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We compare the response of the crystalline pL-cysteine to cooling and to increasing pressure. The
structure undergoes a low-temperature phase transition into an isosymmetric polymorph, bL-cysteine-
I1, with the conformation of zwitterion changing from gauche— to gauche+. The first pressure-induced

transition at 0.1 GPa (the lowest pressure reported for a phase transition in a crystalline amino acid
thus far) gives the same polymorph. Further compression of bL-cysteine-II proceeds differently on
cooling and with increasing hydrostatic pressure. bL-cysteine-II is preserved down to 3 K, but
undergoes phase transitions on compression at about 1.55 GPa, and 6.20 GPa. The changes in the
hydrogen bond network preceding the phase transition in pL-cysteine-1I in the range 0.25-0.85 GPa
differ from those observed on cooling the same structure, but resemble those preceding pressure-

induced phase transitions in - and y-glycine.

Introduction
Importance of the problem

Variations in temperature and pressure are the two efficient tools
in “crystal engineering”, which are used for producing new
polymorphs of compounds. Both temperature and pressure are
scalars, and according to Neumann’s principle the symmetry of
the crystal structure response to changing temperature, or to
hydrostatic compression, should depend solely on the symmetry
of the crystal structure.’* This does not necessarily mean that the
anisotropy of structural strain on cooling and on hydrostatic
compression must be similar, since there are many different ways
to compress a low-symmetry structure not violating the Neu-
mann’s principle. For example, in a monoclinic structure, the
only restriction imposed by the symmetry is that one of the
principal axes of strain ellipsoid must coincide with the direction
of the two-fold axis or be normal to the only mirror or glide
plane.™? At the same time, the structure may be the most
compressible, or the most robust in this direction. There is even
more “freedom” in all the other directions: any orientations of
the remaining two principal axes of the strain ellipsoid are
allowed, provided they remain orthogonal to each other and to
the first principal axis.

The anisotropy of strain of a crystal is a structure-sensitive
property. In the case of molecular crystals it is determined by the
conformational flexibility of molecules and the interplay between
the different types of multiple intermolecular interactions, some
of which are specific and directional, whereas the other not. The
studies of the anisotropy of strain can, therefore, serve as a tool
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of understanding the intermolecular interactions and structure-
properties relations in molecular crystals.’*

For cubic crystals the compression either on cooling, or at
hydrostatic pressure is isotropic and can be characterized by
a single parameter. The relation between the coefficients of
thermal expansion and isothermal compressibility is given by
Griineisen equation.? For the crystals with lower symmetry,
however, the bulk compressibility is no longer sufficient to
characterize the structure compression. The bulk compression
can be negligible, but at the cost of a considerable linear structure
expansion in some directions, and structure compression in the
other. The two crystal structures may have similar bulk
compressibility but differ in the strain anisotropy. Numerous
examples have been reviewed in ref. 3-5, 7.

The phases, which grow from the liquid phase (or crys-
tallize from solution) on cooling or at high hydrostatic
pressure are also often different (see ref. 8 for a recent review
and numerous references therein). Understanding the reasons,
why low-temperature and high-pressure phases are not the
same, provides additional insight into the factors determining
the crystal structures in general. The same holds for the
phases formed as a result of solid-state low-temperature/high-
pressure phase transitions from the same starting crystalline
form.

The choice of the system

The effect of low temperatures/high pressures on the crystalline
amino acids attracts a special interest since about a decade, and
an overview of results achieved in this field has been given
recently by several authors.®® Various aspects of this research
are related to comparing (i) the anisotropy of strain on cooling
with that on hydrostatic compression and (ii) the stability of the
same structure with respect to phase transitions on cooling and
on hydrostatic compression.

The r-amino acids are studied much more extensively than
their racemic DL-counterparts. L-/DL-serine seem to be the only
exception. For this couple the anisotropy of strain and the phase
transitions have been studied on cooling and with increasing
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pressure. Whereas two phase transitions on increasing pressure'*'®

and a continuous phase transition on cooling'** were reported for
L-serine, the DL-serine was shown to be stable with respect to phase
transitions on variations of temperature and pressure.’®?! The
polymorphism of L-serine is related to the change in the intermo-
lecular hydrogen bonding of the -CH,OH side chains—they can
form O-H:---O bonds either to the -CH,OH groups, or to the
carboxylate -COO~ groups of the neighbouring molecules in the
structure. Cysteine can be considered as a structural analogue of
serine, in which the oxygen atom in the side chain is substituted for
the sulfur atom (—-CH,SH replaces the -CH,OH side chain
groups). This substitution results in a considerable change in the
dynamics of the side chain. The intermolecular hydrogen bonds S—
H---O and S-H---S are much weaker than the O-H---O bonds. As
a consequence, the side chains in the crystals of cysteine are much
more labile than those in the crystals of serine, and this has an
effect on the stability of structures with respect to variations in
temperature and pressure: the phase transitions are more
numerous and the local energy minima are less pronounced. The
monoclinic and the orthorhombic polymorphs of L-cysteine both
undergo a sequence of phase transitions with increasing pres-
sure.??* Interestingly enough, although the monoclinic poly-
morph transforms into the orthorhombic form on grinding, the
hydrostatic pressure does not induce any transformations between
the monoclinic and the orthorhombic polymorphs, but each
polymorph undergoes its own sequence of phase transitions at
different pressures into different polymorphs. At the same time,
the orthorhombic and to even a larger extent, the monoclinic
polymorphs of L-cysteine are quite stable with respect to the phase
transitions on cooling. An extended phase transition related to the
partial re-orientation of the side -CH,SH chains in favour of the
S—H---S hydrogen bonds at low temperatures has been reported
for the orthorhombic polymorph of L-cysteine,>*?” and a very
subtle dynamic change on cooling has been observed in the
monoclinic polymorph of L-cysteine.?® None of the several high-
pressure phases of L-cysteine coincides with the low-temperature
states of either orthorhombic, or monoclinic L-cysteine.

