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ABSTRACT: The thermosalient transformation in nickel(II)
bis(diisopropyl)dithiocarbamate has been investigated using
selective deuteration. The deuterated crystals undergo a reversible
displacive phase transition that is ∼4 K higher in temperature
compared to the protonated analogue. Neutron, synchrotron,
density-functional theory, and calorimetric techniques were utilized
to demonstrate the substantial effect of deuterium. All techniques
demonstrated the equivalence of the mechanism on an atomic scale
between the protonated and deuterated complexes. The data
collected in this study reveal details of the changes of atomic
motion that underpin the thermosalience inherent in this system.
Deuterium decreased the frequency of atomic vibrations thus
increasing the temperature of the observed transformation. This study represents a key advancement in the field of thermosalient
molecular systems and provides insights into the control and manipulation of thermosalient materials.

■ INTRODUCTION
Thermosalient (or “jumping”) crystals are a special example of
active materials that undergo phase transformations in
response to a change in temperature. First described in 1983,
thermosalient materials have acquired a reputation as excellent
transducers of thermal energy into kinetic energy, often
manifested as motion (or “jumping”) with distances from
millimeters to meters.1−24 The emerging field of thermosa-
lience has caused a rapid increase in active research toward
identifying and characterizing new mechanically responsive
systems. Recent advances on the rise of dynamic crystals have
been highlighted in several excellent reviews, undoubtedly
fueling the increasing importance of thermosalient systems in
the realm of active materials.25−27

Thermally responsive materials that can convert thermal
energy into directed motion are highly desirable in industrial
applications such as biomimetics, microscopic machines,
energy harvesting, and actuation.28−36 However, such
applications can be limited by material fatigue, large temper-
ature changes for actuation, impractical temperature ranges, or
other mechanical material properties. Thermosalient crystals
have the potential to overcome these limitations by their ability
to magnify small changes in molecular orientations into
colossal macroscopic motion and extremely rapid actuation
times,14,37−43 especially when compared to other potential
actuator materials.44−53 Unfortunately, there are few examples
of reversible thermosalient systems,22,24,30,54,55 with the vast
majority of known thermosalient materials exhibiting irrever-
sible, destructive transitions.56−58

Recently, we discovered a new reversible thermosalient
system and the first reported case of a mechanically responsive
dithiocarbamate complex; nickel(II) bis(diisopropyl)-
dithiocarbamate (NiDIPDTC)2.

24,59 The transformation was
unique, being reversible for at least 900 cycles and operated in
environmentally accessible temperature ranges (−16 to +23
°C). The transformations were driven by atomic and molecular
motion and so, we hypothesize, the properties of the
thermosalient system can be manipulated by adjusting the
molecular motion via structural changes.
To test this, we selectively deuterated the sites known to be

involved in the thermosalient transformation (Figure 1).24

Deuterium has many applications, especially when incorpo-
rated into organic molecules60,61 where the carbon-deuterium
bonds are typically similar to those of carbon−hydrogen.
The increased atomic mass (compared to hydrogen) imparts

drastic changes to the frequency of molecular vibrations,60,62

changing the stability and structure of crystalline polymorphs
which demonstrates deuterium’s ability to manipulate
crystallographic properties of materials.63−70 This was recently
demonstrated by selective deuteration of a molecular ferro-
electric,71 and a thermosalient.14 Inspired by the work of Panda
et al.,14 we show here the first use of deuterium to manipulate
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the properties of a reversible mechanically responsive
dithiocarbamate complex.
Fortunately, deuterium can be experimentally distinguished

from hydrogen due to the reduced gyromagnetic ratio
(6.53539 MHz/T for D vs 42.576 MHz/T for H), a 40×
decrease in the incoherent neutron scattering cross section,
and a positive coherent neutron scattering length.72,73 We
employ a plethora of cutting-edge sophisticated techniques to
probe the effect of deuterium on the structure and dynamics of
the thermosalient (NiDIPDTC)2 system. Synchrotron and
neutron techniques in conjunction with Density Functional
Theory (DFT) calculations demonstrate the impact of
deuterium on the thermosalient transformation. This study
demonstrates an exciting use of deuterium that can be applied
to other mechanical systems to alter their physical and
mechanical properties.

