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ABSTRACT: This paper presents a comprehensive exploration of the impact of
monochlorine substitution on the solid-state phases of the classic binary adduct
C6H6:C6F6. Crystal structures for all four phases of C6H6:C6F5Cl were determined
using single-crystal X-ray diffraction, with complementary data from differential
scanning calorimetry (DSC) and variable-temperature powder X-ray diffraction
(VT-PXRD). The study reveals that phases I and III would have been overlooked
without the additional information provided by DSC and PXRD. Symmetry changes
during the phase transitions, including the loss of 3-fold and mirror symmetry, are
crucial for our understanding of the observed transformations. Comparisons with
the prototype C6H6:C6F6, the methyl-substituted C6H5CH3:C6F6 and iodine-substituted analogue C6H6:(C6F5I)2 provide useful
insights into the noncovalent interactions holding these cocrystals together. The experimental results herein may be useful for
informing crystal structure prediction, especially in distinguishing between structures of similar energy.

■ INTRODUCTION
Crystal structure prediction (CSP) has advanced rapidly since
the first CCDC-organized round robin at the turn of the
century,1 with the results of the seventh blind test published in
20162 and the latest blind test presented orally by Hunnisett at
the ACA Meeting in 2022, and then at the BCA Spring
Meeting and 26th IUCr Congress, both in 2023.3 CSP has
enabled the crystal structures of relatively large organic
molecules, such as those used in the pharmaceutical industry,
to be predicted with ever increasing degrees of accuracy. In
recent years, the field of CSP has expanded from small organic
molecules to complex metal−organic frameworks4 and supra-
molecular solids.5 However, significant challenges still
remain.6,7 First, the minimum-energy landscapes encountered
in CSP frequently predict many structures of similar energy
and density.8 Nearly all experimentally known crystal
polymorphs lie within 10 kJ mol−1 of one another, and, for
around 90% of cases, the energy differences between them is
less than 4 kJ mol−1.9 Second, CSP often focuses on the
prediction of structures at 0 K whereas in reality, entropy and
thermal vibrational motion of the atoms may be crucial in
determining the lowest-energy form.10 Finally, the vast
majority of CSP research has focused on the thermodynami-
cally stable forms but polymorph formation is frequently
influenced by kinetic factors, making the identification of the
thermodynamically most stable form harder to identify.6

These challenges are being addressed using a wide variety of
strategies. A recent proposed improvement to CSP is the use of
quantum mechanical calculations for molecular dimers, using
an accurate two-body, rigid-monomer ab initio-based force
field (aiFF) to build up possible crystal structures in contrast to
the use of traditional empirical force fields.11 An alternative

approach, developed McDonagh et al.,12 used machine
learning to improve force-field lattice-energy calculations by
more accurately predicting corrections to two-body inter-
actions with a higher level of theory in a fragment-based
approach. Machine learning is now seen as computationally
cheap and flexible enough to be deployed within existing CSP
methods to both reduce the search space and rank crystal
structure candidates.
While the modeling of the temperature-dependent proper-

ties of organic molecular crystals are being developed,13

drawbacks still remain for systems with phase transitions and/
or dynamic disorder, especially as over 20% of polymorphic
structures are predicted to be enantiotropic.14 The consid-
eration of prenucleation clusters has been suggested by
Carpenter and Grünwald as a way of incorporating kinetic
effects into existing methods of CSP as an aid to discovering
the most likely metastable polymorphic forms.15 Interestingly,
while most CSPs have focused on organic molecules, a recent
study has attempted CSP on inorganic oxides related to
materials in the Earth (and also an alloy) for which non-0 K
methods were required for the prediction of phases that form
under nonambient conditions.16

Hand-in-hand with CSP progress are the developments in
experimental structure determination, which has led to a
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massive increase in available experimental crystallographic data
as shown by the exponential growth of, for example, the
Cambridge Structural Database at CCDC.17,18 Advances in
laboratory X-ray sources (focused beams), X-ray detection
(hybrid-pixel detectors), computer processing power and
graphics, bespoke crystallographic software for real-time data
reduction, and crystal structure solution have all contributed to
rapid advancements in methodology. In particular, the crystal
structures of solid-state phases which were previously
inaccessible are now amenable to rapid structure solution,
especially when combined with complementary techniques.19