In contrast to L-/DL-serine, not only the two polymorphs of L-
cysteine, but also the pL-cysteine undergoes phase transitions on
cooling®® and with increasing pressure.>® The Raman spectros-
copy study?® has suggested that the structure of the first high-
pressure polymorph of pL-cysteine formed at about 0.1 GPa is
similar (if not identical) to the low-temperature polymorph pL-
cysteine-II.?* The aim of the present work was to test this
hypothesis by the X-ray diffraction, ie. to compare the low-
temperature and the high-pressure polymorphs of DL-cysteine.
We aimed to understand, what makes the structure of DL-
cysteine-I unstable with respect to variations in temperature/
pressure, and for this purpose have compared in details the
molecular conformations, H-bonds and molecular packing in pL-
cysteine-I and br-cysteine-Il. We have also compared the
response of the structure of pL-cysteine-1I to further compression
either on cooling or on increasing pressure.

Experimental

The powder sample of DL-cysteine was obtained from Fluka
(assay 99.5%) and finely ground by hand in a mortar with a pistil.

High-resolution X-ray powder diffraction experiments at high
pressures were carried out at BM1A at the Swiss-Norwegian
Beamline (ESRF) in Grenoble using a synchrotron radiation
source (A = 0.70007 A, a MAR345 2D-image plate detector,
collimator width and height 0.1 mm). The frames were measured
at pressure range from ambient to 7.90 GPa with exposing time
of 1800 s on compression and on subsequent decompression. The
distance between the sample and the detector (about 350 mm)
and the beam center position were refined using a Si standard in
a special calibration experiment. Hydrostatic pressure was
created in a Boehler-Almax type diamond anvil cell equipped
with 600 pm diamond culets, and a stainless steel gasket (starting
thickness of 0.190 mm), pre-indented to 0.098 mm with a drilled
hole diameter of 0.250 mm. A mixture of the absolute ethanol
and methanol (1 :4 volume ratio) was used as a hydrostatic
pressure fluid. Pressure was estimated from the shift in the R;-
band of a ruby calibrant (£0.05 GPa).?** The sample and a ruby
ball in the DAC were arranged with respect to the beam very
carefully, so that no reflections from the steel gasket or the ruby
could be observed in the measured diffraction patterns. For more
reliability of phase transitions registration, Raman spectra at
each pressure were recorded before and after the X-ray diffrac-
tion data collection using a Renishaw Raman spectrometer
equipped with a doubled frequency type laser with wave length of
532 nm.

Fit2D program?®' was used for processing diffraction data
measured with the synchrotron source (calibration, masking,
integration). The unit cell dimensions were determined with the
indexing program DICVOL04*? and Win XPOW software*
using the first 20 peak positions. A preliminary structure solution
was obtained using simulated annealing technique in DASH
software;* a starting model of the cysteine zwitterion (intra-
molecular bond lengths, angles, and torsion angles) was based on
the data obtained by single-crystal diffraction analysis of the
low-temperature phase at 200 K. GSAS software® with a shell of
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Fig. 1 Rietveld plots showing the observed and calculated profiles as
well as their difference for prL-cysteine at 0.25 (a) and 0.85 GPa (b).
Observed profiles are represented as crosses.
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Table 1 Unit cell parameters, volume, X-ray density and selected
torsion angles for prL-cysteine-II at 200 K* and pr-cysteine at 0.25 and
0.85 GPa

DL-cysteine IT DL-Cysteine DL-Cysteine

Parameter at 200 K at 0.25 GPa at 0.85 GPa
alA 9.690(3) 9.712(5) 9.6352(4)
bIA 4.9736(11) 4.976(2) 4.9435(2)
A 13.124(4) 13.107(6) 12.8853(5)
Bl°. 121.75(2) 121.85(2) 121.808(2)
VIA3 537.9(3) 538.0(4) 521.57(4)
Deyied/g cm™ 1.496 1.496 1.543
NCCS 74.7(4) 80.3(5) 77.2(5)
CCCS —49.9(4) —44.5(5) —46.6(5)

the EXPGUI®® was used for further Rietveld refinement. Bond
lengths and angles were constrained using data from the struc-
ture model at 200 K and ambient pressure. An r.m.s. deviation
for bond lengths and angles was estimated as 0.01 A and 0.5°,
correspondingly with a common isotropic displacement param-
eter Ui, equal to 0.025 A2 for non-hydrogen atoms and 0.03 A2
for hydrogen atoms. Typical Rietveld plots demonstrating the
observed, calculated and difference profiles for pL-cysteine-II at
0.25 and 0.85 GPa are shown in Fig. 1. Parameters characterizing
the quality of structure refinement are summarized in the ESI,
Table S1.7

Mercury,*” CrystalExplorer®®* and PLATON* were used for
visualization and analysis of the crystal structures.

Results and discussion
DL-cysteine-1

At ambient conditions DL-cysteine (DL-cysteine-I) crystallizes in
a monoclinic space symmetry group P2;/a with one molecule in
the asymmetric unit. The side chain -CH,SH in cysteine is very
labile, and as a result the cysteine can adopt multiple confor-
mations, which are usually characterized by the value of the
torsion angle NCCS: if this value is equal to ca. +60°, the
conformation is termed gauche+, and if it is ca. —60°, then it is
termed gauche—. The two conformations (gauche— or gauche+)
are typical for the crystals of pure cysteine and its salts.*'=*> In the
orthorhombic polymorph of L-cysteine*”*¢*” cysteine has gau-
che+ conformation with the value of the torsion NCCS angle
equal to 65.32(15)°; in the monoclinic polymorph**#® one mole-
cule in the asymmetric unit has gauche+ conformation (the value
of the NCCS torsion angle is equal to 74.39(10)°), and another—
trans conformation, with the NCCS torsion angle equal to
170.15(7)° i. The gauche— conformation of cysteine (with the
NCCS torsion angle equal to —61.5(3)°) in the crystal of pL-
cysteine-1*>*° differs radically from that in the two polymorphs of
L-cysteine. In - and DL-cysteinium oxalates, the orientation of
—CH,SH group is opposite to that in the crystals of the corre-
sponding pure L- and DL-cysteine, gauche— and gauche+,
respectively.*445

The - and pL-cysteine crystal structures do not follow the
Wallach’s rule:® the crystal structures of both the monoclinic

1 The monoclinic polymorph of L-cysteine is up to now the only cysteine
containing structure, in which the frans-conformation has been observed.

and the orthorhombic polymorphs of L-cysteine are denser than
that of pr-cysteine (1.501, 1500 and 1.440 g cm™3, respectively).
Three different types of the N-H---O hydrogen bonds between

