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Polymorphic transformations in glycine co-
crystals at low temperature and high pressure:
two new examples as a follow-up to a glycine-

glutaric acid study+

E. A. Losev,*® B. A. Zakharov® and E. V. Boldyreva®

The effects of temperature and pressure on the co-crystals of glycine with pL-tartaric and phthalic acids
(GTa and GPh, respectively) have been studied by X-ray diffraction and Raman spectroscopy in comparison
with those on glycine-glutaric acid (GGa). On cooling, no phase transitions were observed in GTa or GPh,
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in contrast to the situation with GGa. On hydrostatic compression, both GTa and GPh underwent reversible
phase transformations, accompanied by fracture. In the high-pressure phases, the main structural frame-
work was preserved, and the number of crystallographically independent molecules in the unit cell in-

creased. In GTa, dimers are squeezed together so that some hydrogen bonds get a three-centered charac-
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Introduction

Interest in studying and understanding the effects of tempera-
ture and pressure on multicomponent molecular crystals has
grown considerably in recent years." Their properties differ
from those of the corresponding single-component crystals
and often cannot be predicted due to unique lattice struc-
tures. This has rendered the prediction of the properties of
multi-component materials very challenging. Of particular
note are the difficulties in predicting structural strain aniso-
tropy, the possibility of structural phase transitions,™® or the
potential for co-crystals to form salts via proton transfer.”**
Analysis of the Cambridge Structural Database (version
5.36 from November 2015)" reveals ten two-component crys-
tals of glycine with carboxylic acids (excluding hydrates and
solvates), namely, three salts with oxalic acid,"*™® salts with
malonic,”” maleic,"® 3-nitrophthalic’® and 2-hydroxy-5-
sulfobenzoic® acids, as well as co-crystals with glutaric,**
phthalic*® and pr-tartaric** acids. The ApK, (ApK, = pKa(base)-

“ Institute of Solid State Chemistry and Mechanochemistry SB RAS, Kutateladze
18, Novosibirsk, 630128, Russia. E-mail: losev.88@mail.ru,
b.zakharov@yahoo.com, eboldyreva@yahoo.com; Fax: +7 8 383 363 41 32;

Tel: +7 8 383 363 42 06

b REC-008, Novosibirsk State University, Pirogova 2, Novosibirsk, 630090, Russia

+ Electronic supplementary information (ESI) available: Includes the structural
data for all the phases at multiple temperatures and pressures, the data on H-
bonds, figures presenting crystal structures, the pK, values of carboxylic acids
and ApK, of some glycine salts and co-crystals, and the data on cell parameters,
volumes, and strain ellipsoids at multiple temperatures and pressures. CCDC
1435507, 1437082-1437089, 1437185-1437193, 1451443-1451454, and 1450716~
1450717. For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/c6ce00561f

This journal is © The Royal Society of Chemistry 2016

ter, and the interactions of one of the two glycine molecules change dramatically.

pK.(acid)) values (measured in aqueous solution) for glycine
and other listed carboxylic acids fall in the range where it is
impossible to predict if the two-component crystal will be a
co-crystal or a molecular salt (Table S1 and Fig. S1 in the
ESI1).>>° Therefore, one might expect that the hydrogen
atom of a carboxylic group of the acid in the co-crystals can
be transferred from an acidic species to a basic one under
pressure, similar to what has been observed for multi-compo-
nent crystals of other compounds, e.g. for the 1:1 adduct
formed between squaric acid and 4,4-bipyridine'* or for oxalic
acid dihydrate with increasing pressure.*’>

Three glycine co-crystals with carboxylic acids have been
reported to date, namely, those with glutaric,>"** pi-tartaric**
and phthalic*® acids (GGa, GTa, and GPh, respectively)
(Fig. 1). Topologically, the crystal structures of GGa and GTa
are similar, and have 3D hydrogen bond networks (Fig. 2).
The crystal structure of GPh contains layers of glycine mole-
cules, with phthalic acid molecules connected to these layers
by hydrogen bonds. Weak hydrophobic stacking interactions
exist between phthalic acid molecules (Fig. 2). The nature of
the hydrogen bond networks is quite different in each case:
GGa has only heteromolecular hydrogen bonds, GPh contains

OH COOH
A COOH
HOOC/\/\COOH Hooc/\_;/
OH COOH
a) b) c)

Fig. 1 Glutaric (a), pL-tartaric (b) and phthalic (c) acids.
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Fig. 2 Comparison of the crystal structures of GGa (a), GTa (b) and
GPh (c) co-crystals. Glycine - green, co-former - blue.

two types of glycine-glycine interactions (Fig. S2 in the ESI})
and GTa co-crystals have both glycine-glycine and acid-acid
hydrogen bonds (Fig. S2 in the ESIT).

