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ABSTRACT: The exploitable properties of many functional materials are ? 9 a 9
intimately linked with symmetry-changing phase transitions. These include A \. 9 a e A "
properties such as ferroelectricity, second harmonic generation, conductivity, P b g6 o
magnetism and many others. We describe a new symmetry-inspired method for s lxl\. . $ v .
systematic and exhaustive evaluation of the symmetry changes possible in \ 9 1 J o
molecular systems using molecular distortion modes, and how different models ? wh ? W

can be automatically tested against diffraction data. The method produces a @ « | ) ‘\ ’\4 "
quantitative structural landscape from which the most appropriate structural b Y ?n cos > .2

description of a child phase can be chosen. It can be applied to any molecular 2
or molecular-fragment containing material where a (semi) rigid molecule | b ¢
description is appropriate. We exemplify the method on $,6-dichloro-2- c
methylbenzimidazole (DC-MBI), an important molecular ferroelectric. We

show that DC-MBI undergoes an unusual symmetry-lowering transition on warming from orthorhombic Pca2, (T < 400 K) to
monoclinic Pc. Contrary to expectations, the high temperature phase of DC-MBI remains polar.

B INTRODUCTION

9 H3
Ferroelectricity has long been an important topic in solid state cl H @ {' c/j 5
and materials chemistry. It is associated with a variety of :@[ />_

N

technological applications such as memories, modulators, and
energy harvesting devices."”” Extensively studied ferroelectrics
include inorganic materials such as BaTiO,;>* PbTiO;"~*
PZT, ™' KDP and similar,"*™"" KTP**™** and Rochelle
salt.”> ™ In recent years there has been significant interest in
organic ferroelectrics which offer the advantages of being
lightweight, flexible and nontoxic. Potential applications
include actuators, transducers and pyroelectric detectors, as a
result of their excellent dielectric, pyro- and piezo-electric
properties comparable to traditional inorganic ferroelec-
trics.’””>® Molecular systems such as chloranilic acid
phenazine®* ™ and croconic acid®**~*’ have been reported
to exhibit ferroelectricity near room temperature.

The single-component hydrogen-bonded material, S,6-
dichloro-2-methylbenzimidazole (DC-MBI, Figure 1), has
been reported to exhibit ferroelectricity above room temper-
ature.*’ The room-temperature form of DC-MBI is ortho-
rhombic and polar (space group Pca2,) and the ferroelectricity
is thought to arise from the positional ordering of protons
along chains of N—H-N hydrogen bonds (involving H3 of
Figure 1). The material was reported to retain ferroelectricity
at 373 K, above which (~400 K) a phase transition was
reported based on DSC data. No details of the high
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Figure 1. Left: molecular structure of §,6-dichloro-2-methylbenzimi-
dazole (DC-MBI). Right: examples of axial vectors describing
symmetry adapted molecular rotation modes. The rotation vector
passes through a pivot point (colored sphere); its direction identifies
the rotation axis while its length is proportional to the rotation angle
(see text). The pink vector corresponds to modes rS and r6 of irrep
I'; (discussed later in the paper) with r6 = —rS; the blue vector
describes a mode of irrep I'3.

temperature structure were reported, though the presence of
strong pseudosymmetry in the ferroelectric polar structure,
suggested the existence of a potential paraelectric centrosym-
metric high-temperature structure. In fact disordering of the
H3 protons in the N—H3---N hydrogen bond chain (Figure
3a) would introduce an additional mirror plane in the
molecule, raising the symmetry to Pbcm, and would provide
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Figure 2. Variable-temperature laboratory PXRD patterns on warming and cooling between 100 and 450 K. Artificial color map shows intensity

changes on heating and cooling.

an obvious ferroelectric switching mechanism, as proposed in
previous work.