■ RESULTS AND DISCUSSION
Optical Characterization. Figure 2 shows optical micro-

graphs of crystals as they transition between high temperature
(HT) and low temperature (LT) phases. In polarization mode,
the difference in birefringence clearly distinguishes the HT and
LT domains in terms of brightness while the interface between
the two domains (the “thermosalient domain wall” or TDW)
are seen as thin straight lines which indicate they are planar, as
has been observed in other thermosalients.74 Thermosalient
transitions are typically classified as martensitic transitions,26 a
well-studied transition type for metallic and inorganic
crystals.75 A planar interface between the two phases is a
typical feature of martensitic transitions. Faces of the single
crystal in Figure 2 were indexed (see Supporting Information)
using Bravais−Friedel−Donnay−Harker (BFDH) predicted
geometries. The optical direction of the micrographs are along

the monoclinic axes (010) while the left−right facets are
(001), and the top-bottom (100). From the intersection of the
top-left and bottom-right facets we can measure the β angle of
the domain, either 110 or 103° for the HT or LT phases. We
index the domain wall between HT and LT domains as the
(001) crystallographic plane (See Figures S1 and S2).
The speed of the TDW qualitatively increases with higher

cooling or heating rates while at very high rates the crystals
were observed to break. For instance, the single crystal shown
in Figure 2 cracked when cooled at a rate of 80 K min−1

(Videos S6). At lower rates, the transformation is completely
reversible with heating of the crystals producing the reverse
effects to that shown in Figure 2. As a test for long-term
degradation, a crystal was thermally cycled more than 900
times and showed no obvious change.24 We attempted to affect
the motion of the domain wall through physical force applied
to the crystal, though this had no apparent effect (see videos in
SI, Videos S1, S2, S3, S4, and S5).
Calorimetry. Differential scanning calorimetry (DSC) data

for 1 and 2 are shown in Figure 3. The transformations were
reversible, with the temperatures of the transitions being
affected by deuteration. Both compounds contain only a single
peak during the heating and cooling processes. The exothermic
peaks at ∼276 and 280 K correspond to the HT to LT phase
transitions for forms of 1 and 2, while the endothermic peaks
at ∼278 and 282 K are the reverse transformations of 1 and 2.
The onsets of HT to LT and LT to HT transformations are ∼4
K higher for 2 than 1 (Figure 3a), though both complexes have
the same hysteresis range of ∼2.5 K between phases.
Integration of the peak areas during the HT to LT conversion
yielded ΔH values of 2.7 kJ mol−1 for both 1 and 2, indicating
that mechanisms for transformation are equivalent.

Figure 1. Molecular structures of the thermosalient systems examined in this work.

Figure 2. Variable temperature polarized optical microscopy of the transition front between the HT and LT phases. The optical viewing axis is
aligned along the crystallographic b-axis of both phases. The lines of white dots indicate the approximate position and orientation of the front, while
the green arrows indicate the direction of the front progression on cooling.
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Variable heating rate DSC experiments (Figure 3b) showed
linear relationships between heating rate and the temperature
of fractional conversion for 1 and 2, which demonstrates the
transformation is dependent only on temperature with no
measurable rate dependence, in agreement with previous
calorimetric studies of 1.24 The partial proton content of 2
(∼18% by moles) is evident in the low conversion regime
between 5 to 15% (Figure 3b); the partially deuterated
isotopologues have conversion temperatures more closely
approximating that of 1, and thus the low conversion region
has a slope tending toward lower temperatures. Likewise, these
partially protonated isotopologues are the cause of slight
asymmetry and shoulder in the calorimetry of 2 (Figure 3a).
The increasing difference between the temperatures for 5 and
95% conversion with increasing rates of temperature change
(Figure 3b) is a consequence of the instrument and sample
thermal resistances. When looking at the low (e.g., 1 K min−1)
rates, the difference between 5 and 95% conversion is ∼0.2 K,
which represents the condition where thermal transfer from
the environment to the sample is not a limiting factor. It would
therefore be expected that the small sample mass and optimum
thermal contact of the crystalline faces in a single crystal should

