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The first examples of organic alloys of two room temperature
liquids, obtained and characterized via in situ cryo-
crystallography, are presented. Thiophenol and selenophenol,
which exhibit isostructurality and similar modes of S---S and
Se---Se homo-chalcogen interactions along with weak and rare
S—H:--S and Se—H---Se hydrogen bonds, are shown to form
solid solutions exhibiting Veggard’s law-like trends.

Supramolecular chemistry of multi-component organic crystals
is one of the major focuses of crystal engineering research.’ The
plethora of co-crystals that have been synthesized and the
structurally analyzed in the past two decades have provided
insights into various supramolecular recognition units. Besides,
co-crystals have found a variety of applications in pharmaceutical
chemistry® and material science.’ Many of these multi-component
systems are generated utilizing ‘supramolecular synthons’,*
which are based on intermolecular binding affinity between
different functional groups in organic molecules. While co-
crystals exhibit definite stoichiometry of components, there are
some examples of solids known as organic alloys/solid solutions
for which this stoichiometry can be varied. Organic alloys of
functional organic solids are of special significance,” as they
provide a means to tune the properties of the material.® Though
variable stoichiometries are common for inorganic materials such
as metal alloys and minerals, there are only a few examples for
alloys formed by organic molecules. The similar sized inorganic
components such as metal ions with strong and similar ionic
bonding directionality can facilitate the formation of alloys with
substituted metal ions.” In contrast, the diversity in shapes and
structural complexity in organic molecules make the design of
organic alloys a hard task. The known examples of organic alloys
or solid solutions may be classified into two types; (i) structures
for which the component molecules are very similar in size,
shape’, and interaction propensity'®, and (i) those which form
host-guest type crystal structures'' with porous frameworks'? that
allow variable stoichiometry of the guest molecules. For the
known examples of solid solutions at least one of the molecular
components is a room temperature-solid, and to our knowledge
there are no examples of organic alloys formed by two room-
temperature liquids. Herein we present the crystal structures of
the room-temperature liquids thiophenol and selenophenol
(benzeneselenol) and those of their solid solutions. These
‘organic alloy’ phases were obtained and characterized by in situ
cryocrystallographic technique. The crystal structures of the
compounds thiophenol and selenophenol were investigated as a
part of our research on weak intermolecular interactions. Non-
covalent interactions other than classical hydrogen bonds, such
as halogen bonding,"® chalcogen bonding,'*'® pnicogen
bonding,"” carbon bonding,'® etc. are of special interest as their
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Fig 1. (a) S-H--S hydrogen bond chain formation in thiophenol,
supported by S-S interactions and (b) corresponding Se—H---Se hydrogen
bond chains and Se---Se interactions in selenophenol (C-grey, H-almond
brown, S-yellow and Se-magenta)

in crystal packing have not been clearly understood. In addition,
probing liquids using in situ cryocrystallographic technique
provides the prospects of understanding the ‘pure’ interaction
preferences of molecules during the process of supramolecular
aggregation, unaffected by solvent effects. In the present study,
thiophenol and selenophenol have been examined in order to
compare the intermolecular interactions present in their crystal
structures with those in the crystal forms of phenol. The weak and
rare S—H---S and Se—H---Se hydrogen bonds, along with S---S
and Se---Se chalcogen bonding interactions have been compared
in terms of their strengths and charge density topological features.

The crystal phases of thiophenol (melting point, -15°C) and
selenophenol (melting point, -23°C) were grown in Lindemann
glass capillaries by slowly cooling the liquids using a nitrogen
cryostream (See ESI for details). In situ cryocrystallographic
study shows that both thiophenol and selenophenol crystallize in
the orthorhombic space group Prab with Z=8. These structures
exhibit similarity to the high pressure form of phenol. Phenol is
known to exhibit two polymorphs; an ambient pressure
polymorph'? stabilized by helical O-H---O hydrogen bond chains
and a high pressure form® characterized by zig-zag antiparallel
O-H---O hydrogen bond chains. Crystal structure analysis shows
that thiophenol and selenophenol are isostructural to each other
(Fig 1, Table 1) and different from the ambient pressure form of
phenol. The crystal packing in thiophenol is supported by
antiparallel S—H---S hydrogen bond chains (Figure 2a) whereas in
selenophenol it is stabilized by similar Se—H---Se hydrogen bond
chains (Figure 2b). In addition, in both the structures there exist
C-H--m interactions that support these molecular chains.
Interestingly, thiophenol exhibits a S---S chalcogen bonding of
interaction distance 3.580(2) A. Similarly, selenopheniol exhibits
a Se--Se chalcogen bonding of interaction distance 3.756(2) A.
The homo-chalcogen interactions are the main intermolecular

