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Variable temperature X-ray diffraction has been used to probe
the structure and dynamics of the solid adducts of 1,3,5-
and hexafluorobenzene. PXRD
patterns and DSC traces of near equimolar mixtures reveal two
solid-state phase-transitions at 179.2 K and 111.0 K. The crystal
structures of all three solid phases of this material have been
solved by SXD. In contrast to previous studies on the adduct
benzene-hexafluorobenzene, there is pairing of the mesitylene and
hexafluorobenzene molecules in all three phases, each consisting

trimethylbenzene (mesitylene)

of close-packed parallel columns of alternating CgH3(CH3)3z and CgFg
molecules packed face to face in a staggered conformation. Differ-
ences in structure between the phases illustrate the subtle inter-
play of quadrupole versus bond-dipole electrostatic interactions.

Introduction

Understanding weak non-covalent interactions is crucial for
the prediction and control of organic solid-state structures."?
Of particular interest is the design of organic co-crystals as
alternatives to salts in the development of new materials in,
for example, the pharmaceutical industry. For organic fluo-
rine (i.e. bonded as C-F), there is a general consensus that
fluorine rarely forms hydrogen bonds,** leading to questions
about the nature of the interaction between C-F and H-C (or
H;C-) in the solid state.”® The need to understand this type
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of weak interaction has become important in the health-care
sector, where a variety of fluorinated active pharmaceutical
ingredients (API's) have been developed, e.g. for use as antide-
pressants (fluoxetine, the API in Prozac), as cholesterol-
lowering drugs (atorvastatin, the API in Lipitor), and as antibi-
otics (ciprofloxacin hydrochloride).”

One of the simplest organic co-crystals containing a mole-
cule with a C-F bond and without hydrogen bonding is the
1:1 adduct of benzene (C¢Hg) and hexafluorobenzene (C¢Fg),
first reported over 50 years ago.® CgHg and CgFy are liquids at
room temperature, but the binary adduct is a solid. The
structure of the lowest temperature phase was solved in
1991.° In addition to the complex with CgHg, CgFg is known
to form a series of 1:1 co-crystals with various methyl-
substituted benzenes including mesitylene (1,3,5-C¢H;Me;),"°
hexamethylbenzene (C¢Meg),"""* p-xylene (1,4-C¢H;Me,),"
and durene (1,2,4,5-tetramethylbenzene)."*

Our understanding of intermolecular interactions and co-
hesion in these materials has changed over time. Originally,
they were thought to be so called ‘charge-transfer solids’. It
was thought that there was a donor-acceptor or n-n* bond
between C¢Hg and CgFe.'>"'” However, a transfer of charge
and consequent molecular orbital changes are not supported
by spectroscopy as the internal vibrations of the molecules in
the adduct show only a small frequency shift when compared
to those of the pure solids."®"’

An alternative model explaining cohesion in these 1:1 ad-
ducts is provided by studies of their charge distribution.>***
Given the lack of an overall dipole moment in C¢Hs, 1,3,5-
Ce¢H3zMes, C¢Meg, and CgFg, the first non-vanishing electrical
moment for intermolecular interactions is the quadrupole
moment. Experimental values of the quadrupole moment are
available via the Buckingham technique of electric-field gra-
dient-induced birefringence.”*>* For C¢Hg, the value of the
quadrupole is large and negative: -29.0 x 10™*® C m* and for
CeFs the quadrupole moment is large and positive: +31.7 X
107" C m>* The large negative value for C¢Hg, can be
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interpreted with the familiar picture of delocalized charge
above and below the plane of the Cq-ring. In contrast, due to
the strong electronegativity of the fluorine atoms in C4Fg, the
electron charge density is contained in the plane of the
Cering and the sign of the quadrupole moment is positive.
This makes C¢F less susceptible to electrophilic attack than
C¢Hs; an observation made and retained by every generation
of organic chemist. The quadrupole moment of mesitylene is
even more negative than that of benzene at -32.0 x 10™*° C
m?*>* due to additional positive electric-charge residing on
the -CH; groups. Thus, it is not surprising that mesitylene
also forms a 1:1 adduct with hexafluorobenzene due to the
favourable interaction of quadrupole moments in a similar
way to CeHg:CoFs. In C4H:CgFe rotation of the rings occurs
about the high symmetry axes of each component at higher
temperatures;’ by contrast the methyl groups of mesitylene
can be expected to hinder such rotation. However, the methyl
groups of mesitylene are free to rotate in order to optimize
more specific and local charge interactions.