produce a small (<0.2 K) temperature difference between
onset and full conversion. This is confirmed by the progression
of the TDW in Figure 2, which shows complete conversion in
∼0.25 K. At higher rates of temperature change, the observed
transition ranges are larger (see videos and SI) and in
agreement with the calorimetry.
The number (N) of geometrically indistinguishable

orientations during the phase transformation can be inter-
preted from the temperature corresponding to 50% conversion,
where ΔS = ΔH/T,24,76−78 yielding a value of 3 for
compounds 1 and 2. This result is consistent with the number
of disordered states determined by single-crystal X-ray.24 The
equivalent enthalpies of transformation and number of
disordered sites for 1 and 2 demonstrate an identical
mechanism of transformation in both complexes. Conversely,
the onset of the LT to HT transition during heating is higher
for D than H, attributable to the increased mass of the methyl
groups. The results for 1 are in excellent agreement with
previous calorimetric studies.24

Single Crystal Neutron Diffraction. Neutron diffraction
excels at the location of hydrogen and deuterium atoms
resulting in accurate distances and angles for interpreting inter-
and intramolecular hydrogen-bonding interactions. Single
crystal neutron structures of the high temperature and low
temperature phases of 1 and 2 are displayed in Figure 4. Two
crystallographically independent molecules are contained
within each unit cell and are referred to as Molecule A
(containing Ni1) and Molecule B (containing Ni2). There are
no significant differences in the bond lengths or angles of the
heavy atoms in 1 and 2 indicating that deuterium substitution
has not affected the overall molecular structure. The C−D and
C−H methyl bond lengths are equivalent which suggests the
difference in thermosalient behavior is attributable to vibra-
tional rather than structural effects. Likewise, the methine
(C2−H2/C5-H5/C9−H9/C12-H12) bond lengths are equiv-
alent. In the low temperature (250 K) phases, the observed
thermal ellipsoids on Molecule B are significantly larger and
anisotropic when compared to Molecule A indicating a greater
degree of molecular flexibility on Molecule B. Indeed,
Molecule B undergoes a rotation of ∼30° during the
thermosalient transformation and demonstrates large disorder
of the methyl groups in the high temperature structure. We
were unable to resolve the disorder of these groups in the high
temperature phase due to the lower limit of ∼0.89 Å
wavelength neutrons used in our Laue diffraction experiments,
and as such we present the disordered structures as
crystallographic averages of three molecules, as previously
determined by synchrotron single-crystal X-ray diffraction.24

The temperature-dependent increases in thermal displacement
of Molecule B preceding the thermosalient transformation
have been extensively investigated and reported by us
elsewhere.24

In our previous work we have reported on the observation of
3-center-2-electron intermolecular C−H···Ni interactions in
the low temperature and high temperature X-ray structures of
1.24,59 C−H···metal interactions can be classified as either
agostic or anagostic where the metal is d6 or d8.59,79,80 Agostic
interactions are characterized by short H···M distances (≈1.8−
2.2 Å) and C−H···M angles (90−130°)81 while anagostic
interactions typically have longer H···M distances (≈2.3 to 3.0
Å) and larger C−H···M angles (110−170°).82 The neutron
structures reveal C−H···Ni interactions in both forms of 1 and
2. In the low temperature structures, the H9···Ni1 distances are