In our previous work, GGa has been shown to undergo the
same structural phase transition both on cooling® and with
increasing pressure.*® This transition is related to a change
in the glutaric acid conformation and occurs at about 0.1
GPa (ambient temperature), which is considerably lower than
the pressure at which proton transfer could be expected,
judging from the data obtained for oxalic acid dihydrate (5-6
GPa) - the only multicomponent crystal constructed from
neutral molecules - for which the fact of proton transfer on
compression has been supported by high-quality single-crys-
tal X-ray and neutron diffraction data, spectroscopic data,
and computations.’>*® Another multicomponent glycine-
containing crystal explored at high pressure was glycinium
oxalate. Spectroscopic and computational studies revealed
the symmetrisation of the position of hydrogen between adja-
cent semi-oxalate molecules at about 8 GPa.*® During the
phase transition in GGa, the crystal symmetry changed from
monoclinic to triclinic, with every second glutaric acid mole-
cule changing its conformation.®®> The aim of the present
study was to investigate co-crystals of glycine with two other
co-formers, pr-tartaric and phthalic acids (GTa and GPh, re-
spectively), and to compare their response to variations in
temperature and pressure with that of GGa. We also com-
pared the response of GGa, GTa and GPh to pressure with
that of selected amino acids salts.

Experimental section
Materials

All reagents were commercially available and were used with-
out further purification. The following chemicals were used:
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o-glycine (Reactiv, Russia, pur. >95%), bi-tartaric acid
(Reactiv, Russia, pur. >95%), phthalic acid (Sigma-Aldrich,
puriss >99.5%), and distilled water.

Crystallisation

GTa and GPh single crystals were grown from equimolar
aqueous solutions of the starting components (total solid
mass ~0.6 g). Particular attention was required for the suc-
cessful preparation of GPh crystals, and a three-step process
was developed: 1. preparation of a saturated solution of
o-glycine at room temperature; 2. addition of phthalic acid
up to a saturation limit at approximately 70-80 °C; 3. slow
cooling to room conditions, upon which GPh crystallised.

Single crystal X-ray diffraction

Low-temperature  experiments.  Variable-temperature
single-crystal X-ray diffraction was performed using a STOE
IPDS-2 diffractometer with an image plate detector, graphite
monochromator, Mo Ko radiation and an Oxford Cryostream
cooling device. The temperature range was 300-100 K with a
step size of 25 K and a cooling rate of 100 K h™. The sample
was fixed to the holder by using LV CryoOil (MiTeGen).

X-AREA*” and X-RED32 (ref. 37) were used for cell refine-
ment, data collection and data reduction. The crystal struc-
tures were solved by direct methods using SHELXS97 (ref. 38)
and refined on F* using X-STEP,>” SHELXL2014 (ref. 38) and
OLEX2 Version 1.2.7.%° Mercury®® was used for the visualisa-
tion and analysis of structure motifs. Win_Strain*' was used
to calculate the linear strain along the principal axes of the
strain ellipsoid. All structures were deposited with the
Cambridge Crystallographic Data Centre (CCDC numbers
1435507, 1437082-1437089 and 1437185-1437193 for GTa
and GPh, respectively) and are available at http://www.ccdc.
cam.ac.uk/.

High-pressure experiments. Hydrostatic pressure was gen-
erated in an Almax-Boehler diamond anvil cell (DAC).** Natu-
ral diamonds were used without a beryllium backing plate;
this was suitable for both X-ray diffraction and Raman experi-
ments. A steel gasket with an initial thickness of 200 pm was
preindented to ~100 um. The hole was 280 pm in diameter.
The ruby fluorescence method was used for pressure calibra-
tion,**** with a precision of 0.05 GPa. An equivoluminar mix-
ture of pentane and iso-pentane was used as the pressure-
transmitting medium.

