG2·Pro2·H2O. MG2·Pro2·H2O crystallizes in a the triclinic

f3 293 space group P1 with five molecules in the unit cell (Figure 3a):
294 two zwitterionic Pro (A and C), two MG (B and D), and one
295 water. Its 13C and 15N CPMAS NMR spectra (Figures 1 and 2,
296 respectively) are in good agreement with SCXRD data, as they
297 reveal the presence of two independent molecules of both MG
298 and Pro from the splitting of 13C signals related to C1 (121.8
299 and 120.7 ppm), C2 or C6 (107.5 and 106.2 ppm), and C3 or
300 C5 (145.6 and 145.0 ppm) of MG and C2′ (63.7 and 61.4

301ppm), C4′ (47.0 and 44.5 ppm), C5′ (25.6 and 22.7 ppm),
302and C6′ (31.5 and 28.3 ppm) of Pro and of the 15N peak of the
303NH2

+ group (59.7 and 56.4 ppm). The 13C chemical shift of
304the CO groups of the two Pro (at 173.8 ppm), typical of
305COO−, and the 15N chemical shift (usually associated with a
306protonated aliphatic nitrogen atom) strongly resemble those of
307pure Pro, confirming the zwitterionic form for both Pro
308molecules.

Figure 1. 13C (100.6 MHz) CPMAS SSNMR spectra of MG, Pro,
Pro·H2O, MG·Pro2, MG2·Pro2·H2O, and MG2·Pro2 recorded at 12
kHz at room temperature. Assignments are reported by means of
colored boxes and labels.

Figure 2. 15N (40.6 MHz) CPMAS SSNMR spectra of Pro, Pro·H2O,
MG·Pro2, MG2·Pro2·H2O and MG2·Pro2 recorded at 9 kHz at room
temperature.

Table 2. 13C and 15N SSNMR Chemical Shift (ppm)
Assignments for MG·Pro2 and MG2·Pro2·H2O

MG·Pro2 MG2·Pro2·H2O

chemical shift atom chemical shift atom
13C CPMAS

175.7 1′ 173.8 1′
173.8 1′ 166.5 7
168.9 7 146.5 3 or 5
145.4 3 or 5 145.6 3 or 5
144.9 3 or 5 145.0 3 or 5
138.2 4 136.4 4
119.5 1 121.8 1
109.2 2 or 6 120.7 1
107.5 2 or 6 111.6 2 or 6
62.8 2′ 107.5 2 or 6
61.3 2′ 106.2 2 or 6
53.1 8 63.7 2′
47.5 4′ 61.4 2′
45.0 4′ 50.9 8
30.9 6′ 47.0 4′
28.8 6′ 44.5 4′
24.9 5′ 31.5 6′
24.0 5′ 28.3 6′

25.6 5′
22.7 5′

15N CPMAS
55.9 3′ 59.7 3′
54.6 3′ 56.4 3′
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309 The two MG molecules are arranged in a perfectly planar
310 way to maximize the conjugation of electrons, while the two
311 Pro molecules display a half-chair conformation of the five-
312 membered ring. As observed in Figure 3b, a plethora of HBs
313 (Table S2 in Supporting Information) characterize the
314 packing: every MG (B) is connected to two Pro (C), with
315 one O···H−N+ and two O−H···O− HBs, and to MG (D), with
316 one O···H−O and one O−H···O HB. On the other hand, MG
317 (D) molecules are connected to two Pro (A), with one O···H−
318 N+ and one O−H···O− HB, to Pro (C), with one O−H···O−

319 HB, to MG (B), with one O···H−O and one O−H···O HB,
320 and to a water molecule, with one O−H···O HB. The two

321zwitterionic Pro molecules do not interact directly with each
322other but are only bridged by water and MG molecules. Pro
323(A) forms four HBs: two N+−H···O, with MG (D) and one
324H2O, and two O−···H−O, with MG (D) and one H2O. Pro
325(C) is involved in five contacts: two N+−H···O, with MG (B)
326and (D), and three O−···H−O, with two MG (B) and one
327H2O. This complex network of HBs forms strongly bonded 2D
328layers that can be simplified by considering molecular
329centroids in a 2D pentanodal topology with the complex
330point symbol {3.4.5.62.7}{3.42.5.74.82}{3.42.62.7}{4.62}-
331{42.5.62.7} by considering HBs as defining interactions (Figure
332S9 in the Supporting Information). These layers interact with