1T

a

Fig.2 The fragments of the crystal structure of DL-cysteine-I at ambient
temperature and pressure [(a) parallel to ab plane, (b) parallel to bc plane,
and (c) parallel to ac plane] with principal axes of linear strain ellipsoid on
cooling from 300 K down to 200 K. The 37 axis (linear strain —0.33(1)%)
coincides with the crystallographic axis b, the other two (17 and 27) axes
are normal to 37. The 27 axis (linear strain —0.32(1)%) forms angles of
77(5)° and 35(5)° with a and ¢, respectively; the 17 axis (linear strain
—0.19(1)%) forms angles of 13(4)° and 125(4)° with a and ¢, respectively.
Hydrogen bonds are shown as dashed lines.
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the amino and the carboxylate groups link cysteine zwitterions in
the crystal structure of pL-cysteine-I into layers, whereas the
weaker S-H---S hydrogen bonds between the thiol groups
connect the layers into a three-dimensional network (Fig. 2).
Each N-H---O hydrogen bond gives rise to an infinite head-to-
tail chain C}(5). The hydrogen bonds N-H4:--O2 link the zwit-
terions of the same chirality, whereas the hydrogen bonds
N-H5---Ol and N-H6---Ol—the zwitterions of different
chirality (r-isomers and bp-isomers). The hydrogen bonds
between the thiol groups also form infinite S-H---S-H---S
chains. Within a layer, the cycles R¥(14) are formed by the N—
HS5---O1 and N-H6---O1 hydrogen bonds. The S---S distances in
the S-H---S hydrogen bonds in the crystal structure of pL-
cysteine-I are somewhat longer (3.8582(16) A), than those in the
orthorhombic L-cysteine (3.8494(8) A),” but are much shorter
than in the monoclinic L-cysteine (4.080(1) A), which also has
a layered structure.*® The distance between the proton donor and
acceptor in a hydrogen bond can be used for preliminary esti-
mates of its strength, but only vibrational spectra (in particular,
the wavenumbers of the stretching vibrations of the selected
molecular groups) can provide information on the interaction
energy of this fragment with its crystalline environment. The
spectroscopic techniques are especially important, when a group
forms many relatively weak contacts with several neighbours, as
is the case in the crystal structures of cysteine and its salts. The
stretching vibrations of the thiol group are in the 25002600 cm ™'
range of the spectra and do not overlap with other bands, what
makes their measurement very reliable. The wavenumbers of the
stretching vibrations of the thiol groups involved in the forma-
tion of the S-H---S bonds in the pL-cysteine-I, orthorhombic
and monoclinic L-cysteine are, respectively, 2569, 2544 and
2575 cm™!, and these values suggest that the attractive interac-
tions of the -SH groups with the neighbours in DL-cysteine-1 are
weaker than in the orthorhombic L-cysteine, but stronger than
those in the monoclinic L-cysteine.

Structure response to cooling, the low-temperature phase pL-
cysteine-I1

The crystal structures of the monoclinic and the orthorhombic
polymorphs of L-cysteine are stable with respect to cooling, and
do not change their space-group symmetry, however some
anomalies related to the changes in the dynamic properties have
been observed. An extended phase transition at about 70 K
manifested itself as a broad peak at the Cp(7) curve.?® Single-
crystal X-ray diffraction®® and polarized Raman spectroscopy®’
showed that this phase transition is related to the ordering of the
thiol groups in the crystal structure: at ambient temperature they
are disordered, forming, alternatively, the S—-H:--O bonds with
the neighbouring carboxylate groups, and the S-H---S bonds
with the neighbouring thiol groups, whereas at 70 K the S-H---S
hydrogen bonds dominate. The volume of the unit cell decreases
at ~1.87% on cooling from ambient temperature down to 30 K,
and the wavenumber of the SHg, vibrations decreases at
N31 Cm—1.25,27

The changes in the dynamic properties have been observed in
the monoclinic polymorph of rL-cysteine at about 150 K by
inelastic neutron scattering. Some anomalies in the changes in
the cell parameters not accompanied by a change in the space-

group symmetry, or a discontinuity in the volume change have
been registered in the temperature range 300-100 K. No thermal
effects could be observed in this range by DSC measurements.?
The volume change on cooling is larger for the monoclinic L-
cysteine polymorph, than for the orthorhombic one, and is equal
to 2.14%.

The response of the pL-cysteine to cooling is very different
from that of the polymorphs of L-cysteine. It undergoes
a pronounced first-order phase transition, with a discontinuity in
the volume change, the fragmentation of the crystals, and a very
large (over 100 K) hysteresis,? which depends on the cooling-
heating rate® and the size of particles in the sample.’>53

On cooling down from ambient temperature to the phase
transition point, the crystal structure is compressed anisotropi-
cally, the directions of the maximum compression (~0.32(1) %)
coinciding with the directions of the N-H4---O2 hydrogen bonds
and the S---S contacts (the interlayer compression), and with the
crystallographic axis b (Fig. 2). The minimum compression
(0.19(1) %) is observed along the head-to-tail chains (crystallo-
graphic direction a). The volume decrease is ~0.84(2) %. The
distance S---S in a S—H---S hydrogen bond shortens at 0.9% and
becomes equal to 3.8254(14) A at 225 K.

On further cooling, a phase transition takes place, during
which the space group symmetry is preserved, and the structure
remains layered, but the unit cell volume decreases discontinu-
ously at ~3% and the zwitterion conformation changes radically
from gauche— to gauche+, twirling the side chain -CH,SH at
almost 130° around the C*-CP bond. Interestingly, despite
a decrease in the volume, the D---A distances in the N-H5---O1
and N-H6---O1 hydrogen bonds increase on cooling (2.803(3)
and 2.819(3) A at 225 K, 2.878(5) and 2.833(5) A at 200 K,
respectively), and those in the N-H4---O2 bonds do not change
(2.777(5) at 225 and 200 K). However, the contacts of the
—CH,SH group change noticeably as the conformation of the
zwitterion changes. Thus, after the phase transition the thiol
group forms S-H---O hydrogen bonds with the carboxylate
group of a neighbouring zwitterion, the distance S---O being
equal to 3.581(3) A. The S---S distance between the two —SH
groups increases up to 3.930(2) A at 200 K.