Here we present evidence that DC-MBI does indeed
undergo a reversible phase transition, but we demonstrate an
unusual and rather surprising lowering of the space-group
symmetry upon heating to another polar phase. We describe
the use of molecular symmetry adapted distortion modes to
systematically derive and explore all possible patterns of
molecular DC-MBI rotations and displacements consistent
with the experimentally determined unit cell size. Each
candidate structure was tested against variable temperature
powder X-ray diffraction (PXRD) data in order to solve the
structure of the HT phase in a systematic, exhaustive, and
automated fashion. We also show how molecule distortion
modes*” offer a remarkably convenient low-parameter-number
description of the phase transition. We discuss the implications
of the phase transition for ferroelectric switching. This is the
first time molecular distortion modes have been used to
determine the structure of a functional molecular material from
diffraction data. The general approach we have developed and
adopted here will be widely applicable to phase transitions in
any molecular material or any structure incorporating
molecular fragments such as metal organic frameworks
(MOFs).

B EXPERIMENTAL SECTION

Sample Preparation. 5,6-Dichloro-2-methylbenzimidazole (DC-
MBI) was purchased from Sigma-Aldrich. For powder diffraction
experiments and second harmonic generation measurements, the
material was used as-purchased. Single crystals of DC-MBI (0.0201 g)
were prepared by slow evaporation of an alcohol (methanol or
ethanol) solution (typically 3 mL) at room temperature. Colorless
needle-shaped crystals appeared after 1 week.

Laboratory and Synchrotron X-ray Diffraction. Variable-
temperature powder diffraction data were collected on two different
Bruker D8 Advance instruments. High-temperature data were
collected in capillary mode on a Mo Ka diffractometer equipped
with a Lynx-Eye detector and an Oxford Cryosystems Cryostream
Plus device. Gently ground sample was loaded into a 0.7 mm
borosilicate glass capillary, mounted on the goniometer head and
rotated during data collection. A small amount of Al powder was
added to DC-MBI for temperature calibration. The sample was
cooled from 450 to 100 K at a rate of 15 K h™!, and then was warmed
from 100 K back to 450 K at the same rate. A series of 20 min PXRD
patterns were recorded over the 26 range 2°—30° using a step size of
0.02°. Lower-temperature data were collected in flat-plate mode, on a
Cu Ka,, diffractometer equipped with a Lynx-Eye detector and
Oxford Cryosystem PheniX closed-circuit cryostat. For this experi-
ment, a gently ground sample was mixed with Al and Si powders (as

internal standards) and placed onto a silicon flat plate. The sample
was cooled from room temperature to 12 K at a rate of 15 K h™". The
data were collected over a 20 range of 5°—70° using a step size of
0.02°.

Synchrotron powder X-ray diffraction data were collected on
beamline I11 of the Diamond Light Source in high-resolution mode
using the 45 Multi-Analyzing Crystal (MAC) detectors. Samples were
placed into a 0.7 mm quartz capillary attached to a brass holder which
was spun during the measurement. Both 100 and 500 K data were
collected for 2h using A = 0.8257653 A (calibrated against silicon
standard NIST 640c). All powder diffraction data were analyzed using
Topas Academic software.***

Single crystals were screened and measured using a Bruker SMART
6000 equipped with a CCD area detector and an Oxford Cryosystems
Nitrogen Cryostream 600 cryostat.

Second Harmonic Generation (SHG) Measurement. Approx-
imately 0.10 g of polycrystalline DC-MBI was placed in a 0.50 mm
diameter fused silica tube and heated in a home-built sample holder
equipped with a hot plate and a thermometer. @-SiO, was used as a
reference. The SHG measurement system has been described
previously.**

Exhaustive Symmetry Approach. An exhaustive tree of
intermediate subgroups that lie between a hypothetical Pbcm parent
structure and a Pl-symmetry base structure with the same primitive
unit cell size was calculated using the ISODISTORT software.
Molecular rigid bodies were defined in P1 symmetry, with a pivot
point located at the midpoint of the C—C bond shared by both rings
(Figure 1). An input file for analysis was automatically prepared by
ISODISTORT containing rotational distortion modes that assign
rotation vectors to each of the molecular pivots in the unit cell. Modes
were automatically flagged to refine or remain fixed according to their
irreducible representation to describe each space group of the
candidates in Figure 4. For each candidate the model was then refined
against high-temperature synchrotron powder data. Several thousand
cycles of refinement followed by randomization of mode amplitudes
and cell parameters and rerefinement were performed for each
candidate.