Figure 3. (a) Crystallographically independent molecules of MG2·Pro2·H2O. (b) 2D HB network of MG2·Pro2·H2O. (c) Perpendicular view of the
packing showing the stacking of the layers.
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333 each other through a N−H····O hydrogen bond between
334 proline D and the water molecule of the nearby layer, forming
335 a 3D network (Figure 3c).
336 Although the two couples of Pro and MG are similar in
337 terms of geometrical parameters and number of contacts, their
338 interaction patterns are substantially different, as emphasized
339 through the Hirshfeld surface and its fingerprints (Figures
340 S10−S13 in the Supporting Information). These analyses are
341 more sensitive to subtle variations of the molecular environ-
342 ment with respect to the usual point of view of
343 crystallochemistry.46,47 Although the major interaction of
344 both Pro molecules are the N+−H···O HBs with MG (see
345 Table S2 in the Supporting Information), in Pro (C) the C−
346 H···H−C components (highlighted by the central symmetric
347 tail in Figure S10d in the Supporting Information) are more
348 significant than in Pro (A) (Figure S11d in the Supporting
349 Information). On the other hand, the two MG molecules differ
350 in the shape index representation on the Hirshfeld surface and
351 in their fingerprints (Figures S12 and S13 in the Supporting
352 Information): MG (B) is characterized by strong C−H···π
353 interactions, lateral wings on the fingerprint, while MG (D) is
354 characterized by π···π interactions, shown as blue and red
355 triangles in the shape index figure (Figure S13b in the
356 Supporting Information).48

357 MG·Pro2. The anhydrous phase is very different in its
358 molecular packing with respect to the hydrated phase. MG·
359 Pro2 crystallizes as large prisms in the orthorhombic space
360 group P212121, and the asymmetric unit contains one MG and

f4 361 two Pro molecules (Figure 4a). The two Pro molecules (B and
362 C) are zwitterionic and different in geometry: Pro (B) has a
363 disorder defined by the two possible inverted half-chairs for the
364 ring, while Pro (C) presents a half-chair conformation.
365 Once again, an SSNMR analysis confirms the SCXRD
366 information. Indeed, the 13C signals of all the C atoms (Figure
367 1) of Pro appear split, confirming the presence of two

368molecules of Pro in the asymmetric unit. In contrast, the
369resonances ascribable to MG are consistent with just one
370independent MG molecule. The carboxylic signals of both Pro
371molecules fall at chemical shifts that are ascribable to
372carboxylate moieties (175.7 and 173.8 ppm). 15N CPMAS
373(Figure 2) chemical shifts (55.9 and 54.6 ppm) agree with the
374presence of two Pro molecules in the asymmetric unit and their
375zwitterionic state. Similarly to MG2·Pro2·H2O, the overall
376pattern is dominated by a complex network of HBs (see Figure
3774b and Table S3 in the Supporting Information): Pro (B) links
378two Pro (C), with one O−···H−N+ and one N+−H···O− HB,
379MG (A), with one O−···H−O HB, and two other Pro (B), with
380two weaker O−···H−N+ and N+−H···O− HBs (N···O distance
3813.087 Å). Pro (C) forms one O−···H−N+ and one N+−H···O−

382HB with Pro (B), one O−···H−O HB with MG (A), and two
383weaker O−···H−N+ and N+−H···O− HBs (N···O distance
3843.150 Å) with two other Pro (C). On the other hand, MG (A)
385is connected to Pro (C), with one O−H···O− HB, to Pro (B),
386with one O−H···O− HB, and to two other MG, with one O−
387H···O− and one O···H−O HB.
388The resulting complex packing can be represented by layers
389of Pro molecules where each molecule, either B and C, is
390connected to four other Pro (Figure 4c,d), in turn two B and
391two C. These layers interact with each other through the
392presence of MG, which provides a fifth interaction with each
393Pro, which thus acts as a pentacoordinated node.
394The derived 3D underlying graph is a binodal net with point
395symbol {4.65}{46.64}2 (Figure S14 in the Supporting
396Information), which presents the plane of Pro molecules as a
397{44} net in the (001) plane (Figure 4d).
398On consideration of the Hirshfeld surface analysis, in the
399case of MG, the π···π interaction component is completely
400absent in the shape index representation (Figure S15 in the
401Supporting Information), differing from MG2·Pro2·H2O. The
402Hirshfeld surface is dominated by C−H···π and C−H···H−C,