The conformations of zwitterions and the Hirshfeld surfaces
immediately before and after the phase transition from bL-
cysteine-I to pL-cysteine-II are plotted in Fig. 3. The corre-
sponding Hirshfeld surface fingerprints plots are shown in Fig. 4.
The number of the H-H contacts decreases from 46.0% at 225 K
to 28.4% at 200 K, the relative number of the O-H contacts
remains practically constant (~47%), and the number of the S—-H
interactions increases from 14.5% to 21.8%. The short S-H
contacts, which were related to the presence of the S-H---S
hydrogen bonds in pL-cysteine-I disappear in the low-tempera-
ture polymorph DL-cysteine-1I, and at the same time the number
of medium-length contacts, which correspond to the interactions
of the thiol group with the CH,- groups, increases. As the
orientation of the cysteine side chain changes in the course of
the prL-cysteine-I — DL-cysteine-11 phase transition making the
cysteine packing denser, the energy loss due to breaking of the S—
H---S bonds is compensated by the formation of stronger S-H---
O bonds and multiple attractive C-H---S contacts. The phase
transition takes place long before the S---S distance ina S-H---S
hydrogen bond reaches its minimum possible value: much
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Fig. 3 Molecular conformation and Hirshfeld surfaces of pL-cysteine-I
at 225 K (a, b, ¢) and pr-cysteine-1I at 200 K (d, e, f). Each molecule is
shown with the Hirshfeld surface mapped with d, [b and e; for these series
mapped between 1.0 (red) and 2.0 A (blue)] and d,,orm [c and f; mapped
between —0.71 (red) and 1.1 A (blue)], where d, is the distance to the
nearest atom centre exterior to the surface and d,o.y, is the normalized
contact distance, which takes the van der Waals radii of the atoms into
account.

shorter (3.518(1) A) S---S contacts between the-SH groups have
been described, e.g. in the crystal structure of DL-cysteinium
oxalate.*®

The structural changes manifest themselves in the Raman
spectra (Fig. 5). The major changes are observed in the spectral
ranges of the vibrations of the thiol group: the stretching
CS-vibrations in the 600-700 cm~' range, the stretching SH-
vibrations in the 2500-2600 cm ™' range, the stretching CH- and
CH,— vibrations in the 2900-3000 cm~' range. Thus, as the S—
H:--S hydrogen bonds are substituted for the S-H:--O bonds, the
band observed in the spectra of prL-cysteine-I at 2569 cm™'
disappears, and the band at 2548 cm™' in the spectra of DL-
cysteine-II appears.

Structure response to hydrostatic pressure

DL-cysteine undergoes a phase transition at a very low pressure of
0.1 GPa. This seems to be up to now the lowest pressure, at which
a pressure-induced polymorphic transition has been observed in
a crystalline amino acid. A comparison of the Raman spectrum
of the high-pressure polymorph?* with that of the low-tempera-
ture polymorph pL-cysteine-I1?° has suggested that the two forms
must be very similar if not identical. The Raman spectra of pL-
cysteine at ambient conditions (DL-cysteine-I), and after the
phase transitions on cooling and on increasing pressure above 0.1
GPa are plotted at Fig. 5. The band at about ~2569 cm™' in the
Raman spectrum of bL-cysteine at 0.1 GPa can be assigned to the
stretching vibrations of the —-SH group of the non-transformed
phase of prL-cysteine-I remaining in the samples. The X-ray
powder diffraction patterns of the low-temperature phase DL-
cysteine-I and the first high-pressure phase are also similar
(Fig. 6). A few “extra” low-intensity reflections in the diffraction
pattern collected at 0.25 GPa are a consequence of the presence
in the sample of the remaining non-transformed phase of DL-
cysteine-I. The incompleteness of the pressure-induced phase
transition in the powder sample of pL-cysteine at 0.25 GPa is
a manifestation of a pronounced kinetic effect.

The structure solution and refinement based on the X-ray
powder diffraction patterns measured at 0.25 and 0.85 GPa has
given a structural model practically identical with that of the low-
temperature polymorph pL-cysteine-II (space group symmetry
P2,/a). The unit cell parameters, and the values of the torsion
angles in the low-temperature and the first high-pressure poly-
morphs are compared in Table 1§. Thus, Raman spectroscopy
and X-ray powder diffraction both show unambiguously that the
low-temperature polymorph, pL-cysteine-11, is the same phase as
the first high-pressure polymorph¥. It is worthy noting that the
unit cell at 200 K and at 0.25 GPa is the same.

What makes pDL-cysteine so unstable with respect to cooling and
compression?

The stability of the crystals of such amino acids, as glycine,
alanine, serine is determined by the properties of the N-H:--O
hydrogen bonds between the terminal amino and the carboxylate
groups linking zwitterions with each other, and, in the case of
serine,>* additionally by strong O-H:--O hydrogen bonds
involving the side chains. The crystal structures of these amino
acids are quite robust with respect to variations in temperature or
pressure: no discontinuous structural changes on cooling have
been observed in these systems, and, if a phase transition has
been observed with increasing pressure (B->5-7 and y-glycine,>*¢°
L-serine’'®), the new local minimum was deep enough, to enable
the existence of the new polymorph in a rather wide pressure
range.

§ The full sets of structural data are deposited as CIF in the CCDC.

€ When the manuscript was already under review, we have succeeded to
bring a single crystal of bDL-cysteine intact through this first
pressure-induced phase transition, and the correctness of structure
solution and refinement based on powder diffraction data has been
confirmed also based on single-crystal diffraction; this new material
will be discussed in details elsewhere
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the O-H contacts (b and ¢) and the S—H contacts (c and f) in coloured areas, but keeping the rest of the interactions present in the crystal structure in

grey.

The case of cysteine differs from the examples listed in the
previous paragraph. In contrast to the methyl group in L-alanine
or the H-atoms in the -CH,-group in glycine, the thiol side chain,
—CH,SH, in cysteine can form hydrogen bonds with the neigh-
bouring atoms (S or O) in the crystal structures, but these
hydrogen bonds are much weaker than the O-H---O in serine.