B RESULTS AND DISCUSSION

Observation of a Structural Phase Transition in DC-
MBI. Our initial attempts to investigate the high-temperature
structure of DC-MBI employed single crystal X-ray diffraction.
Several crystals of different sizes were tested. They
initially diffracted well during heating from room temperature,
but shattered at 450 K, presumably due to an abrupt volume
change, suggesting a first-order phase transition.

Laboratory variable-temperature PXRD patterns (Figure 2)
were therefore collected on both warming and cooling between
100 and 450 K. It is apparent that the material undergoes a
reversible phase transition. All peaks shift in a smooth fashion
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as the temperature increases until the phase transition (T, ~
400 K for warming and T, ~ 340 K for cooling) takes place.
At high temperature, some peaks appear to split, indicating a
surprising loss of symmetry relative to the low-temperature
phase. The observation of a temperature hysteresis in the peak
splitting is again consistent with a first-order phase transition.

Crystal Structure of the LT Phase of DC-MBI. The
structure of the low-temperature (LT) phase of DC-MBI has
been reported previously (at 295 K),*" but was redetermined
in this work at 120 K via single crystal X-ray diffraction to
allow comparison with the new high-temperature structure.
The fractional coordinates of all atoms were refined freely;
anisotropic atomic displacement parameters (ADPs) were
refined for the non-hydrogen atoms, while the hydrogen atoms
were refined isotropically. An R-factor of 2.7% was obtained. At
120 K, the material has cell parameters of a = 13.9343(3) A, b
= 5.64024(15) A, ¢ = 10.3593(3) A, V = 814.16(2) A and
retains the room-temperature Pca2; structure. Figure 3b shows
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Figure 3. Crystal structures of DC-MBI view down the crystallo-
graphic a-axis. (a) Crystal structure of hypothetical high-symmetry
parent in which proton disorder over H3 and H3’ leads to space
group Pbcm. (b) Crystal structure of low-symmetry HT child. The
overall rotation vectors (discussed later in the text) are depicted in
pink. Cell axes correspond to the symmetry modes description used in
the structure solution process and in later figures.

the hydrogen bonding pattern of the LT phase (essentially
identical to that of the HT phase, as shown below). DC-MBI
molecules connect via intermolecular N—H3---N hydrogen
bonds, forming infinite chains that stack along the crystallo-
graphic b-axis. The polarity of each hydrogen-bonded chain is
directed along the crystallographic c-axis (in the Pca2, standard
setting). The bond distances involved in the N—H3--N
hydrogen bond are d(N1-+N2) = 2.962(3) A and d(N1-H3)
= 0.847(25) A.

Structure Solution of HT Phase: Exhaustive Symme-
try Mode Subgroup Search. It is clear from inspection of
the powder diffraction data in Figure 2 that the HT phase of

DC-MBI is closely related to the LT phase. However, the peak
splitting demonstrates that it has lower metric symmetry and
therefore cannot be the putative Pbcm proton-disordered
centrosymmetric structure proposed in earlier work. In fact,
the HT data can be successfully indexed using a monoclinic
cell with a = 10.3812 A, b = 14487 A, c =5.7383 Aand 8 =
90.950 A. As is typical of powder diffraction experiments, it is
hard distinguish between the candidate space group type for
the HT phase based on systematic absences alone.