Despite the discovery over 60 years ago of one of the
simplest organic cocrystals containing molecules without
“classical” hydrogen bonding,20 namely, the 1:1 adduct of
benzene (C6H6) and hexafluorobenzene (C6F6), the study of
noncovalent interactions has only recently sparked mainstream
interest,21,22 particularly with the recognition by IUPAC of the
halogen bond,23,24 and with a recent series of international
conferences themed around noncovalent interactions (held in
Lisbon, 2019; Strasbourg, 2022; and proposed for Belgrade,
2024).25 Although a number of derivative structures of
C6H6:C6F6 were determined in the pioneering work by Dahl
et al. during the 1970s,26−28 it took a further 3 decades from
the discovery of C6H6:C6F6 for the structure of its lowest-
temperature form, namely, phase IV, to be determined.29 The
structure solution demonstrated that the stacking interactions
of the rings in this adduct matched that expected for molecules
with opposite quadrupole moments.30,31 In the early 1990s, it
was necessary to use data from both synchrotron X-ray and
neutron powder diffractometers, an approach that was, in itself,
a novel development at that time. This enabled the structure of
phase IV at 1.5 K to be solved and refined using a deuterated
sample of C6H6. In addition, powder diffraction patterns of the
higher-temperature phases I, II, and III were identified and
indexed. By 2018, the availability of laboratory variable-
temperature powder X-ray diffraction (VT-PXRD), low-
temperature differential scanning calorimetry (DSC), micro-
focus X-ray sources for single-crystal diffraction (SXD), all
combined with powerful desktop computers and user-friendly
crystallographic software enabled the structures of phases I to
III of C6H6:C6F6 to be determined and refined for the first
time.32

Armed with these new modern tools, the question was raised
of whether we could extend the studies on columnar structures
further. Initially, our investigation focused on studying the
influence of methyl substitution on the C6H6 ring in this type
of cocrystal,33 before examining the effect on molecular
stacking of substituting ferrocene for benzene, as both have
no dipole but have similar quadrupole moments.34 The effect
on the dynamics of the Fe(C5H5)2 molecules was quite
remarkable with the order−disorder transition temperature in
Fe(C5H5)2 being changed by over 100 K.
This led us to pose the question: how would fluorine

substitution by chlorine in C6F6 perturb the noncovalent
interactions in the prototype adduct C6H6:C6F6? In addition,
this raises the interesting question of how many phases might
be observed in a cocrystal formed by C6H6 and C6F5Cl
compared to the four observed in the prototype. With methyl
substitution for H in the prototypical material, three solid-state
phases are observed for the 1:1 adducts C6H5CH3:C6F6 and p-
C6H4(CH3)2:C6F6 but only the toluene adduct was seen to
exhibit the same “plastic”35 (i.e., highly orientationally
disordered) rhombohedral phase seen in C6H6:C6F6.

32 Based

on the toluene adduct, C6H5CH3:C6F6, we suspected that a 1:1
adduct of C6H6 and C6F5Cl coformers might exhibit at least
three solid-state phases on cooling to low temperature. As far
as we know, current state-of-the-art CSP methods cannot
reliably determine the structures of dynamically disordered
phases, let alone how many might exist at ambient pressure.36

There are a couple of interesting studies on the noncovalent
interactions of C6F5Cl with flat molecules in which 1:1
cocrystal columnar structures are formed. Pang et al.
investigated adducts of pyrene (C16H10) with halopentafluor-
obenzenes (X = F, Cl, Br, I).37 The columnar structures
formed by the adducts C16H10:C6F6 and C16H10:C6F5Cl are
very similar but the use of C6F5Cl results in a columnar
structure in which alternate molecules of C6F5Cl are ordered in
an antiferroelectric arrangement. By contrast, Rozhkov et al.
exploited electron-rich d8 transition metal square-planar
complexes, namely, Pd(acac)2 and Pt(acac)2, to form adducts
with the pi-hole molecules C6F6 and C6F5Cl.