Therefore, the side chain is very labile and can form various
contacts; the multiple conformations of the zwitterion may
correspond to new shallow energetic minima, thus resulting in
numerous phase transitions, which can be continuous or
discontinuous. Since the S-H---O and S-H---S hydrogen bonds
are relatively weak, the numerous van der Waals interactions can
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Fig. 5 Raman spectra of pL-cysteine at ambient pressure and temperature (a), bL-cysteine at 200 K (b), and pir-cysteine at 0.1 GPa (c).
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Fig. 6 Powder patterns of DL-cysteine at ambient temperature and
pressure (a), at 200 K (b), and at 0.25 GPa (c).

be quite successful in competing with these hydrogen bonds for
a new, more efficient molecular packing. The response to varia-
tions in temperature or pressure is to a large extent driven by the
dynamics of the-CH,SH side chains, at least, when the strain is
not too large. If the rotation of the side chains preserves the main
structural framework held together by stronger N-H---O
hydrogen bonds and electrostatic interactions between the
zwitterions with their high dipole moments, no structural phase
transitions occur, or the transition is of the order-disorder type
and is extended in a wide range (this is the case for the low-
temperature phase transition in L-cysteine**??). In other cases,
breaking the S-H---S or S-H---O hydrogen bonds and rotation
of the side chains results in a structural reconstruction, which is
accompanied by crystal fragmentation. This is the case of the
low-temperature and the first high-pressure phase transitions in
DL-cysteine.

When the crystal structure of pL-cysteine-I is compressed
either by decreasing temperature, or by increasing pressure,
a relatively small change in the volume (a few %) is sufficient to
break the weak S-H---S hydrogen bonds not because the
distances between H and S atoms in these bonds (or any other
intermolecular contacts) have reached the minimum possible
values, so that further shortening of these contacts would result
in repulsion, but because the —-SH group comes close enough to
other neighbouring atoms, and the attractive interactions with
these neighbours compete with the S—H---S hydrogen bonds and
account for a rotation of the side chain. The new conformation,
which is observed in the phase of DL-cysteine-11, enables a denser
packing, and corresponds to a new minimum in the free energy,
but the intermolecular interactions in this new form remain
rather weak, the minimum must be shallow, and one can expect
that the form should not be stable on further compression.
Moreover, one can expect that for a larger strain (which can be
achieved at higher pressures) the structural changes in DL-
cysteine will be more related to the compression of the N-H---O
hydrogen bonds between the terminal groups, than to any
further changes in the side chain —SH contacts, which have been
already more or less optimized as a result of the first high-pres-
sure phase transition at 0.25 GPa.

This is indeed confirmed by the experimental data. When the
structure of bDL-cysteine-II is cooled further down, or

hydrostatically compressed to higher pressures, the main
tendency in both cases is to decrease the distance between the
layers in the structure (Fig. 7). At the same time, a more detailed
analysis reveals a difference in the strain anisotropy on cooling
and on hydrostatic compression. On cooling of pL-cysteine-11
from 200 to 100 K the direction of major compression is along
the crystallographic axis ¢; a twice smaller compression is
observed along the crystallographic axis . The linear strain
along the third principal axis is almost negligible —0.05(4) %.
When pressure is increased up to 0.85 GPa, the major
compression (principal axis 3) is close to the crystallographic axis
¢ (axis 3 forms about 14 degrees with c¢); linear strain along the
two other principal axes is practically the same and is about 2.5
times less, than along the axis of the major compression.

The total volume decrease on cooling pL-cysteine-11 from 200
K to 100 K is 0.72(5)%, and the maximum linear strain is
—0.45(3)%. Unfortunately, we could not follow the structural
changes at the temperatures below 100 K by X-ray diffraction
techniques||, but a Raman spectroscopy study has shown that the
pL-cysteine-II polymorph is preserved down to 3 K. Even at this
extremely low temperature the relative volume change, if the
V(T) based on the measured data is extrapolated (Fig. 8), would
be about —1.3% only). This is much less than the strain achieved
on hydrostatic compression: the change in the pressure from 0.25
to 0.85 GPa results in the total volume decrease of about
3.09(1)%, the maximum linear strain (along axis 3) is 1.75(1)%.
The much larger strain on hydrostatic compression as compared
to that on cooling** is related to a noticeably different distortion
of the hydrogen bonds networkf.

The main difference in the strain induced in pL-cysteine-11 on
cooling® and with increasing pressure is related to the changes in
the D---A distances in the D-H---A hydrogen bonds in pL-
cysteine-11. Thus, on cooling from 200 to 100 K, the decrease in
the N---O distances in the three types of the N-H---O hydrogen
bonds does not exceed 0.010(5) A, the S---O distance continues to
decrease (from 3.581(3) to 3.555(3) A), and the S---S—to increase
(from 3.942(3) to 3.967(3) /D%). The effect of the increasing pres-
sure up to 0.85 GPa on the N-H:--O and S-H---O hydrogen
bonds is different. The S---O distance in the hydrogen bond S—
H---O slowly increases from 3.57(1) to 3.60(1) A, whereas the S+
S distance shortens from 3.843(8) to 3.811(8) A. The N-H---O
hydrogen bonds, in which atom O1 acts as an acceptor, i.e. N—
H5---O1 and N-H6---O1 shorten (the N---O distance decreases
from 2.99(1) and 2.83(1) A at 0.25 GPa to 2.91(1) and 2.75(1) A
at 0.85 GPa, respectively). At the same time, the N-H4---O2
hydrogen bond expands (the N---O distance increases from
2.673(8) to 2.741(8) A), whereas the N---O distance in the

|| A single crystal is no longer preserved after the transition into the
pL-cysteine-II polymorph, and we have no technical facilities to
measure powder diffraction patterns at temperatures below 100 K.

** In order to achieve the volume decrease equivalent to that at 0.85 GPa,
one would need to cool the sample down to about —600 K, if the same
V(T)IV(P) curves were followed (Fig. 8).