Solving pseudosymmetric structures from powder diffraction
data is a significant challenge, and there are numerous
examples in the literature where structures have been revised
multiple times due to incorrect unit cell or space group
choices, particularly for functional inorganic materials.
Recently, a variety of exhaustive methods for overcoming
these problems have been described based on isotropy
subgroups and symmetry-adapted distortion modes.** In
essence, these methods allow one to systematically and
automatically construct and test a model for every intermediate
subgroup between a high-symmetry parent structure and a
lowest-possible-symmetry base structure, giving a quantitative
global view of the structural landscape. In such an analysis,
instead of the traditional parameter set of individual atomic xyz
displacements, one quantifies a phase transition (i.e., deviations
from the parent symmetry) in terms of mode amplitudes,
where each symmetry-adapted mode belongs to some
irreducible representation of the parent symmetry group and
defines a global displacement pattern that affects many atoms
or molecules. The advantages of the symmetry-mode
parameter set have been discussed elsewhere.*”**~°

A further simplification of the parameter set that lends itself
to molecular systems is the combined use of rotational and
translational symmetry modes to describe the coherent
motions of entire (semi) rigid-body units.”’ This overcomes
the need to refine parameters describing individual atomic
shifts, which would be beyond the information content of
powder data for complex molecules. In this approach, an axial
vector (pseudo vector) is “attached” to each molecule at a
central pivot point (Figure 1), such that its direction indicates
the direction of a right-handed molecular rotation while its
magnitude indicates the rotation angle. The properties of this
vector, which can be directly refined from diffraction data,
encode the same information as a conventional rigid body
description (up to 3 positions and 3 angles of rotation) but
lend themselves to a symmetry-based description. In fact,
rotational order parameters and symmetries are highly
analogous to those of magnetic moments at magnetic ordering
transitions, except that the magnetic time-reversal operation is
not relevant to static molecules so that the resulting subgroups
will naturally be restricted to one of the 230 crystallographic
space groups (monochromatic or type-1 Shubnikov groups).
The rotational symmetry-mode description has several
practical advantages over a conventional rigid-body descrip-
tion: it is naturally defined relative to a reference structure (the
parent) for which all rotations are zero; pivot-rotation vectors
provide a clean graphical representation of the distortions
occurring; and it is free of the order-of-operation subtleties
involving noncommutative rotation matrices.

Because HT DC-MBI appears to have lower symmetry than
the LT phase, we could use the LT phase as a parent structure
from which to explore possible HT child structures. However,
if we ignore the N—H3 proton, we can instead use the
hypothetical high symmetry Pbcm structure as a parent of both
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Figure 4. Tree of intermediate subgroups that lie between the symmetry groups of the hypothetical Pbcm parent structure and the P1 base
structure. Active irreps are listed for each candidate in the tree along with the background-subtracted R-factor relative to the base (see text). LT

space group shown with blue and HT with red border. Dashed border indicates an origin shift relative to the parent.

phases (Figure 3a). Using ISODISTORT, we calculated a tree
of all intermediate subgroups that lie between the Pbcm parent
structure and a Pl—symmetry base structure, as shown in
Figure 4. Because the PXRD data give no evidence for any
increase in the size of the unit cell, this base structure is the
lowest-possible subgroup that we need to consider. Note that
some space group types (Pc and P2,) appear multiple times
with different origin shifts (relative to the parent) leading to
distinct isotropy subgroups with inequivalent structural degrees
of freedom.

Each of the candidate child structures was described in terms
of the rotational and translational symmetry modes of the DC-
MBI rigid-body allowed by the corresponding child subgroup,
and Rietveld refinement was performed on each candidate
against the HT diffraction data. For each candidate, we
performed multiple cycles of refinement of both mode
amplitudes and cell parameters, with values randomized after
each convergence. The number of structural degrees of
freedom ranged from 3 in space group Pbcm (one molecule
with one rotational mode and 2 translational modes allowed by
symmetry) to 24 in space group Pl (4 molecules with 3
rotational and 3 translational modes for each, though 3
translational degrees of freedom are set to zero to fix the origin
in P1). The quality of fit found in each subgroup is included in
Figure 4 as AR,,, where AR, is the increase in R, over the
lowest R,, found in any subgroup. R-factors are also shown
graphically in Figure 5, where we see identical trends with
either R, or a background-subtracted-R,," as the quality
indicator. The minimum R, was found multiple times during
the annealing process, suggesting that proper convergence was
achieved in each subgroup.