The data were collected (pressure range for GTa: 0.1-5.9
GPa, for GPh: 0.2-6.0 GPa) using an Oxford Diffraction Gem-
ini R Ultra X-ray diffractometer with a CCD area detector and
Mo Ko radiation. The following software packages were used:
CrysAlisPro*® (data collection, cell refinement and data reduc-
tion), SHELXS 97 (structure solution),*® SHELXL 2014,
X-STEP 32 (ref. 37) (structure refinement) and OLEX2 Version
1.2.7 (structure refinement).**The absorption of X-rays by the
diamonds was accounted for using ABSORB (Gaussian ab-
sorption correction).’® Reflections from the sample that
overlapped with those from the diamond and gasket were

This journal is © The Royal Society of Chemistry 2016
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excluded manually. Mercury® was used for the structure visu-
alisation and analysis.

The crystal structure of the GTa high-pressure phase was
solved by direct methods implemented in SIR2014 (ref. 47)
software. All atoms in the structure of GTa in the DAC experi-
ments were refined isotropically since not enough reflections
were obtained from the dataset for adequate anisotropic re-
finement. The hydrogen atom parameters for all DAC experi-
ments were constrained and refined using a riding model
(AFIX 33 with Ujso(H) = 1.2U(N) and NH distances equal to
0.890 A for NH; groups; AFIX 83 with Ujso(H) = 1.2U.4(O) and
OH distances equal to 0.820 A for O-H groups, AFIX 13 with
Uiso(H) = 1.2U.4(C) and CH distances equal to 0.980 A for CH
groups, AFIX 23 with Ujs,(H) = 1.2Ueq(C) and CH distances
equal to 0.970 A for CH, groups, AFIX 43 with Ui(H) =
1.2U4(C) and CH distances equal to 0.930 A for aromatic CH
groups). All structures were deposited with the Cambridge
Crystallographic Data Centre (CCDC numbers 1451443-
1451454 and 1450716-1450717 for GTa and GPh, respectively)
and are available at http://www.ccdc.cam.ac.uk/.

Raman spectroscopy

Raman experiments were performed in parallel with X-ray dif-
fraction to obtain additional information on high-pressure
structural transformations. For each pressure point, Raman
spectra were recorded immediately after collection of X-ray
diffraction data. Single-crystal Raman spectra were collected
using a LabRAM Horiba single spectrometer with a CCD Sym-
phony (Jobin Yvon) detector. The 488 nm line of an Ar' laser
with a beam size of 1 mm and 8 mW power was used for
spectral excitation. The spectra at all pressures were mea-
sured in 180° backscattering collection geometry using a Ra-
man microscope. While the spectral resolution was 2 cm™,
the observed broadening was significantly higher due to an
increase in anharmonicity with increasing pressure.

Optical microscopy

Microphotography was performed using a Nikon AZ100 opti-
cal microscope and the above-mentioned Raman microscope.

Results and discussion

The parameters characterising the data collection and refine-
ment, as well as the crystal data at different temperatures
and pressures are summarised in Tables ST1-ST8 in the ESL}
In contrast with GGa, GTa and GPh were stable on cooling
from 300 K to 100 K, during which monotonic changes to the
volume and cell parameters were observed. There was no evi-
dence of phase transitions over this temperature range (Fig.
S3 and S4 in the ESIf). The volume decrease from 293 K to
100 K was slightly higher for GPh (2.6%) compared with that
for GTa (2.2%). For comparison, a low-temperature reversible
first-order phase transition, which was previously observed in
GGa between 225 and 200 K, was associated with a volume
change of approximately 1% compared to the volume at 300
K. Most probably, the conformational flexibility of glutaric
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acid is a reason for the phase transition in GGa at low tem-
perature. In the case of GTa, a skeleton of pr-tartaric acid is
stabilised due to hydrogen bonds between hydroxyl groups,
whereas in the structure of GPh there are also multiple inter-
actions between the aromatic rings of the phthalic acids and
glycine layers that allow more compression compared with
GGa.