Figure 4. (a) Asymmetric unit of MG·Pro2. (b) Representation of the 3D HB network of MG·Pro2. (c) Layers of tetraconnected Pro molecules.
(d) Representation of the underlying net of the Pro layers along the b axis.
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403 evidenced in the fingerprint plot and in red hollows in the
404 shape index representation. However, the shortest and
405 strongest interactions are the strong HBs to the oxygen sites.
406 On the other hand, the two Pro molecules are both
407 characterized by short O−···H−O and N+−H···O− HBs, as
408 can be observed by the long stripes in the fingerprints (see
409 Figures S16d and S17d in the Supporting Information), but
410 they differ in the C−H···H−C dispersive contacts of the ring.
411 In the case of Pro (C) these contacts are weaker and more
412 inhomogeneous, while in Pro (B) they are more directional
413 and can be observed not only in the fingerprint plot but also in
414 the shape index representation (see Figure S16b in the
415 Supporting Information).
416 Both Pro and MG are highly soluble in water (Pro 162 g/L
417 (at 25 °C); MG 10.6 g/L), highlighting an effective solvation
418 process. However, the experimental syntheses show that the
419 water molecules cannot be easily included in the structure if
420 they come from the outside; surely, they can be incorporated if
421 they already interact with Pro.
422 In order to rationalize this behavior, an energy framework
423 analysis was performed on Pro (CSD code: PROLIN),49 Pro·
424 H2O (CSD code: RUVGEW),50 MG·Pro2, and MG2·Pro2·
425 H2O. Energy frameworks both provide the energetic
426 components of interactions (i.e., electrostatic, dispersive,
427 repulsive and polarization) between molecular pairs and
428 allow their visualization as cylinders with a radius proportional
429 to the magnitude of the interaction energy. This method has
430 been recently used for its speed and reliability in facing
431 different problems in a great number of systems: from the
432 mechanical properties of crystals,30 polymorphism,51 and
433 calculation of lattice energies52 to the effectiveness of specific
434 supramolecular synthons in stabilizing and directing the overall
435 packing.53

436 Comprehensive energy framework data are reported in
437 Tables S7−S10 and Figures S18−S25 in the Supporting
438 Information. In the case of Pro, the packing is characterized by
439 columns of stacked Pro molecules laterally connected by HBs

f5 440 to form layers of tetraconnected Pro molecules (Figure 5a),
441 observed also in MG·Pro2 (see above) and which are typical of
442 Pro-containing structures (∼70% of the 117 organic cases
443 found in the CSD).18,54 The main energetic interaction
444 component in this molecular arrangement is electrostatic

t3f6 445 (see Table 3 and Figure 6a), between both stacked and lateral
446 Pro. The molecular packing of Pro·H2O consists of columns of
447 Pro molecules alternating with columns of water molecules
448 (Figure 5b). In addition to the strong Pro−Pro electrostatic
449 interactions along the columns, the water molecules present

450also quite strong electrostatic interactions with nearby Pro
451(Table 3 and Figure 6b), leading to the disarrangement of the
452intercolumnar network. In MG2·Pro2·H2O, water−Pro inter-
453actions (Eele = −35.4 kJ mol−1) represent the main
454contribution to the total energy of the structure, even stronger
455than Pro−Pro (Eele = −33.4 kJ mol−1) and MG−Pro (Eele =
456−10.3 kJ mol−1) interactions (Table 3), supporting the
457evidence that, if water is present in the starting reagent, it is
458maintained in the final products. This is likely due to the
459drastic change in the crystal packing of Pro molecules that do
460not form the typical columnar motif.
461In MG·Pro2, where the layers of Pro molecules are
462maintained, dispersive MG−Pro and electrostatic Pro−Pro
463interactions are dominant (−23.4 and −52.5 kJ mol−1,
464respectively, Table 3). This suggests that, when anhydrous
465Pro is used as the starting material, water cannot be
466incorporated since it would disrupt the stable structural Pro
467motif of Pro, which in turn is not severely altered by the
468presence of MG (see Figure S26 in the Supporting Information
469for a comparison between Pro layers in Pro and MG·Pro2).
470However, this is in contradiction with the experimental
471outcomes: indeed, when the correct stoichiometry is matched,
472kneading in water leads to MG2·Pro2·H2O. A possible
473explanation is offered by the readiness with which pure Pro

Figure 5. (a) Layer of Pro molecules in Pro and (b) columns of Pro molecules interacting with water in Pro·H2O.