38 In these novel
columnar structures, antiferroelectric ordering of the C6F5Cl
molecule was not reported.
We note that there has been other interest in the

noncovalent interactions of benzene with halogen-containing
organic molecules. In particular, Bujak et al.39 studied the
cocrystal formed by CF3I with benzene where the molecular
components are held together by a halogen bond, C−
I···π(C6H6), as well as by C−H···π(C6H6) and H···F
interactions. The halogen-bond interaction results in a
cocrystal in which two molecules of CF3I interact with each
face of a single C6H6 molecule to form C6H6:(CF3I)2. Their
study was extended to the interactions between benzene and
pentafluoroiodobenzene,40 where a cocrystal is formed in the
ratio 1:2 again (i.e. one molecule of C6H6 to two of C6F5I) but,
in marked contrast to C6H6:(CF3I)2, the C−I···π(C6H6)
interactions are absent.
In the structure of C6H6:(C6F5I)2, the molecules are stacked

alternately in columns with the C6F5I molecules antiferro-
electric arranged in pairs within the column and with the rings
slightly tilted with regard to the column axis (see Figure S1), as
seen also in adducts we have studied.19,32−34,41 In addition, the
relatively large size of the iodine atom results in C6H6 and
C6F5I molecules not being perfectly coplanar to each other
within a column, but with an interplanar angle of about 9.5°.
Pairs of antiferroelectrically arranged C6F5I molecules are
coplanar by symmetry. Furthermore, to satisfy intercolumnar
interactions, adjacent columns are tilted alternately with each
other, resulting in the P21/c space-group symmetry for phase I
of this adduct. Thus, the arrangement of molecules in the
crystal structure of C6H6:(C6F5I)2 is not based on a simple
alternating stack of component molecules as in other systems
that we have studied. Finally, only two phases are reported,
namely, a monoclinic phase I and a slight triclinic distortion of
it, assigned as phase II. This study by Bujak et al.40 leads to two
interesting questions: would a cocrystal formed by C6H6 and
C6F5Cl exist as 1:1 as in the prototype (and various
derivatives) or would it exist as 1:2 as in C6H6:(C6F5I)2;
second, how many phases might be observed (assuming that a
cocrystal of C6H6 and C6F5Cl forms) given that F substitution
by Cl in C6F6 is not expected to make a large change to the
surface flatness of the C6F6 ring in contrast to substitution by I
in C6F5I?
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■ EXPERIMENTAL SECTION
A sample of C6H6:C6F5Cl was prepared from the pure components
with our assumption that the most likely adduct to be formed would
be one with a 1:1 stoichiometry. DSC data were measured on
C6H6:C6F5Cl over the temperature range 100 to 300 K. VT-PXRD
data were collected initially from 100 to 280 K in 10 K steps.
Measurements were repeated in 5 K steps on heating for the
temperature range 150 to 185 K. Finally, to probe for the existence of
a high-temperature plastic phase, VT-PXRD data were obtained from
260 to 270 K in 2 K steps. No significant differences in recorded
temperatures were evident between the techniques. Further details of
the materials used and the DSC and VT-PXRD experiments are given
in the Supporting Information.
For the single-crystal experiments, a narrow capillary containing

C6H6:C6F5Cl was mounted on the SXD instrument, and the sample
was frozen to form a polycrystalline material. The sample was then
warmed to just below the melt to anneal into larger crystals and slowly
recooled to 260 K and then 200 K. These temperatures were chosen
based on the knowledge of the system gleaned from the DSC and VT-
PXRD measurements. A full sphere of data was collected at 200 K in
less than 1 h. The sample was then cooled to 165 K, but the software
still identified the unit cell as monoclinic, so it was cooled down
further to 125 K and a second full sphere of data was collected. The
sample was allowed to melt overnight. Next day, the sample was
cooled to just below the melt to grow crystals and then a full sphere of
data was collected at 160 K. Finally, the same sample was melted and
annealed at 262 K with data being collected for a significantly longer
period of time. Further details of the SXD experiments are provided in
the Supporting Information.

■ RESULTS
The DSC data, displayed in Figure 1, showed remarkable
reproducibility on cycling through multiple cooling and

heating cycles, the only noticeable difference being the
temperature for the sudden onset of freezing (Figure S2).
The enthalpy of fusion is 7.82 kJ mol−1 and the corresponding
enthalpy of solidification is −7.83 kJ mol−1. For the three solid-
state phase transitions (IV to III, III to II, and II to I), the
enthalpies of transition on heating are 0.73, 0.29, and 3.95 kJ
mol−1, respectively; the corresponding values on cooling are of
similar magnitude (−0.70, −0.29, and −3.70 kJ mol−1,
respectively). On heating, we observed a reproducible weak
peak, visible at 229 K, which cannot be explained in terms of
the solid-state phase transitions seen in variable-temperature