11 The similarity of the structures of the low-temperature and the first
high-pressure phases of DL-cysteine, DL-cysteine-1I can be explained by
a relatively small volume decrease, which is sufficient to trigger the
phase transitions. At the same time, examples are known, when the
anisotropy of strain was very different, even though the volume change
on cooling and on hydrostatic compression was small and practically
the same.*"*?
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a 2P

Fig. 7 The fragments of the crystal structure of pL-cysteine-II at 200 K
[(a) parallel to ab plane, (b) parallel to bc plane, and (c) parallel to the ac
plane] with principal axes of linear strain ellipsoid on cooling from 200 to
100 K (pink line) and on increasing pressure from 0.25 to 0.85 GPa
(brown lines). The axes 1P (linear strain —0.65(1)%), and 27 (linear strain
—0.22(2)%) coincide with the crystallographic axis b; the most
compressible direction on cooling, 37 (linear strain —0.45(3)%), coincides
with axis ¢; the 17 axis (linear strain —0.05(4)%) forms angles of 23(3) and
98(3)° with a and ¢, respectively; the 2P axis (linear strain —0.69(1)%)
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Fig. 8 Relative decrease of the volume of DL-cysteine on cooling and on
increasing pressure. The green dashed line at 3 K corresponds to the
lowest temperature of the Raman study,? blue circles show the values of
the volume at 0.25 and 0.85 GPa. Extrapolated red line shows, at which
hypothetical temperature the volume change on increasing pressure
would be equal to that on cooling.

N-HS5---O2 contact decreases from 3.19(1) to 3.13(1) A, so that it
approaches the limits which would be considered as a “hydrogen
bond”. One can consider this process, as if a bifurcation
hydrogen bond were formed instead of a single shorter bond. A
similar process has been observed previously in the B- and
v-polymorph of glycine, in which a phase-transition into a high-
pressure B’- and d-polymorph occurred at the pressure, when
a single hydrogen bond was substituted for a bifurcation one.!
In r-serine such a bifurcated bond is already present even at
ambient conditions and nevertheless there are two phase transi-
tions at about 5 and 8 GPa'*"® and a dynamic phase transition
on cooling at 140 K.*® But in the case of L-serine phase transitions
are related mainly to the re-orientation of the side chain
—CH,O0H, changing its hydrogen bonding to the neighbouring
groups. On the other hand, for pL-serine,'>*! and L-alanine,*® in
which neither the bifurcated bonds N-H---O in the head-to-tail
chains can be formed on compression, nor the side chain can
change noticeably its orientation, the crystal structures do not
undergo phase transitions. At the same time, a proton shift from
the carboxylic group to the amino group along N-H:--O
hydrogen bond in r-alanine plays an important role in the
changes in the dynamic properties of this structure with pres-
sure.®* As was discussed in ref. 11, continuous changes in the
hydrogen bond geometry preceding a pressure-induced phase
transition may be important, to understand its mechanism. In
particular, the formation of a bifurcated N-H:--O hydrogen
bond in a head-to-tail chain of amino acids zwitterions can be
important for the subsequent structural rearrangement. If this is
true, the N-H---O hydrogen bonds in the zwitterionic chains of
DL-cysteine crystal structure should become completely bifur-
cated (Fig. 9) at pressures above 1.55 GPa, when the second
phase transition occurs.

forms angles of 18(1) and 104(1)° with a and c; the 3P axis (linear strain
—1.75(1)%) forms angles of 108(1) and 14(1)° with a and ¢, respectively.
Hydrogen bonds are shown as dashed lines.

2558 | CrystEngComm, 2010, 12, 2551-2560

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/C003617J

Downloaded on 08 November 2010
Published on 24 May 2010 on http://pubs.rsc.org | doi:10.1039/C003617J

sl udhow 4.00
£

® 3.05
2
Q
k=

- NJJJUM

Y A _.‘H.."'_il.lll_n |l' _|r|'_ Jltlhl.-.'all-_“Il\__Jlu'-._._..-.'U"“J.J\..-"..-g.;gg_

[ | I.._ h ] -.'I'u}\' | _.-Ihl L _|I'. o J\-,u,u,qzs

0 GPa

I L I L I L] 1 * 1
4 8 12 16 20
20angle, °

Fig. 9 Powder X-ray diffraction patterns of DL-cysteine on increasing
pressure up to 7.90 GPa.

The diffraction pattern of the new phase formed at 1.55 GPa
differs noticeably from that of prL-cysteine-1I in all the 26 range.
The structure of this new phase is preserved in a relatively large
pressure range, until 6.20 GPa (Fig. 9). Some minor structural
changes can be observed at about 6.20 GPa (e.g. in the 20 ~ 12—
13° range), suggesting that one more phase transition occurs, and
this is supported by the Raman spectroscopy: the modes corre-
sponding to the stretching vibrations of the groups in the side
chain (CSy,, CCq, SHyr and CHyy,) split.?® All these changes are
reversible on decompression and have practically no hysteresis.
Unfortunately, final structural models of these phases are not
available yet: a single crystal is destroyed during the second
phase transition, and structure solution and refinement from
powder data requires some additional work.

Interestingly enough, although the crystal structure of
a structural analog of DL-cysteine, DL-serine, is also layered, it
doesn’t undergo any phase transitions on cooling or increasing
pressure. This fact can be explained by strong hydrogen bonding
between terminal hydroxyl and carboxylate groups, which
cannot switch to another group, like in L-serine (O-H---
O(hydroxyl) hydrogen bonds are substituted for stronger O-H---
O(carboxylate) hydrogen bonds).***® As in DL-cysteine, the most
compressible direction in DL-serine corresponds to shortening the
distance between the layers. However, when an amino group
approaches a neighbouring carboxylate group, this does not lead
to the formation of a bifurcated N-H---O bond.***! The crystal
structure of DL-serine can be thus compressed continuously,
without a structural phase transition. The decrease in the volume

of pL-serine is much larger, than in pL-cysteine: for the pressure
change from ambient to 0.63 GPa it is ca. —4.0%, and for the
pressure increasing up to 8.6 GPa about —20%.%!

Conclusions

DL-cysteine provides an example of a crystal, in which the
structural response to compression is determined by the
dynamics and the interactions of the side -CH,SH groups, while
strain is relatively small (cooling, increasing pressure up to 0.25
GPa), and by the properties of stronger N-H---O hydrogen
bonds, when the volume decrease is considerably larger (at 0.85
GPa and higher). The low-temperature and the first high-pres-
sure phase transitions in DL-cysteine-I give the same phase (DL-
cysteine-1I), and occur not when some of the contacts become
too short, and the corresponding atoms/groups start repulsing,
but when multiple van der Waals interactions and S-H:--O
hydrogen bonds start competing successfully with the S-H---S
hydrogen bonds, as the cysteine-groups from the neighbouring
layers approach each other sufficiently. While the strain values
remain comparable, the structural response to variations to
temperature and pressure is similar. As the strain induced by
pressure reaches the values, which cannot be achieved by cooling
even down to 3 K, the response of the structure becomes similar
to that previously observed in the crystals of other amino acids,
such as B- and y-glycine.