The lowest R,,, (2.5%) was found, as expected, for the base
candidate #16 in space group P1. This description possesses all
of the degrees of freedom of all its supergroups, plus sufficient
flexibility that its cell metric can deviate from expected
monoclinic values (@ = # = 90° and y # 90° in the setting
used). We note that « and § remained within +0.005° of 90°
in the best solution with y refining to 91.2°. Subgroup #12
(P1) gives the next best fit, though this candidate can be

13444

(R-Rpin + 1) - logscale

0 2 4 6 8 10 12 14 16
Subgroup number

Figure S. Three types of R-factor are presented for each candidate
subgroup from fits to the HT data. Subgroups #1—#4 and #8 are
orthorhombic; subgroups #12 and #16 are triclinic; the other
subgroups are monoclinic. Data are plotted as (R — Ry + 1) to
enable the use of a log scale.

eliminated from the observation of a positive SHG signal up to
melting. Of the monoclinic candidates (#5—#7, #9—#11, #13—
#15), we find that candidate #10 (Pc) gives the best fit to the
data with R,, only marginally higher than that of #1 (P1),
despite having far fewer degrees of freedom. We therefore
select this candidate as having the optimum balance between
giving an excellent fit to the data and having a low number of
structural degrees of freedom. The final Rietveld fit for this
candidate is shown in Figure 6, and the corresponding refined
parameters are summarized in Table 1. The fit for the next-best
monoclinic candidate (#11 Pc) is significantly worse, as shown
in Figure S1 of the Supporting Information. Given the
experimental observation of peak splitting, we could have
excluded orthorhombic space groups (#1—#4 and #8) from
our analysis. However, in cases with more subtle splitting, they
would need to be included, so we retained them for
completeness. As such, our process of the simultaneous
annealing of cell parameters and internal coordinates
effectively indexes the data during the process of structure
solution.

Even though the single crystal data give an unambiguous
structure for the LT phase, we can attempt a similar process
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Figure 6. Fit of the #10 Pc candidate for the HT phase to 500 K synchrotron PXRD data.

Table 1. Refinement Results for HT Phase DC-MBI Cell
Uses P11b Nonstandard Setting of Pc To Match Other
Figures

Chemical formula C¢HsCLN,
Crystal system Monoclinic
Space group P11b (No. 7)
a (A) 5.7702(1)

b (A) 10.3934(2)
¢ (A) 14.7421(3)
v (deg) 91.2163(14)
Vv (A3%) 884.01(3)
z' 2
Temperature (K) 500
Wavelength (A) 0.8257653
20 range (deg) 5-30

Final R,,/R, /Ry, % 2.56/1.95/1.07

with powder data. With the higher quality LT data, the effect
of hkl-dependent peak broadening is significant, and we find
that in a P1 description the cell metric distorts slightly (90°
angles are +0.01) to describe this broadening, so that the
quality of each candidate is dominated by the metric
symmetry. If we use an orthorhombic cell metric for all
candidates, we find that candidates #2 and #3 give essentially
equivalent fits to the data with R,, ~ 0.15% higher than the P1
description. If we take the other extreme description and allow
a triclinic cell metric for each candidate, candidate #3 is the
best choice (Apr = 0.15%). This is the expected Pca2,
candidate for the LT phase. A Rietveld fit to the LT data is
included in Supporting Information (Figure S2).