powder X-ray diffraction data, and with no equivalent peak
seen on cooling.
The VT-PXRD data showed only three solid-state phases

initially with phase I, which only exists over a narrow range of
temperature, being unobserved due to the 10 K step size used.
The existence of four solid-state phases under ambient
pressure was confirmed with the use of a smaller step size in
temperature (Figure 2 and Figure S3). The absence of strong

peaks in the VT-PXRD data for either pure C6H6 or pure
C6F5Cl demonstrated that a 1:1 adduct had been formed from
the melt in-line with our initial sample preparation assumption
and subsequently proved by SXD. Data analysis using the
PXRD indexing package Crysfire202042 identified a mono-
clinic cell for phase II and triclinic cells for phases III and IV,
with the primitive cell for phase IV having twice the volume of
the primitive unit cell for phase III (Table S1). The success of
the indexing software can be seen in the high figures of merit
(see M20 in Table S1) and the excellent match with the
calculated peak positions for the suggested cells (see Figure
S4a,b). It should be noted that, despite all of the first 20 lines
being indexed for each phase, the VT-PXRD patterns for each
of phases II, III, and IV exhibited a very weak peak at about 2θ
≈ 19.8° (highlighted with the green arrow in Figure S4a,b).
This very weak peak is attributed to the strongest diffraction
peak of solid benzene and, consequently, was deliberately
omitted from all of the indexing attempts.
Following indexing of the VT-PXRD data, whole-pattern

fitting using the LeBail method43 was used to obtain unit-cell
parameters and unit-cell volumes at each measured temper-
ature, enabling molecular volume as a function of temperature
to be obtained. Exemplar LeBail fits are shown in Figure S4c,d.
The variation of molecular volume with temperature is shown
in Figure 3 with the changes in unit-cell parameters with
temperature shown in Figure S5. There is a clear jump in
volume at the I−II (ca. 1%) and III−IV (ca. 2%) phase
transitions, but there is no appreciable change in molecular
volume at the II−III transition. This is consistent with the II−

Figure 1. Differential scanning calorimetry data obtained on cooling
(in blue) and heating (in red) for a sample of C6H6:C6F5Cl. Multiple
solid-state phase transitions were evident below the melt at 269 K. On
cooling below the freezing transition at 263 K, transitions were
observed between: phases I and II at 241 K, phases II and III at 189
K, and phases III and IV at 158 K. On heating, equivalent transitions
were observed at 161 (IV to III), 191 (III to II), and 246 K (II to I).

Figure 2. Variable-temperature PXRD data obtained on heating in 2
K steps (top) and 10 K steps (bottom) for a sample of C6H6:C6F5Cl.
The data are shown as a color surface plot where the range of
intensity is shown as a sequential color scale, from low counts in dark
blue via intermediate counts in red, to high counts in yellow. Three
solid-state phases, labeled II, III, and IV, are clearly seen in the bottom
plot. With the finer 2 K step in temperature, an additional phase,
labeled I, was observed just below the melt (top). As with other
related adducts, a liquid “structure” is seen in the liquid state in the
form of the double hump in the PXRD patterns.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.4c00134
Cryst. Growth Des. 2024, 24, 3021−3029

3023

https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00134/suppl_file/cg4c00134_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00134?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00134?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00134?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00134?fig=fig2&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


III transition involving a subtle distortion of the structure but
without any change in the degree of disorder of the C6F5Cl
molecules (as determined by SXD).
The crystal structures of all 4 phases of C6H6:C6F5Cl were

determined using the multigrain approach described in our
earlier work, i.e., no attempt was made to grow one perfect
single-crystal but rather just large crystals are grown from the
melt in the X-ray capillary.19 For this molecular system, crystals
of C6H6:C6F5Cl were initially produced in phase II. However,
we would not have known this without recourse to the indexed