Results and discussion

Powder X-ray diffraction (PXRD) patterns collected in 10 K
intervals reveal the presence of three solid phases below the
melting point> (Fig. 1 and S1}). In the PXRD patterns for the
highest temperature phase I, the observed positions of the
diffraction peaks are in good agreement with the unit cell
and space-group symmetry determined by the pioneering
1970's single crystal diffraction (SXD) study,' Initially,
indexing of the PXRD patterns of the intermediate phase II
and the lowest temperature phase III were problematic due
to some additional peaks with lower intensity.

The mean transition temperatures were found to be
111.0 K and 179.2 K (Fig. 2) from differential scanning calo-
rimetry (DSC). The DSC data also shows that the overall com-
position of the sample changes when uncontained. C¢F¢ is
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Fig. 1 PXRD data obtained on cooling a sample of CgH3(CH3)3:CgFe
from 300 K down to 90 K. Three distinct phases are observed: phase |
(300 K to 180 K, data in red), phase Il (170 K to 110 K, data in green),
and phase Il (100 K to 90 K, data in blue).
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Fig. 2 DSC data obtained on cooling (blue curve) and heating
(red curve) CgHz(CH3)3:CgFs. Two solid-state phase transitions and a
freezing/melting transition are observed on cooling/heating. Similar
results were obtained when the measurements were repeated. The
exothermic and endothermic transitions indicated by vertical arrows
correspond to the freezing and melting transitions, respectively, of a
slight excess of CgH3z(CH3)s within the measured sample (see ESI{ and
Fig. S2). The heat capacity scale shown (exothermic down) is per mole
of CgH3(CH3)3:CgFe.

more volatile and is readily lost from the sample leaving
some residual CgHj3(CH3);. The residual CgHj3(CHj)s, esti-
mated at 9.3 wt% from its enthalpy of fusion, is clearly evi-
dent from the mean freezing/melting transition at 209.2 K.

In the present system, PXRD methods were found to be
inappropriate for solving the crystal structure of any of the
phases. X-ray diffraction measurements with a 2-D detector
demonstrated that samples produced by quench cooling from
the molten phase exhibit powder granularity (Fig. S31) and
produce irreproducible intensities in the 1-D PXRD data
(Fig. S41). Cooling through the phase transitions does not
improve the quality of the PXRD samples as the crystallites
survive the phase transitions.

The structures of phases I, II, and III were solved using
SXD. A summary of the space-group symmetry and unit cells
for each phase is given in Table 1. During the transition
from phase I to II, single crystals are observed to undergo
micro-domain twinning due to the change from orthorhom-
bic to monoclinic symmetry but then revert back to ortho-
rhombic symmetry in phase III, with loss of twinning and a
doubling of the unit cell along a (Fig. S5%). The crystals used
in the SXD experiments visibly appeared macroscopically
single throughout the cooling and heating cycles (Fig. S61).
Selected crystallographic information is available in the ESI}

Table 1 Comparative SXD data on the 3 phases of CgHz(CHz)3:CeFg

CeH;3(CH3)3:CeFs Phase 1 Phase 11 Phase III

Temperature/K 190 150 100
Space group Pbnm (no. 62)  P2,/n (no. 14)  Pb2,a (no. 29)

alA 7.08543(18) 7.0737(3) 13.93854(8)
b/A 15.3044(4) 15.2833(5) 15.18032(8)
c/A 13.2959(4) 13.2104(4) 13.14822(7)
Bl° — 96.629(3) —
Volume/z/A® 360.45(2) 354.65(2) 347.756(8)