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



4

4

o

S

o

S

=3

by

=

o

ChemComm

. 0, 0,
........ ‘@ 5. f@

= { S\ —/ Se
1 0, :
0,70, 151.9° 0,70, 152.5°

Fig 2. The homo-chalcogen interactions in thiophenol and selenophenol
highlighting the ZC-S---S angle.

features that distinguish these crystal structures from that of
phenol. It may be noted that the S---S interaction geometry in
thiophenol has a ZC-S--S angle of 151.9°, and Se--Se
interaction in selenophenol has a ZC—Se---Se angle of 152.5° akin
to those found in type I halogen---halogen contacts.”' A survey on
these homo-chalcogen interactions in Cambridge Structural
Database (CSD version 5.36 February 2015) results in 7112
crystal structure entries having S-S contact distances less than
3.6 A, the sum of van der Waals radii. The mean S---S contact
distance was found to be 3.471 A. Similarly, 1049 structures were
found to exhibit Se:-Se homochalcogen interactions with a mean
contact distance of 3.605 A (the sum of van der Waals radii being
3.8 A). Hence, the observed contacts in thiophenol and
selenophenol represent only weak or borderline cases of homo-
chalcogen interactions despite the absence of any strong
intermolecular hydrogen bonds in those structures. A search for
the Se---S hetero-chalcogen interactions resulted in 253 hits with a
mean Se--S contact distance of 3.560 A. This is particularly
interesting, considering the isostructurality of these compounds.
Hence, inspired from the observed isostructurality in crystal
structures of thiophenol and selenophenol, we made several
attempts to grow in situ their solid solutions. The liquid samples
of thiophenol and selenophenol were mixed thoroughly via
sonification, before filling into the capillary. Mixtures of
selenophenol: thiophenol with different volume ratios were used
for in situ crystal growth experiments. Of all the different crystal
phases obtained (of sufficient data quality), four solid solution
phases with different compositions were distinctly identified. The
percentage compositions of selenophenol in these solid solution
phases were found to be 5%, 9%, 25% and 43%. These
compositions were obtained when mixtures of 1:9, 1:4 and 1:3
ratios were used for the experiment. The compositions were
identified based on the site occupancy refinements of S and Se
atoms (based on an occupancy free variable, FVAR. For details,
see Table S1 in ESI). After several cycles of free occupancy
refinements, the percentage composition of selenophenol were
approximated to 5%, 9%, 25% and 43% respectively (for details
of crystal structure refinement and molecular formulae of alloy
phases see ESI). It is interesting to note the variation in cell
parameters of the solid solution with the increase in the
percentage of selenophenol (Table 1 and Fig 3). Though the
variation is not quite linear, the gradual variations in cell
parameters loosely mimic the trends observed in inorganic solids
(as indicated by Vegard’s law).* Although similar attempts

Table 1. Crystallographic refinement details of thiophenol, selenophenol
and their solid solutions (selenophenol: thiophenol).

Thio- Seleno- 5:95 9:91 25:75 43:57
Data herol henol solid solid solid solid
P P solution solution solution solution
Space Pnab Pnab Pnab Pnab Pnab Pnab
group
a(R) 7.191(1) 7.329(4) 7.191 (1) 7.193(2) 7.211(1) 7.262(2)
b(A) 11.464(2)  11226(5)  11.445(1)  11.425(3) ! 1('23)90 11.371(3)
c(A) 13.815(2) 14.422(7) 13.854(1)  13.856(4)  13.971(2)  14.155(3)
a () 90 90 90 90 90 90
B ) 90 90 90 90 90 90
7 () 90 90 90 90 90 90
V;’glf)ne 1138.83)  1186.6(10)  1140.2(2)  1138.8(5)  1147.4(3)  1168.9(5)
4 8 8 8 8 8 8
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Fig 3. Variations in unit cell parameters and volume with

percentage composition of selenophenol in the alloy phases.