VT-PXRD data, the knowledge of which proved to be crucial
for all of the SXD experiments. After structure solution and
measurement of data on phase II, the crystals were cooled
stepwise, but the SXD acquisition software kept suggesting a
monoclinic cell until we had taken the sample below 150 K, at
which point the pattern of spots on the SXD detector changed
noticeably. Structure solution for data collected at 125 K using
a primitive triclinic cell showed that we were in phase IV based
on our VT-PXRD data.
The experiment was repeated on the same sample the next

day with the intention of collecting data on phases I and III.
The sample was cooled to 160 K with the aim of measuring
phase III. Unit-cell indexing of a small number of frames
measured by SXD at this temperature frequently found an I-
centered monoclinic cell similar to that of phase II, whereas the
correct cell for phase III is one that is a small triclinic distortion
of the phase II monoclinic cell. This can be easily missed (as
happened to us initially) when SXD is the only technique
being used. By contrast, PXRD (with its higher 2θ resolution)
is much more sensitive than SXD to small unit-cell distortions,
which lead to splitting of the peaks in 2θ. In this case, the I-
centered triclinic cell used to describe phase III at 160 K has
unit-cell angles where α is approximately equal to 91° and γ is
close to 92° (see Table S2). Both of these values are
sufficiently close to 90° for the SXD software to suggest an I-
centered monoclinic cell when only a few frames of data are
measured in the screening scans.
Finally, several attempts were made to obtain data on phase

I. Growing crystals of phase I is straightforward as they grow
readily inside the capillary at temperatures just below the melt.
(The crystals tend to grow such that {001} is parallel to the

Figure 3. Molecular volume as a function of temperature was
obtained by dividing the unit cell volume from the PXRD data by the
number of molecules of C6H6:C6F5Cl per unit cell. Note that the
PXRD data for phase I exhibited only hk0 reflections, so the molecular
volume shown here for phase I is the sole value obtained from the
SXD experiment at 262 K.

Figure 4. Views of the crystal structures of C6H6:C6F5Cl in phases I, II, III, and IV viewed along c, the column axis of the stacked molecules. F
atoms are shown in light green, Cl atoms in midgreen, C atoms in midgray, and H atoms in white. The figure shows how decreasing the sample
temperature reduces the thermal disorder of the molecules and, at the same time, lowers the symmetry of the crystal structures. In phases II and III
with 2-fold disorder of the C6F5Cl molecules, the Cl atom is seen as the “inner” atom and the fluorine opposite it in the ring as the “outer” one.
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capillary axis, as seen in the PXRD experiments.) However, the
measurement of SXD data to high scattering angle is near
impossible for a plastic phase given the very low intensity of
the Bragg peaks at the higher (i.e., >60°) 2θ angles (as
demonstrated e.g., by the inset in Figure S4b, where a square
root scale has been used to amplify the visibility of the weaker
peaks of phase I seen in PXRD. Given that phase I is a plastic
phase due to dynamic rotations, SXD data were not collected
to the usual IUCr recommended limits (i.e. a d-spacing
resolution of about 0.84 Å) as there are no measurable Bragg
peaks at the higher 2θ angles.
Further details of the structure solution and refinement for

phases I−IV of C6H6:C6F5Cl are given in the Supporting
Information. The crystal structures of all four phases are shown
in Figures 4 and 5; the naming of atoms is shown in Figure S6,
and, along with the deposited CIF files, Tables S3−S6 provide
details of the crystal structure parameters.

■ DISCUSSION
Our experimental work illustrates the importance of using
multiple techniques for the study of the solid state. Although
the crystal structures of all 4 solid-state phases of C6H6:C6F5Cl
were solved and refined from SXD data, two of the phases
would have been missed in the absence of the DSC and PXRD
measurements: phase I because it only exists over a narrow
range of temperature just below the melt and phase III because
its unit cell is a small triclinic distortion of phase II, for which
our current SXD acquisition software does not distinguish the
difference easily. Furthermore, the DSC data was crucial in
confirming the existence of four phases, especially given that
one phase was missed in the initial PXRD experiment due to
the use of a 10 K step size in temperature. Although 10 K steps
are very practical in our X-ray laboratory (e.g., a typical VT-
PXRD experiment can be run from late afternoon to the
morning of the next day), there is always the risk (as we have
seen in previous studies33,45) of accidently jumping over a

phase that only exists over a narrow range of temperature. The
study also illustrates the importance of analyzing the VT-
PXRD prior to the SXD study. In particular, the indexing suite
of programs within Crysfire202042 enabled us to identify the
crystal systems and associated unit cells that we needed to
measure in an SXD experiment.
An appreciation of the symmetry changes in the crystal on