Table 3. Energetic Contribution (kJ mol−1) of the Main
Interactions (Electrostatic, Eele; Polarization, Epol;
Dispersion, Edis; Repulsive, Erep; Total, Etot) in Pro (CSD
code: PROLIN), Pro·H2O (CSD Code: RUVGEW), MG2·
Pro2·H2O and MG·Pro2

interaction Eele Epol Edis Erep Etot

Pro
Pro−Pro (stacked) −105.4 −31.2 −15.8 24.8 −121.8
Pro−Pro (lateral) −112.6 −50.6 −21.3 58.5 −119.4

Pro·H2O
water−Pro −33.2 −7.4 −3.3 1.7 −40.3
water−Pro −34.2 −7.4 −3.3 1.7 −41.3
water−water −106.1 −48.5 −23.4 60.7 −111.6
Pro−Pro (stacked) −109.1 −47.5 −23.4 60.7 −113.6

MG2·Pro2·H2O
Pro−water −35.4 −16.3 −8.1 8.4 −47.1
Pro−MG −33.4 −15.3 −8.1 8.4 −44.1
Pro−Pro −10.3 −3.4 −13.7 2.7 −22.8

MG·Pro2
Pro−Pro (stacked) −52.5 −15.3 −7.0 4.3 −66.3
Pro−MG −18.1 −5.3 −23.4 12.3 −33.0
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474 is hydrated if it is kneaded in water. Our hypothesis is that the
475 driving force of the MG2·Pro2·H2O formation consists of three
476 steps: (a) solubilization of the anhydrous reagents (Pro or
477 MG·Pro2), (b) formation of Pro·H2O, and (c) cocrystallization
478 of Pro·H2O with MG. In this process, the stoichiometry still
479 plays a pivotal role: indeed, when MG·Pro2 is ground in the
480 presence of water, an unstable phase is obtained rather than
481 MG2·Pro2·H2O plus excess Pro.
482 The thermic profile of MG2·Pro2·H2O was assessed by
483 means of DSC and TGA experiments (Figures S27−S29 in the
484 Supporting Information). It exhibits two main endothermic
485 events: at 92 °C a slight weight loss (∼3%) is observed, which
486 is consistent with the release of one water molecule, and at 251
487 °C melting/decomposition of the cocrystal starts. For MG·
488 Pro2, the TGA curve does not exhibit any weight loss below
489 100 °C, while a single DSC endothermic event occurs at 148
490 °C, which is associated with its melting.
491 Finally, the phase obtained by heating MG2·Pro2·H2O was
492 analyzed: no weight loss could be observed in the TGA curve,
493 while the melting of the cocrystal can be observed as an
494 endothermic peak (140 °C) in the respective DSC thermo-
495 gram. This confirms this phase to be an anhydrous phase of the
496 MG-Pro system.

497 ■ CONCLUSIONS

498 Two new cocrystals, MG·Pro2 and MG2·Pro2·H2O, were
499 obtained from L-proline and methyl gallate by mechanochem-
500 ical methods. The compelling behavior of the system consisted
501 of the fact that starting from Pro·H2O is a sufficient condition
502 to obtain MG2·Pro2·H2O. On the other hand, the employment
503 of Pro proves to be a necessary condition for the achievement
504 of MG·Pro2. The energy framework and crystal packing

505analyses suggest that, on starting from Pro·H2O, where the
506water is already interacting with Pro and the peculiar
507intercolumnar network is disarranged, the result is a crystal
508packing where Pro−water interactions prevail. On the other
509hand, on starting from Pro, where Pro molecules are connected
510to each other to form layers (as in Pro and MG·Pro2), Pro−
511Pro interactions prevail. However, the stoichiometry strongly
512drives the final outcome if water is involved in the synthesis:
5131:1 can lead to a stable hydrated structure, while 1:2 only
514provides an anhydrous form.
515Hopefully, this will open up fascinating perspectives for the
516rational use of Pro or Pro·H2O in designing new cocrystals of
517APIs. Such prospects concern driving the pseudopolymor-
518phism of the achieved phases, as well as engineering the final
519crystal packings (i.e., with Pro columns/layers or not), and
520thus the macroscopic properties of the systems. The last
521statement is statistically verified by a CSD survey of Pro-
522containing cocrystals which suggests that using anhydrous Pro
523as a reagent leads to a 70% probability of achieving phases
524characterized by Pro columns/layers. Further studies are
525currently in progress in our laboratory.
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528The Supporting Information is available free of charge at
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Figure 6. Electrostatic (red cylinders) and repulsive (yellow cylinders) components in the energy frameworks of (a) Pro (CSD code: PROLIN),
(b) Pro·H2O (CSD code: RUVGEW), (c) MG2·Pro2·H2O, and (d) MG·Pro2.
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