Judging from the almost equal values of the two C-O dis-
tances in the carboxylic group of glycine, the group remained
non-protonated, Z.e. no proton migration from the co-former
- a carboxylic acid - to glycine occurred on cooling over the
whole studied temperature range. The main structural
changes were related to compression or extension of hydro-
gen bonds. The data on the geometries of the hydrogen
bonds are summarised in Tables ST5-ST8 in the ESL} Most
of the hydrogen bonds in GTa and GPh shorten on cooling,
whereas only one of them (03-H3---02 [x - 1, y, 2] in GTa) ex-
tends slightly (by 0.4%, Fig. S5 and S6 in the ESI{). Interest-
ingly, the 03-H3---0O2 [x - 1, y, z] hydrogen bond is one of
the shortest (and, supposedly, the strongest) intermolecular
interactions in GTa (Fig. S5 and S6 in the ESI}). Evaluation of
all torsion angles in the structure of GTa reveals a maximal
change of about 2°, which could be sufficient to make the hy-
drogen bond longer. Alternatively, the bond extension can be
related to a slight change of the molecular coordinates
(shifting the molecule as a whole) with temperature, or to the
cooperative effect of the compression of other hydrogen
bonds in the 3D network, which accounts for the lowering of
the overall lattice energy. Analysis of the linear strain in the
two glycine co-crystals on cooling shows two different types
of behavior of GTa and GPh crystal structures: GTa has one
preferential direction of compression, whereas the compres-
sion of GPh along two principal axes is approximately equiva-
lent. The maximum compression in the GTa structure is
close to the direction of the mixed glycine-pi-tartaric acid hy-
drogen bonded chains. The maximum linear compression in
the GPh structure lies along the stacks of the phthalic acid
molecules, where weak hydrophobic interactions dominate.
Another direction of the significant compression in GPh lies
along the c-axis perpendicular to glycine layers and almost
parallel with respect to the plane to which the benzene rings
of phthalic acid are slightly inclined. The presence of non-
hydrogen bonded layers of phthalic acid results in the ap-
pearance of two almost equivalent directions of compression
(Fig. S7-S9 in the ESIY).

With increasing pressure, both GTa and GPh underwent
reversible first-order phase transitions accompanied by frac-
ture (Fig. 3). These transitions occurred at very low pressures
(about 0.5 GPa and 1 GPa, respectively). For GTa, changes in
the cell parameters and volume were tracked (Fig. 4), and the
structure of the high-pressure phase was solved. The change
from a monoclinic space group (P2,/c) to a triclinic one (P1)
was accompanied by the doubling of the number of formula
units per asymmetric unit cell (Z') (Fig. 5), similar to what
has been observed in the case of GGa (Fig. S10 in the ESIf}).
The increase in Z' in the denser phases formed on cooling or

CrystEngComm, 2016, 18, 5869-5875 | 5871
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0.1GPa —> 0.4GPa 0.5GPa —> 1.04GPa

a) b)

Fig. 3 Images of co-crystals in the DAC. (a) Fracture of the glycine-btL-
tartaric acid (GTa) co-crystals and (b) glycine-phthalic acid (GPh) co-
crystals across the high-pressure phase transition.
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at high pressures has been reported earlier also for single-
component molecular crystals,*® e.g. for chlorpropamide,**>°
although examples of the opposite are also known.>" Aniso-
tropy of the linear strain and the directions of the principal
axes of the strain ellipsoid for the GTa triclinic phase have
been calculated in the range from 0.4 to 5.91 GPa (Table S2
and Fig. S1la in the ESIt). The triclinic phase of GTa con-
tains two symmetrically independent dimeric chains of
pi-tartaric acid that are stabilised by O-H---O hydrogen
bonds between side OH-groups. An increase in the pressure
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causes the sliding of the tartaric acids relative to each other.
The distance between 013 and 016 [2 - x, 2 — y, 2 — 2] be-
comes shorter and at about 3 GPa reaches a value, which is
usually assumed to be the threshold distance, below which
an interaction can be classified as a hydrogen bond (about
2.8 A at 5.9 GPa).”*> Though the coordinates of the H-atoms
cannot be considered as reliable, based on the O-O distances
one can suppose that the O-H---O hydrogen bond becomes
three-centered (Fig. S12 in the ESIt). Similar changes in the
hydrogen bonds in the crystals of amino acids and their salts
have been reported earlier for pr-alaninium semi-oxalate
monohydrate,® i-serine,”® and bi-serine.”® Another major
structural change is associated with the coordination of one
of the glycine molecules: as pressure increases, the N11-O11
[2 - x, 1 -y, 2 - 2] distance shortens, which can be related to
the strengthening of the interaction between glycine and the
corresponding tartaric acid molecules (Fig. S13 in the ESIT).

This pressure-induced phase transition is similar to the
ones observed earlier in GGa, both on cooling® and with in-
creasing pressure (Fig. S10 in the ESI{).** As for the intrigu-
ing question regarding high-pressure proton transfer and an
associated co-crystal-salt transition, experimental limitations
did not offer sufficient precision to determine the proton po-
sitions within experimental error. That said, the pressure at
which such a transfer might be expected (based on data for
oxalic acid dihydrate) has not been reached, and future work
can address this question more deeply. An attempt to record
the Raman spectra of the single crystal in the DAC was not
successful, with the laser beam decomposing the crystal de-
spite the use of attenuating filters (Fig. S14 in the ESIY).
Thus, information regarding proton transfer at high pressure
was not obtainable.