cooling (or heating) is equally important toward an under-
standing of the observed phase transitions. The symmetry
elements present in the unit cells for all four phases may be
seen in Figure S7. The change from phase I to phase II
involves the loss of 3-fold symmetry so that the 6-fold disorder
of the C6F5Cl molecules in phase I becomes just 2-fold
disorder in phase II. The next change involves the loss of the
mirror (and 2-fold) symmetry, but this still leaves the C6F5Cl
molecules with 2-fold disorder (due to inversion symmetry).
Hence, there is no appreciable change in volume at the II to III
transition, just a small distortion of the unit cell with all cell
angles no longer equal to 90°. Lastly, the III to IV transition
involves a change from 2-fold disorder to antiferroelectric
ordering of the C6F5Cl molecules that leads to a noticeable
change in unit-cell volume. Although this transition can be
described in terms of a change from a body-centered triclinic
structure to a primitive triclinic one with half of the points of
inversion being lost, it could equally well be described as a
doubling of the primitive triclinic unit cell for phase III to the
primitive triclinic unit cell for phase IV as a result of
antiferroelectric ordering. Losing half of the points of inversion
in phase III, and in particular the one at the origin where the
C6F5Cl molecule is located, means that the structure of phase
IV is best described in terms of a nonstandard setting of the
triclinic space group with an origin defining inversion point at
(1/4,1/4,1/4).
The crystal structure refinements raise a number of

interesting points. Despite the fact that C−Cl is a longer
bond than C−F (1.704 Å versus 1.335 Å), when the structures

Figure 5. Views of the crystal structures of C6H6:C6F5Cl in phases I, II, III, and IV as for Figure 4 but now viewed along a. In this view, the
alternating stacking of C6H6 and C6F5Cl molecules to form columns along c is readily seen as well as tilts of the planes of the molecules with respect
to the column axis in phases II to IV.
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of phases II and III are refined with 2-fold disorder of the
C6F5Cl molecule (using the tools in OLEX2

44), the position of
the Cl atom refines closer to the inversion center than the F
atom opposite it in the C6 ring (as seen in Figures 4 and 5).
Attempts to model the disorder with Cl as the “outer” atom
always resulted in it moving to the “inner” position. However,
this result becomes less surprising when considering dynamic
disorder and center-of-mass (CoM) distances: CoM···Cl(1) is
equal to 2.81 versus 3.00 Å for CoM···F(4), both values
calculated from the structure of phase IV in which the C6F5Cl
molecule has an ordered orientation.
Phase transitions in this system gave rise to a few issues with

regard to the use of the multigrain approach. The crystals of
the lower-temperature phases exhibit twinning, not surpris-
ingly, given the group−subgroup relationships between the
phases. This was not a problem for phase II, perhaps because
each twin domain is large enough to diffract just as one single
crystal, but was a major issue by the time the crystals are
cooled down to phase IV. Twinning in phase IV was obvious
from the Fobs versus Fcalc plot

44 of the refined structure;
however, when the data for phase IV was processed
subsequently as a twin, the completeness reduced to 94.6%.
In addition, Rint was still relatively poor. Nonetheless, the
structure of phase IV is considered reliable, with root-mean-
square-plane deviation values of 0.005 and 0.001 Å for the
rings in C6F5Cl and C6H6 (excl. H atoms), respectively.
By contrast, phase I presented other problems. First, the

small number of unique reflections frequently landed the least-
squares refinement in false minima. Second, relatively large
crystals grow perfectly (i.e., with a low-mosaicity) just below
the melt temperature, so an extinction correction is essential.
(The use of an extinction correction for phase II can improve
the R-factor, but its value was not significant.) Third, the very
intense low-angle reflections are associated with large thermal
diffuse scattering (see Figure S8), which may reduce their
accuracy. Lastly, the data become exceedingly weak at the
higher 2θ angles, which may be the cause of the relatively poor
Rint values for this phase too, in contrast to the much better Rint
values for phases II and III.
Finally, it is interesting to compare the solid-state behavior

of the adduct C6H6:C6F5Cl with the prototype adduct
C6H6:C6F6

32 and with the methyl-substituted adduct
C6H5CH3:C6F6.