This journal is © The Royal Society of Chemistry 2017
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(Tables SI(a-f) to SII(a-f) and Fig. S7); full-crystallographic =~ and C¢H3(CH3); molecules arranged face to face. The col-
information is available via deposited CIF files. umns themselves are approximately close-packed with six

Comparative views of the crystal structure for each phase  columns surrounding each column. It is noteworthy that in
are shown in Fig. 3 and S8.1 In all three phases, the mole-  all three phases: (i) the molecules are slightly tilted with re-
cules are arranged in columns formed of alternating C¢Fs  spect to the column axis (aligned to the crystallographic

b

Phase Il

b

Fig. 3 Left: View of the crystal structures of C¢gHz(CHs)3:CsFe seen down the c-axis for phase | (top), phase Il (middle), and phase Il (bottom)
showing the distances between ring centroids shown in red (s.u. equal to 0.003 A) and the angles formed by lines joining the ring centroids (s.u.
equal to 0.1°). In phase lll, there are two crystallography distinct pairs of molecules: an additional set of interplanar distances (3.482(3) A and
3.648(3) A) and corresponding angles (155.6(1)° and 168.3(1)°) were calculated from the second pair (not seen in bottom-left figure). The increase
in the dynamical motion of the molecules with increasing temperature is evidenced by the size of the ‘thermal’ ellipsoids; mean atomic-
displacement parameters are shown as ellipsoids at the 50% probability level. C, F, and H atoms types are drawn in grey, green, and white, respec-
tively. Right: Views seen down the a-axis for phase | (top), phase Il (middle), and phase Il (bottom) showing: (i) the staggered arrangement of the
rings within a column; (i) the C-F---CH3-C interactions that bind adjacent columns together; and (iii) selective symmetry elements present in each
crystal structure (blue). Additional views of the structures are in Fig. S8 and S9.}
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a-axis); (ii) they exist as distinct pairs with alternating ring-to-
ring centroid distances of about 3.5 A and 3.6 A; (iii) within a
column, the C¢Fs and C¢H3(CHj); rings are staggered, similar
to the behaviour of the rings observed in phase IV of
CeHe:C6Fg;° and (iv) that the binding between adjacent col-
umns occurs via weak electrostatic interactions between the
C-F bond dipole moment in one column and the H;C-C
bond dipole moment in neighbouring columns. The impor-
tance of the bond-dipole-bond-dipole interactions in stabiliz-
ing the inter-columnar interactions in these adducts is also
seen in the structure of solid fluorobenzenes.”

The variation in the influence of this inter-columnar inter-
action as a function of temperature gives rise to the three
solid phases. Positions of all hydrogen atoms in mesitylene
can be located by SXD in all three phases of C¢Hjz(CHj3)3:CeFs.
In phase I, all three -CH; groups of mesitylene appear crys-
tallographically disordered; in phase II, two of the -CH;
groups are disordered but one is ordered; and in phase III,
all three of the -CH; groups are ordered.