The pressure-induced phase transition in GPh had an in-
duction period of a few hours, so that the low-pressure phase
could be maintained for a period of time at high pressure
(over-pressurised ambient-pressure phase of GPh), after
which the crystal was suddenly completely destroyed as a re-
sult of the phase transition into the high-pressure phase
(Fig. 3b). The fragmentation of GPh rendered the collection
of X-ray diffraction data suitable for structure solution impos-
sible. It also should be mentioned that the initial crystal of
GPh didn’t undergo destruction and phase transition at 0.19
and 0.50 GPa. At each of these two points, the total time dur-
ing which the crystal was kept at a constant pressure was
about 42 hours (spectroscopic and X-ray diffraction experi-
ments) and no phase transitions were detected. Tentative
conclusions on the structural changes across the phase tran-
sition were made based on the analysis of the original
ambient-pressure crystal structure (Fig. 2c) and on the Ra-
man spectra (which, in contrast to GPh, could be collected as
the crystals did not burn) (Fig. 6). The rationale for the de-
structive nature of the phase transition rests on a dramatic
change in the molecular packing. The change in the unit cell
parameters before phase transition shows that the maximum
compression occurs along the a- and c-axes (Fig. S11b in the
ESIT). In this case, one might suggest that a steric conflict

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Raman spectra of the two forms of a glycine-phthalic acid co-crystal (GPh) at different pressures; before and after the phase transition. Ma-
jor changes are shown by red arrows. v - Stretching vibrations, J - deformation vibrations.

arises on compression due to shortening of the distances ei-
ther between the aromatic rings of the phthalic acid and the
glycine layers (compression along c), or between the aromatic
rings (compression along a). One can suggest that these ste-
ric conflicts may result in shifts of the aromatic rings with re-
spect to each other, such that a double layer is substituted
for a single one. The Raman spectra changed across the
phase transition, both in the low frequency range and in the
range of vibrations of hydrogen bonded groups. The shift in
band frequencies corresponding to the O-H and N-H
stretching vibrations is not significant, supporting the idea
that changes in the strengths of the hydrogen bonds across
the phase transition are only minor (Fig. 6). This supports
the hypothesis that major structural changes are related to
stacking interactions of the aromatic rings, and not of the hy-
drogen bond network. The long induction period, the over-
pressurising of the low-pressure phase prior to the phase
transition and the spontaneous rapid propagation of the lat-
ter suggest a cooperative mechanism of the transformation,
with slow nucleation but rapid nuclei growth, similar to the
ones reported earlier for pressure-induced y — & glycine,”
-serine-I — r-serine-I,>® or P-alanine-Il — p-alanine-v®’
phase transitions at high pressure.

Conclusions

To date, all three known glycine-carboxylic acid co-crystals
have been investigated across a wide range of temperatures
(293-100 K) and pressures (0-6 GPa). All three structures un-
dergo phase transitions at relatively low pressures (below 1
GPa), but only the glycine-glutaric acid co-crystal shows a
phase transition on cooling.*® The data obtained for the gly-
cine-glutaric acid and glycine-pr-tartaric acid co-crystals sug-
gest that if a crystal structure includes both conformationally
flexible (carboxylic acid) and rigid (glycine) components,
linked in a 3D-network of hydrogen bonds, then the
pressure-induced phase transition is related to conforma-
tional changes of the flexible species. If the flexible fragment
is immobilised by intra- and intermolecular hydrogen bonds

This journal is © The Royal Society of Chemistry 2016

in the crystal structure (as in the dimer of tartaric acid), then
its conformation can be preserved in the course of the phase
transition. Additionally, slight changes in the position of the
entire species may also be involved in such transformations.
Overall, the corresponding rearrangement of the crystal struc-
ture is relatively small, and the crystals can withstand the ap-
plied mechanical stresses. In cases where the structure is
formed by two rigid species (e.g. in glycine-phthalic acid co-
crystals), with a robust 3D network of hydrogen bonds,
changes in the crystal structure may be significantly larger
and the crystal is destroyed. Similar effects have been
reported for bis-glycinium oxalate.>®* *°
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