33 The space-group symmetry for each of the
phases is shown in Table 1.

All three show a high-temperature plastic phase with a
rhombohedral arrangement of the molecules whose planes are
perpendicular to the 3-fold symmetry axes in their crystal
structures, in contrast to adducts formed by more highly
substituted benzenes such as p-xylene and mesitylene.19,33,41

The point symmetry of the molecules in phase II of
C6H6:C6F5Cl is the same as for the molecules in C6H6:C6F6,
namely I2/m, which results in 2-fold disorder for the C6F5Cl
molecule as it lacks an inversion center. On further cooling of
C6H6:C6F5Cl, the triclinic phase III is observed in which the
C6F5Cl molecules still have 2-fold disorder. This phase is
isomorphic to that observed in phase II of the toluene adduct
which has 2-fold disorder of the C6H5CH3 molecules. The
structure of phase III of C6H6:C6F6 is very similar to these,
especially when described in terms of an I-centered triclinic
unit cell. Lastly, at the lowest temperature, the C6F5Cl
molecules undergo antiferroelectric ordering, leading to the
primitive triclinic phase IV, isomorphic to phase III of the
toluene adduct. In phase IV, the molecules show an eclipsed
arrangement as seen in phases III of C6H6:C6F6 and
C6H5CH3:C6F6, and in the lowest temperature phase of p-
C6H4(CH3)2:C6F6.

33 Thus, C6H6:C6F5Cl behaves like
C6H5CH3:C6F6 with the key difference being the existence of
monoclinic phase II in the former. We note that a transient
minor phase was observed in the latter in a VT-PXRD
experiment using 1 K steps around the I−II phase transition.
We speculate that this minor phase, for which there were
insufficient peaks for indexing, might be equivalent to the extra
phase II seen in C6H6:C6F5Cl. The existence of the extra phase
II in C6H6:C6F5Cl can be rationalized in terms of the high
degree of molecular motion (as deduced from the atomic
displacement parameters) of the C6F5Cl molecules, which
leads to dynamic disorder of the Cl atom away from the 2-fold
axis. However, the data does not sustain modeling this phase
with a higher degree of disorder than the 2-fold one used.
It has been postulated that the structure of this type of

adduct from the melt is determined by the attraction of
opposing quadrupole forces.31 The formation of columns of
alternating molecules, which are dynamically disordered and
aligned along an axis perpendicular to their plane, bears this
out, as the quadrupole and molecular dipole of the C6F5Cl
molecules are the sole directional forces in this system even
though they are not the largest contributor toward the overall
energy of the system.47 We note that precise experimental
values for the quadrupole and molecular dipole of the C6F5Cl

Table 1. Comparison of the Space Groups, Temperature Ranges, and Structural Types for the Identified Solid-State Phases of
the C6H6:C6F6, C6H5CH3:C6F6 and C6H6:C6F5Cl Adducts

a

adduct space group symmetries and phases, temperature ranges, and types

C6H6:C6F6 R3̅m (I) I2/m (II) P1̅ (III) P21/a (IV)
temperatures 297†−276 K 276−253 K 253−222* K <222* K
order/disorder plastic ordered ordered ordered

C6H5CH3:C6F6 R3̅m (I) I1̅ (II) P1̅ (III)
temperatures 282 − 246 K 246−200 <200 K
order/disorder: plastic/6-fold 2-fold A.F.

C6H6:C6F5Cl R3̅m (I) I2/m (II) I1̅ (III) P1̅ (IV)
temperatures 266−244 K 244−190 K 190−160 K <160 K
order/disorder plastic/6-fold 2-fold 2-fold A.F.

aPhases are denoted by the Roman numerals in parentheses, and temperature ranges are averaged from cooling and heating cycles using DSC. A.F.
indicates an antiferroelectric structure; * indicates value from DSC heating cycle only, † is the melting-point value by Ripmeester et al.46
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molecule appear to be unknown. In contrast to C6H6:C6F6, but
in comparison with C6H5CH3:C6F6, the molecular dipole
moment plays an additional role, particularly at low temper-
ature, as it results in antiferroelectric ordering in phase IV.
In addition, molecular bond-dipole interactions (i.e. C−F···