were made to generate solid solutions of phenol-thiophenol
mixtures and phenol-selenophenol mixtures, they resulted in
glassy/amorphous domains. However, the fact that these mixtures
did not crystallize as separate crystal domains of individual
components is significant, and two possible reasons may be
conjectured; (i) due to the formation of hetero-chalcogen bonding
such as S---O and Se---O interactions (which are known to form
directional supramolecular motifs'* #*), and (i) due to the
incompatibility of the strong and short O—H---O hydrogen bonds
with the weak S—H---S and Se—H---Se hydrogen bonds.

Further, the structural features that lead to isostructurality of
thiophenol and selenophenol have been quantitatively examined.
Firstly, Hirshfeld fingerprint breakdown analysis®* shows that the
proportion of H--C dominates with 31.9% in thiophenol and
30.5% in selenophenol. H---S and H---Se interactions also show
similarity in their contributions (18.4% and 17.8 %). S-S
proportion is minimal to 1.6 % in thiophenol while the
corresponding Se---Se proportion is 1.5 %. Thus, these structures
obey the ‘conservation of analogous interaction proportions’
which we recently demonstrated in a series of chemical analogues
of the antidepressant fenobam? (for details, see ESI). Further,
interaction energies of the molecular dimers formed by each of
these interactions were calculated using a molecular wave
function based method reported recently.”® Based on the values of
pairwise intermolecular interaction energies, the topology
interactions are represented using ‘energy frameworks’ (graphical
representations where the radius of the beam connecting any two
molecules is proportional to their interaction energy’’).
Interestingly, energy frameworks for thiophenol and
selenophenol appear to be virtually identical (Fig 4). This is quite
significant as it points to the similarity in corresponding
interaction motifs in these compounds. In addition, it is possible
to visualize the electrostatic and dispersion components in terms
of energy frameworks, and it is found that the dispersion
components predominate in the crystal packing of these
compounds. Analysis of pairwise interaction energies show the
strength hierarchy of interaction motifs in thiophenol as : dimer I(
S—H---S,C-H:--n/ -18.4 kJ/mol) > dimer II(C—H---n/ -14 kJ/mol) >
dimers III-VI(non-directional/4-8 kJ/mol) > dimer VII
(S-H---H-S/ -2.4 kJ/mol) > dimer VI (S--S/ -0.6 kJ/mol)
(figures of the dimers and electrostatic, dispersion and repulsion
components of the energy values are given in ESI). Similarly, the
interaction energy order in selenophenol is: dimer I(
Se-H---Se,C-H:--n/ -17.5 kJ/mol) > dimer II(C-H--m/ -14.2
kJ/mol) > dimers III-VI(non-directional/4-10 kJ/mol) > dimer VII
(Se—H:--H-Se/ -6.1 kJ/mol) > dimer VIII (Se:--Se/ -3.2 kJ/mol).
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Fig 4. Isostructurality of thiophenol and selenophenol manifested in their
energy frameworks (viewed down c-axis). Red, green and blue
frameworks correspond to electrostatic, dispersion and total energy
contributions.

It may be noted that in both structures dimers III-VI are formed
by non-directional intermolecular forces which mainly originate
from dispersion. Besides the one-to-one correspondence of
analogous interaction motifs in thiophenol and selenophenol,
their binding strengths also match to a great degree. And that
explains the molecular origin of the formation of their solid
solutions. In addition, the interaction energy estimations provides
insights into the physical existence of thiophenol and
selenophenol as liquids, and a likely rationale for the observed
trends in their melting points in comparsion to phenol as: phenol
(40 °C) > thiophenol (-15 °C) > selenophenol (-23 °C). Notably,
the melting points of the selenophenol: thiophenol alloy phases
were found to be -15.6 °C (1:9 phase) and -17.4 °C (3:1 phase).
The fact that these mixed phases exhibit sharp endothermic peaks
of melting in their DSC thermograms further confirms their alloy
nature (See Fig S3 in ESI).