Acknowledgements

The diffraction experiment was carried out at the Swiss-
Norwegian Beamline at the ESRF (Grenoble), and the assistance
of the SNBL team is gratefully acknowledged. The authors
acknowledge financial support from RFBR (grants No. 08-03-
00143 and 09-03-00451), the Programs of the Presidium of RAS
(project 27.44), of the Department of Chemistry and Materials
Sciences of RAS (project 5.6.4.), of the Integration Projects 13
and 109 of the SB RAS, a BRHE grant from the CRDF and the
Russian Ministry of Science and Education, and a FASI
Contract no. 02.740.11.5102. RQC is supported by an EPSRC
Research Fellowship (EP/D0735X) to Paul F. McMillan at
UCL.

References

1 J. F. Nye, in Physical Properties of Crystals: Their Representation by
Tensors and Matrices, Oxford Science Publications, 1st edn, 1957,
reprinted with corrections many times after that.

2 International Tables for Crystallography, 1st edn, 2003, vol. D.
Physical Properties of Crystals, p. 522.

3 E. V. Boldyreva, J. Mol. Struct., 2003, 647(1-3), 159-179.

4 E. V. Boldyreva, Cryst. Eng., 2003, 6(4), 235-254.

5 E. V. Boldyreva, T. N. Drebushchak, T. P. Shakhtshneider, H. Sowa,
H. Ahsbahs, S. V. Goryainov, S. N. Ivashevskaya, E. N. Kolesnik,
V. A. Drebushchak and E. B. Burgina, Arkivoc, 2004, XII, 128-155.

6 E. V. Boldyreva, in High-pressure crystallography. Fundamentals and
applications, ed. E. Boldyreva and P. Dera, Springer, New York,
2010, in press.

7 E. V. Boldyreva, Koord. Khim., 2001, 27(5), 1-28.

8 E. V. Boldyreva, Acta Crystallogr., Sect. A: Found. Crystallogr., 2008,
64, 218-231, and refs therein.

9 E. V. Boldyreva, in: Models, mysteries, and magic of molecules, ed.
J. C. A. Boeyens and J. F. Ogilvie, Springer, Netherlands, 2007, pp.
169-194.

This journal is © The Royal Society of Chemistry 2010

CrysttngComm, 2010, 12, 2551-2560 | 2559


http://dx.doi.org/10.1039/C003617J

Downloaded on 08 November 2010
Published on 24 May 2010 on http://pubs.rsc.org | doi:10.1039/C003617J

10 E. V. Boldyreva. Proceedings of the IV International Conference
on High Pressures in Biosciences and Biotechnology, J-STAGE,
Tsukuba, Japan, 2006, ed. F. Abe and A. Suzuki, vol. 1, pp.
28-46.

11 E. V. Boldyreva, Phase Transitions, 2009, 82, 303-321.

12 S. A. Moggach, S. Parsons and P. A. Wood, Crystallogr. Rev., 2008,
14, 143-184.

13 P. T. C. Freire, in: High-pressure crystallography. Fundamentals and
applications, ed. E. Boldyreva and P. Dera, Springer, New York,
2010, in press.

14 S. A. Moggach, D. R. Allan, C. A. Morrison, S. Parsons and
L. Sawyer, Acta Crystallogr., Sect. B: Struct. Sci., 2005, 61, 58—68.

15 E. N. Kolesnik, S. V. Goryainov and E. V. Boldyreva, Dokl. Akad.
Nauk SSSR, 2005, 404(1), 61-64; Dokl. Phys. Chem., 2005, 404,
169-172.

16 T. N. Drebushchak, H. Sowa, Yu. V. Seryotkin, E. V. Boldyreva and
H. Ahsbahs, Acta Crystallogr., Sect. E: Struct. Rep. Online, 2006, 62,
04052-04054.

17 E. V. Boldyreva, H. Sowa, Yu. V. Seryotkin, T. N. Drebushchak,
H. Ahsbahs, V. Chernyshev and V. Dmitriev, Chem. Phys. Lett.,
2006, 429, 474-478.

18 S. A. Moggach, W. G. Marshall and S. Parsons, Acta Crystallogr.,
Sect. B: Struct. Sci., 2006, 62, 815-825.

19 B. A. Kolesov and E. V. Boldyreva, J. Phys. Chem. B, 2007, 111,
14387-14397.

20 H. N. Bordallo, B. A. Kolesov, E. V. Boldyreva and F. Juranyi, J.
Am. Chem. Soc., 2007, 129(36), 10984-10985.

21 E. V. Boldyreva, E. N. Kolesnik, T. N. Drebushchak, H. Sowa,
H. Ahsbahs and Yu. V. Seryotkin, Z. Kristallogr., 2006,
221(2_2006), 150-161.

22 S. A. Moggach, D. R. Allan, S. J. Clark, M. J. Gutmann, S. Parsons,
C. R. Pulham and L. Sawyer, Acta Crystallogr., Sect. B: Struct. Sci.,
2006, 62, 296-309.

23 V. S. Minkov, A. S. Krylov, E. V. Boldyreva, S. V. Goryainov,
S. N. Bizyaev and A. N. Vtyurin, J. Phys. Chem. B, 2008, 112,
8851-8854.

24 V. S. Minkov, S. V. Goryainov, E. V. Boldyreva and C. H. Gorbitz, J.
Raman Spectrosc., 2010, DOI: 10.1002/jrs.2624.

25 S. A. Moggach, S. J. Clark and S. Parsons, Acta Crystallogr., Sect. E:
Struct. Rep. Online, 2005, 61, 02739-02742.

26 I. E. Paukov, Yu. A. Kovalevskaya, V. A. Drebushchak,
T. N. Drebushchak and E. V. Boldyreva, J. Phys. Chem. B, 2007,
111, 9186-9188.