Despite the relatively low information content of the
laboratory VT-PXRD data, we can gain insight into the LT
to HT transition from the temperature dependence of the
rotational-mode amplitudes and corresponding molecular
rotations discussed above (shown in Figure 7). On the basis
of the group-subgroup relationships presented in Figure 4, we
can use candidate #10 Pc, which has 6 allowed rotational
modes ('}, 2}, 25, T'5) at all temperatures. Over the 150
data sets analyzed on warming and cooling, we find that R,
increases by an average of 0.12% and a maximum of 0.25% if
the 2I'; and I'; mode amplitudes are fixed at zero. The small
R,, increase and the absence of any noticeable temperature
dependence suggest that these modes are unimportant and can
be removed from the model. We see a clear increase in the I'}
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Figure 7. In both panels, closed circles indicate warming and open
circles indicate cooling. (a) Important rotational-mode amplitudes/
esd vs temperature, labeled according to parameter name and IR. (b)
The overall molecular rotation angles for the two symmetry-unique
molecules vs temperature. Observe the marked change in slope at the
phase transition.

amplitudes and a marked decrease in their standard uncertainty
above the phase transition temperature. We also find that the
R,, difference between a model in which rotational mode
amplitudes are fixed at zero (the high symmetry Pca2; phase)
and a model in which they are allowed to refine grows
significantly at the phase transition.

Thermal Expansion of DC-MBI. The unit cell parameters
of DC-MBI extracted from variable-temperature laboratory
PXRD data by Rietveld refinement are plotted as a function of
temperature in Figure 8. Below T, (~400 K), unit cell
parameters expand smoothly upon warming, and show normal
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laboratory PXRD data vs temperature; in each panel closed circles
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f) of the thermal expansion indicatrix from 400 to 450 K; blue
indicates negative thermal expansion and red indicates positive
thermal expansion.

positive thermal expansion. At the phase transition to the
monoclinic HT phase, cell parameters b and y change rapidly.
On cooling, cell parameters exhibit similar behavior, though
the abrupt changes occur at a lower temperature (T,
~ 340 K). This hysteresis suggests a first-order transition,
which is consistent with the DSC results*' reported in the
literature and with our in situ heating experiments on single
crystals. The calculated coefficients of linear thermal expansion
(CTEs) are a, = 108 X 107 K™}, a, = 148 X 10 K™}, a, =
363 x 107¢ K! giving a volumetric coeflicient a, of 177 X
107° K™! in the temperature range 100—3500 K. The magnitude
of a, falls into the “colossal” expansion category (lal > 100 X
107° K™') observed in framework material such as Ags[Co-
(CN),).**

Interestingly, the material contracts along the crystallo-
graphic b-axis over a ~50 K interval close to the phase
transition temperature, showing uniaxial negative thermal
expansion (NTE). This can be most clearly seen from the
thermal expansion indicatrix, calculated using the PASCal*?
program and shown in Figures 8e,f and S3. The details of the
principal axes and the CTE values along each principal axis are
summarized in Tables S1 and S2. We observe a uniaxial NTE
along the principal axis X; (close to b) and strong positive
thermal expansion (PTE) along X, and X;.

Discussion. Analysis of variable-temperature diffraction
data, aided by the subgroup tree of Figure 4, gives a clear
picture of the symmetry change that occurs at the LT-HT
phase transition in DC-MBI. We consider first the relationship
between the hypothetical Pbcm parent phase and the
previously known LT phase. The small I, rotational mode

of the LT Pca2, structure breaks the Pbcm symmetry of the
parent, but only slightly, so that it is best to consider the lower
Pca2, symmetry as being derived principally from H3 ordering
rather than from rotations. Starting from the H3-disordered
Pbcm parent, we find that any pattern of H occupancies in the
P1 base candidate #16 can be described using eight I'-point
occupational symmetry modes (modes that change site
occupancy). In fact, the action of a single I'; occupancy
mode produces the polar ordering pattern observed in the LT
phase.