Further, theoretical charge density models were obtained based
on single point periodic quantum mechanical calculations at the
B3LYP/TZVP level using the positional parameters obtained
from the single crystal X-ray analysis. Electron density
topological analysis shows bond critical points (bcp)
corresponding to the very rare varieties of S—H---S and Se—H:--Se
hydrogen bonds and S--S and Se--Se interactions.” The values of
electron density (pyp) and its Laplacian (Vzpbcp) for S---S region
in thiophenol are similar to those we recently reported for S---S
interactions in an organic conductor.'®

Table 2. Charge density topological features of intermolecular
interactions in thiophenol and selenophenol. Values of kinetic energy
density (G) and potential energy density (V) are given in (kJmol'bohr?).

21

G \4

. \%
Interaction R;i(A) (e§'3) (e X’S) G/|v|
Thiophenol
S-H---S 3.1078 0.02 0.4 7.7 -4.5 0.6
S-S 3.5837 0.07 0.6 14.6 -12.9 0.9
Selenophenol
Se-H---Se 3.0830 0.03 0.5 10.0 -6.34 0.6
Se---Se 3.7562 0.05 0.5 11.2 -8.77 0.8
Alloy phase
S—H---Se 2.9060 0.06 0.12 5.04 -6.82 0.7
Se-H---S 3.0882 0.04 0.09 3.09 -3.73 0.8
S--Se 3.5125 0.04 0.12 3.63 -4.01 0.9
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Fig 5. Static deformation density maps plotted with a contour level of
£0.05 eA™ for thiophenol and selenophenol.

Similarly, py, and Vzpbcp values of Se---Se interaction in
selenophenol are comparable to the values reported by Espinosa
and co-workers based on experimental charge density.” It may
be noted from the deformation density maps that lone pair
electron densities on S and Se atoms are not oriented to favour
effective homo-chalcogen interactions (Fig 5). While in an
effective chalcogen bonding situation the valence shell charge
concentration (CC) region is oriented towards charge depletion
(CD) region forming effective CC-CD interaction, in the present
cases of S-S and Se---Se interactions, the CC regions are oriented
such that lone pair-lone pair repulsion is less. This feature is
evident in the Laplacian maps (ESI). These charge density
features rationalize the low degree of van der Waals sphere
interpenetrations observed in S---S and Se--Se interaction regions.
In contrast, in the S—H--S and Se—H---Se regions, the valance
charge density distributions around S and Se atoms are quite in
favour of the formation of hydrogen bonds, as seen in Fig 5.
Charge density distribution indicates the CC-CD nature of this
weakest class of hydrogen bonds, as it is the case with classical
hydrogen bonds. Clearly, the CC regions corresponding to lone
pairs on chalcogen atoms (classically, as in ‘sp® hybridized” S and
Se atoms) are oriented towards CD regions around the S—H/
Se—H protons. This is also obvious from corresponding Laplacian
maps. The interaction energies of S—H--S and Se-H--Se
hydrogen bonds are found to be -2.3 and -3.2 kJ/mol respectively
(estimated from the charge density py, and Vzpbcp values, using
Abramov’s expression®’). Hence, these hydrogen bonds need to
be regarded among the weakest classes of hydrogen bonds,
weaker than even C—H---O hydrogen bonds,*’ in terms of charge
density distribution. Further, the electron density features of the
Se--S, S—-H--Se and Se—H---S interactions have also been
calculated with their probable geometries in the alloy phase, and
with the interaction distances obtained from the 43:57 alloy phase
(Table 2).*!

In summary, the solid phase isostructurality of thiophenol and
selenophenol have been unravelled by in situ cryocrystallography
and based on the similarity in intermolecular interactions, their
solid solutions have been obtained. Systematic variations of cell
parameters of these alloy phases resemble the Vegard’s law-like
behavior, a rare observation in organic solids. Our study further
confirms the ability of organo sulfur and selenium to involve in
virtually identical type of intermolecular interactions, notably the
infinite S—H---S and Se—H---Se hydrogen bond chains and S---S
and Se---Se contacts. Besides, the very weak nature of S---S and
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Se--Se homo-chalcogen interactions and S-H--S, Se-H:--Se

hydrogen bonds have been unravelled by quantitative analysis of

these crystal structures. In addition, the interaction energy

estimations have provided insights into the trends in the melting
s points of the three phenols.
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