The directionality of the C-CH; groups toward F atoms is
particularly informative in interpreting the cohesive inter-
molecular interactions. In all phases, two of the three ~CH;
groups are aligned directly at F atoms («£F---H3C-C is
176.7(2)° in phase I; 171.9(2)° and 177.8(2)° in phase II; and
168.4(2)°, 169.7(2)°, 170.7(2)°, and 172.9(2)° in phase III). The
measured near linear arrangement of the positions of the
heavy atoms in F---H3C-C suggests an inter-columnar interac-
tion that has little dependence on the orientation of the H
atoms of the methyl group about the H;C-C bond. This
electrostatic interaction is sufficiently powerful to pin down
two of the F atoms of an adjacent C¢F, ring and explains the
observed thermal motion of the CgF¢ ring as evidenced by
the large variation in anisotropic displacement ellipsoids for
the F atoms in all three phases (Fig. 3). The third methyl
group in mesitylene is unable to align directly with any F
atom and in phase II its H atoms adopt a fixed position
resulting in a slight displacement of adjacent columns paral-
lel to the column axis, and a monoclinic distortion of the
structure (Fig. S8 and S9%). Further ordering of the methyl
groups occurs on cooling to phase III as further optimization
of the inter-column interactions takes place. In all three
phases, the net in-plane librational motion of the rigid C¢Fs
molecule is not about its centre of mass in contrast to the
averaged librational cloud of the C¢H;3(CH3); molecule, where
the rotational axis is about its centre.

Determination of the structures of each phase enabled lat-
tice parameters to be obtained as a function of temperature
from the PXRD data. The volume change with temperature
(Fig. 4) shows that CgH;(CHj3);:C¢Fs behaves like a typical
covalent solid: the volume per dimeric unit increases by 8.7%
on heating from 90 K to 300 K.

The symmetry of the transition from orthorhombic phase
I to monoclinic phase II involves a group sub-group relation-
ship, as the space group P2,/n is a maximal non-isomorphic
subgroup of Pbnm. The inversion symmetry is conserved
along with the 2; screw axis along b and the n-glide plane
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Fig. 4 Volume per CgH3(CH3)3:C¢Fg as a function of temperature as
derived from whole pattern fitting of the data shown in Fig. 1. The
variation of individual unit-cell parameters with temperature is given in
Table S4 and is shown in Fig. S10.}

perpendicular to b (Fig. 3, right). In order to compare the
structures at different temperatures, standard crystallo-
graphic space-group settings were used for phase II (i.e. b-axis
unique with a centrosymmetric origin) and, consequently,
non-standard settings were required for phases I and III
(see ESIf). In phase I, the molecules are bisected by the
mirror plane in space group Pbnm (Fig. S7%), which is a
non-standard setting of Pnma. In phase III, a non-standard
setting of Pca2, is used, namely Pb2,a, together with a non-
standard shift in origin due to the doubling of the unit cell
(Table S3a}): the transition from phase II to phase III in-
volves a loss of inversion symmetry and the only symmetry
element that is maintained throughout all three phases is the
2, screw axis along b. Given that Pb2,a is a polar space group,
this indicates a ferroelectric transition from phase II to III.

Experimental

Samples of the CgHj3(CHj);5:CeFs complex were prepared by
adding liquid mesitylene and hexafluorobenzene together in
a 1:1 molar ratio. PXRD measurements were made using a
Stoe Stadi-P diffractometer. SXD measurements were made
using an Agilent SuperNova diffractometer. DSC measure-
ments were made using a PerkinElmer DSC8000 equipped
with a liquid N, cold stage operating down to 93 K. Further
details of all experiments are available in the ESI.}

Conclusions

Using X-ray diffraction, the structure of each of the three
phases that exist in the solid adduct formed between 1,3,5-
trimethylbenzene and hexafluorobenzene in the temperature
range 90 K to 300 K have been determined. Simple ideas of
molecular electrostatics, based on the observed values of the
molecular quadrupole moments, allow us to explain the or-
dering of molecules within the close-packed stacked columns
present in the structures of all three phases; and the concept
of a bond dipole moment permits an explanation of the

This journal is © The Royal Society of Chemistry 2017
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shorter-range inter-columnar interactions. These interactions
become increasingly constrained as the temperature is de-
creased and are the origin of the phase-transitions. Current cal-
culations on organic crystal structures®® are, as yet, unable to
predict thermal motion, and so identify instability. It is the
delicate balance between intermolecular forces and thermal
motion which determines the presence of any phase transition.
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