The low-symmetry HT phase (Figure 3b) is derived from
the LT phase by the activation of primary I'; rotational modes.
In our model the two symmetry-allowed I'j mode amplitudes
have parameter names r5 and r6. If the amplitudes are related
by —r5 = +r6, they describe equal rotations around the pseudo
2-fold axis of each molecule (the pink vector in Figure 1). This
is essentially the rotation direction observed experimentally in
HT-DCMBI (Figure 3b). The sensitivity of the rotation vector
to the values of rS and 76 can be appreciated by realizing that a
change of sign of r5 such that +r5 = +r6 would rotate the
vector by 90° until it lies approximately perpendicular to the
molecular plane. The relatively large changes required in 5
and r6 to significantly change the direction of the rotation
vectors give us confidence in the experimentally derived
directions. The refined rotations (pink vectors in Figure 3b) lie
essentially along the pseudo 2-fold axis of the molecules with
alternate molecules along the H-bonded chains rotating in
opposite directions. The other (secondary, small-magnitude)
modes allowed by the symmetry of the HT structure (217, I'5)
rotate the molecule in the plane perpendicular to the chain
direction and in the plane of the molecule, respectively (the
blue vector in Figure 1 represents a pure I'; mode).

Perhaps the most unusual feature of the observed transition
is that ferroelectric DC-MBI transforms from a higher-
symmetry LT phase (orthorhombic polar) to a lower-
symmetry HT phase (monoclinic polar) on heating. Most
phase transitions are associated with an increase in symmetry
on warming, though this is not a thermodynamic requirement.
We see strong evidence from the hysteresis in the unit cell
parameters and from the phase coexistence close to T that the
LT<HT transition in DC-MBI is discontinuous. It is
accompanied by significant increases in a and ¢ and a slight
contraction in b.

There are a small number of examples of symmetry loss
upon heating claimed in the literature on ferroelectric
molecules, though several appear questionable on closer
examination of the data and crystallographic analysis. In fact,
the prototype ferroelectric Rochelle salt’* ™ undergoes a
paraelectric—ferroelectric—paraelectric series of phase transi-
tions on cooling or heating which involve a so-called “re-
entrant” phase transition. The space group sequence is P2,2,2
(T <255K), P2,11 (255 K < T <297 K) and P2,2,2 (T > 297
K. It is possible that DC-MBI would transition back to the
Pca2, phase (or a Pbcm phase) at higher temperature, but it
sublimes first.

The observation that DC-MBI transforms from polar space
group Pca2; to polar space group Pc means that the phase
transition does not provide a straightforward explanation for
switching via a paraelectric high-symmetry structure, as
proposed earlier. This is supported by SHG measurements
which show the material remains noncentrosymmetric up to its
melting point. The switching mechanism is therefore likely to
involve nucleation and growth of chains with different H-
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bonding directions. The lack of proton disorder in the HT
phase also helps rationalize why the coercive field of DC-MBI
was too high to measure a ferroelectric hysteresis loop at room
temperature’' and that switching could only be observed at
elevated temperature.

B CONCLUSIONS

In this paper, we describe the application of a novel symmetry-
inspired methodology, based on rotational molecular symme-
try modes, to understanding the behavior and to allow
structure solution of the HT phase of an important organic
functional material: the near-room-temperature molecular
terroelectric DC-MBI. This method allows us to exhaustively
explore the possible symmetry-changing molecular rearrange-
ments in this ferroelectric. We find that the HT phase has
monoclinic Pc symmetry rather than the anticipated
centrosymmetric orthorhombic Pbcm symmetry expected
from simple crystallographic considerations. This is consistent
with the retention of SHG activity all the way up to the
material’s sublimation point. The observation that DC-MBI
undergoes a symmetry-reducing transition on warming is
unusual. The phase transition appears to be first order and
displays a ~100 K hysteresis. Although AV, is positive, we
observe a contraction of the b-axis close to the phase transition
leading to uniaxial negative thermal expansion over a ~50 K
range.

This is the first example of using rotational symmetry-mode
parameters and of systematic and exhaustive subgroup-tree
exploration to solve an organic-molecule crystal structure.
These methodologies have quite general importance, and will
be widely applicable to fully molecular or molecular-fragment-
containing functional materials such as MOFs and hybrid
perovskites.
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