27 B. A. Kolesov, V. S. Minkov, E. V. Boldyreva and
T. N. Drebushchak, J. Phys. Chem. B, 2008, 112, 12827-12839.

28 H. N. Bordallo, E. V. Boldyreva, J. Fischer, M. M. Koza, T. Seydel,
V. S. Minkov, V. A. Drebushchak and A. Kyriakopoulos, Biophys.
Chem., 2010, 148, 34-41.

29 V. S. Minkov, N. A. Tumanov, B. A. Kolesov, E. V. Boldyreva and
S. N. Bizyaev, J. Phys. Chem. B, 2009, 113, 5262-5272.

30 G.J. Piermarini, S. Block, J. D. Barnett and R. A. Forman, J. Appl.
Phys., 1975, 46, 2774-2730.

31 A. P. Hammersley, S. O. Svensson, M. Hanfland, A. N. Fitch and
D. Hausermann, Int. J. High Pressure Res., 1996, 14, 235-248.

32 A. Boultif and D. Louer, J. Appl. Crystallogr., 2004, 37, 724-731.

33 Stoe & Cie (2002). WinXPOW. Stoe & Cie GmbH, Darmstadt,
Germany.

34 W. 1. F. David, K. Shankland, J. van de Streek, E. Pidcock,
W. D. S. Motherwell and J. C. Cole, J. Appl. Crystallogr., 2006, 39,
910-915.

35 A. C. Larson, R. B. von Dreele, General Structure Analysis System
(GSAS), Report LAUR, 1994, 86-748, Los Alamos.

36 B. H. Toby, J. Appl. Crystallogr., 2001, 34, 210-213.

37 C. F. Macrae, P. R. Edgington, P. McCabe, E. Pidcock, G. P. Shields,
R. Taylor, M. Towler and J. van de Streek, J. Appl. Crystallogr., 2006,
39, 453-457.

38 J. J. McKinnon, M. A. Spackman and A. S. Mitchell, Acta
Crystallogr., Sect. B: Struct. Sci., 2004, 60, 627-668.

39 J. J. McKinnon, D. Jayatilaka and M. A. Spackman, Chem.
Commun., 2007, 3814-3816.

40 A. L. Spek, J. Appl. Crystallogr., 2003, 36, 7-13.

41 Y. Shan and S. D. Huang, Z. Kristallogr. New Cryst. Struct., 1999,
214, 41-42.

42 1. Fujii, H. Baba and Y. Takahashi, Anal. Sci.: X-Ray Struct. Anal.
Online, 2005, 21, x175-x176.

43 T. N. Drebushchak, S. N. Bizyaev and E. V. Boldyreva, Acta
Crystallogr., Sect. C: Cryst. Struct. Commun., 2008, 64, 0313-0315.

44 V. S. Minkov and E. V. Boldyreva, Acta Crystallogr., Sect. C: Cryst.
Struct. Commun., 2008, 64, 0344—0348.

45 V. S. Minkov and E. V. Boldyreva, Acta Crystallogr., Sect. C: Cryst.
Struct. Commun., 2009, 65, 0245-0247.

46 K. A. Kerr and J. P. Ashmore, Acta Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem., 1973, 29, 2124-2127.

47 K. A. Kerr, J. P. Ashmore and T. F. Koetzle, Acta Crystallogr., Sect.
B: Struct. Crystallogr. Cryst. Chem., 1975, 31, 2022-2026.

48 M. M. Harding and H. A. Long, Acta Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem., 1968, 24, 1096-1102.

49 C. H. Gorbitz and B. Dalhus, Acta Crystallogr., Sect. C: Cryst.
Struct. Commun., 1996, 52, 1756-1759.

50 P. Luger and M. Weber, Acta Crystallogr., Sect. C: Cryst. Struct.
Commun., 1999, 55, 1882-1885.

51 C. P. Brock, W. B. Schweizer and J. D. Dunitz, J. Am. Chem. Soc.,
1991, 113(26), 9811-9820.

52 V.S. Minkov, V. A. Drebushchak, Yu. A. Chesalov, E. V. Boldyreva.
VI International Conference on Mechanochemistry and Mechanical
Alloying, INCOME-2008, Jamshedpur, India, 2008, p. 54.

53 V. S. Minkov, A. S. Krylov, V. A. Drebushchak, E. V. Boldyreva.
International Conference Indaba 6 Structure and properties, Berg-en-
Dal, Kruger National Park, South Africa, 2009, pp. 140-141.

54 E. Benedetti, C. Pedone and A. Sirigu, Gazz. Chim. Ital., 1973, 103,
555-561.

55 S. V. Goryainov, E. N. Kolesnik and E. V. Boldyreva, Phys. B, 2005,
357(3-4), 340-347.

56 A. Dawson, D. R. Allan, S. A. Belmonte, S. J. Clark, W. I. F. David,
P. A. McGregor, S. Parsons, C. R. Pulham and L. Sawyer, Cryst.
Growth Des., 2005, 5, 1415-1427.

57 N. A. Tumanov, E. V. Boldyreva and H. Ahsbahs, Powder Diffr.,
2008, 23(4), 307-316.

58 E. V. Boldyreva, S. N. Ivashevskaya, H. Sowa, H. Ahsbahs and
H. P. Weber, Dokl. Akad. Nauk SSSR, 2004, 396, 358-361.

59 S. N. Ivashevskaya, E. V. Boldyreva, H. Sowa, H. Ahsbahs and
H.-P. Weber, Materials Structure, 2004, 11, 37-39.

60 E. V. Boldyreva, S. N. Ivashevskaya, H. Sowa, H. Ahsbahs and
H. P. Weber, Z. Kristallogr., 2005, 220(1-2005), 50-57.

61 E. V. Boldyreva, J. Kivikoski and J. Howard, Acta Crystallogr., Sect.
B: Struct. Sci., 1997, 53, 394-404.

62 E. V. Boldyreva, J. Kivikoski and J. Howard, Acta Crystallogr., Sect.
B: Struct. Sci., 1997, 53, 405-414.

63 N. A. Tumanov, E. V. Boldyreva, A. V. Kurnosov and R. Quesada
Cabrera, Acta Crystallogr., Sect. B: Struct. Sci., 2010, accepted.

2560 | CrystEngComm, 2010, 12, 2551-2560

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/C003617J