H−C)48 have a role to play in determining whether the
molecules with opposite quadrupole moments are staggered or
eclipsed.33 The relative strength of these interactions is most
evident when the lowest temperature phase IV is compared
with the highest temperature phase I. Despite the very weak
nature of these interactions, in the absence of any stronger
directional forces, the bond−dipole forces in phase IV lead to
the eclipsed arrangement of molecules within a column. In
addition, the molecules tilt within a column so as to maximize
the intercolumnar interactions (Figure S9). Not only do the
molecules tilt with respect to the column axis (Figure 5), but
they are also very slightly tilted with respect to each other, with
an interplanar angle between adjacent C6H6 and C6F5Cl
molecules within a column equal to 3.26°. By contrast, near the
melt, the strong librational motion of the molecules results in
weak intercolumnar interactions and leads to molecules aligned
perfectly parallel to each other with an interplanar angle
between molecules within a column equal to 0°.
In our previous work on cocrystals involving C6F6, we

observed that, despite preparing 1:1 stoichiometric mixtures,
occasionally a cocrystal formed that was not in a 1:1
stoichiometry, e.g., the cocrystals formed C6F6 and C4H5N
crystallized with the unusual formula (C6F6)3:(C4H5N)4.

19

Until the crystal structure is solved, it is difficult to predict the
ratio of coformers in the cocrystal. In this work, we were
attempting to assemble a cocrystal with columns of molecules
composed of alternating coformers that naturally leads to a 1:1
stoichiometry. In the aforementioned work of Bujak et al. on
the cocrystal of C6H6 with C6F5I,

40 it is not obvious why a 1:2
ratio of coformers was chosen prior to structure solution other
than a cocrystal of C6H6 and CF3I had been formed previously
in this ratio.39

Despite the different stoichiometries observed between
C6H6:C6F5Cl and C6H6:(C6F5I)2, the solid-state structures
share a number of features in common. The crystal structures
of all forms of both have the molecules arranged in columns
and exhibit phase transitions to low symmetry forms on
cooling. In particular, the monoclinic to triclinic transition in
C6H6:(C6F5I)2 is similar to the II to III transition in
C6H6:C6F5Cl. However, there are number of differences
associated with the different stoichiometries. In the lowest-
temperature form of C6H6:C6F5Cl, the C6F5Cl molecules are
aligned with the dipoles opposed between columns (Figure 5)
but not along the column axis in contrast to the C6F5I
molecules in C6H6:(C6F5I)2 where the dipoles of the C6F5I
molecules are opposed within the column (Figure S1), thus
leading to a structure with a 1:2 stoichiometry. Finally, we note
that only two solid-state phases were reported for C6H6:
(C6F5I)2 whereas C6H6:C6F5Cl exhibits four.

■ CONCLUSIONS
In this study, it is evident that fluorine substitution by chlorine
in C6F6 does indeed perturb the structure and dynamics of the
prototype adduct C6H6:C6F6, in a number of ways. First,
compared to C6H6:C6F6, the plastic phase just below the melt
exists over a much narrower range of temperature in
C6H6:C6F5Cl. Second, C6H6:C6F5Cl retains the analogous
“extreme” phases shown by C6H5CH3:C6F6, namely, the plastic

high-temperature phase and the antiferroelectric low-temper-
ature phase. Third, in contrast with C6H5CH3:C6F6, but similar
to the prototype, C6H6:C6F5Cl also has an intermediate
monoclinic phase. Using a combination of DSC, VT-PXRD,
and SXD, we have shown that the adduct formed between
C6H6 and C6F5Cl has four solid-state phases at low
temperature.
Currently, CSP cannot predict the phase behavior of simple

adducts such as C6H6:C6F5Cl and similar systems. These
systems tend to exhibit many phases where the energy
difference between phases is relatively small and comparable
to the energy differences between structures predicted by CSP.
Detailed experimental investigations as described in this paper
highlight and scrutinize some of the fundamental weak
interactions that hold molecules together in solid materials.
For example, DSC measurements show that the energy
differences between phases are small, especially for a subtle
phase change such as the II−III transition in this system, where
ΔH is about ±0.3 kJ mol−1. This implies that those developing
CSP methods and protocols need to calculate lattice energies
to a higher accuracy in order to more effectively predict the
phase behavior of some simple organic molecules. The studies
presented here will be useful in informing future predictive
studies and provide essential data for developing and training
models for CSP.
The findings herein have led us to postulate further

questions, such as how does further perturbation of the
prototype adduct (C6H6:C6F6), e.g., by both hydrogen and
fluorine substitutions in each ring to create an adduct such as
C6H5CH3:C6F6Cl, where both coformers have a molecular
dipole, affect the structure and dynamics of the system?
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