Figure 3. (a) Differential scanning calorimetry for 1 (green) and 2
(blue). (b) Rate dependent variance of the temperature for the LT to
HT fractional conversion of 1 (circles) and 2 (squares).
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equivalent at 2.967 ± 0.008 Å in 1 and 2.959 ± 0.009 Å in 2.
The C9−H9···Ni1 angles are also equivalent at 157.60 ± 0.50°
for 1 and 156.20 ± 0.60° in 2. In the high temperature
structures, the H9···Ni1 distances are slightly longer in 1
(3.005 ± 0.015 Å) when compared to 2 (2.950 ± 0.030 Å).
We attribute this slight difference to the disorder of the
isopropyl moiety as indicated by the larger thermal ellipsoids
and e.s.d for the high temperature structures. In general, the
metal−hydrogen lengths are unchanged between 2.950 to
3.005 Å in all structures in agreement with the distances
characteristic of anagostic interactions. The C9−H9···Ni1
angles are significantly more acute in the low temperature
structures (149.50 ± 0.11° for 1 and 150.70 ± 0.16° for 2)
indicating that the C9−H9 bond will deform to maintain the
C−H···Ni interaction.
The neutron structures also reveal the presence of

intramolecular C−H···S interactions that are present in all
known di-isopropyldithiocarbamate structures.83 The C12-
H12···S4 and C5-H5···S2 interactions have equivalent (within
1.5σ) distances of ∼2.3 Å in both high and low temperature
forms of 1 and 2. Likewise, intermolecular C2-H2···S4 and C5-
H5···S4 interactions are present at equivalent distances of ∼2.9
Å in both high and low temperature forms of 1 and 2.
The low temperature and high temperature structures

contain different intermolecular methyl−sulfur interactions
due to the rotation of Molecule B relative to Molecule A as
described previously.24 In the low temperature structure of 1,

S2···D/H-C11 and S2···D/H-C13 interactions are present at
∼3.2 Å. These interaction distances are unchanged (within
1.5σ) upon deuteration.
In the high temperature structures these interactions are not

present and are instead replaced by S2···D/H-C10 and S2···D/
H-C14 interactions, however, due to the disorder of Molecule
B these distances are unable to be acquired with certainty. The
single-crystal neutron diffraction studies clearly show the
structural equivalence of 1 and 2 in both high and low
temperature phases, and thus the change of the thermosalient
transformation temperature is not attributable to any structural
change of the system due to deuteration.
Comparison of Diffraction Spot Images. The KOALA

II neutron diffractometer was also used to compare images of
individual diffraction spots from single crystals of 2 vs sample
temperature. The movie “Diffraction Images” of the SI shows
images containing several diffraction spots during a slow
punctuated increase in sample temperature from 281.75 to
282.25 K over the course of ∼23 h. Analysis of the images,
which generally contain coexisting phases within the single
crystal, provides complementary information to that obtained
by optical microscopy. All spots in all images can be
crystallographically indexed and belong to either the LT or
HT phases. The evolution of the phase fractions of both phases
is shown in the SI.
For planes at increasing angle from (001) the corresponding

spots of the LT and HT phases broaden and eventually split

Figure 4. Single-Crystal neutron structures acquired on KOALA for the low-temperature and high-temperature forms of 1 and 2. The average
displacement for three disordered states is shown in the high-temperature structures for clarity.
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into pairs of spots. No diffuse scattering was observed between
separated pairs of spots indicating high crystallinity with
negligible strain within the single-phase regions of coexisting
phases.
Crystallographic directions for both phases were calculated

from the indexed solutions for a coexisting phase. The (010)
and (001) planes are aligned within 0.06 and 0.15°
respectively. When combined with the cell dimension versus
temperature data,24 the two-dimensional (2D) lattices of the
(001) planes match within 0.6% in both the b- and c-axes cell
lengths, thus confirming the suitability of the (001) plane for
the TDW. The observation of negligible strain within the
single-phase regions confirms that any residual mismatch is
strain relieved by plastic deformation and that any elastic
deformation must be confined to a small volume of the crystal
close to the TDW.
The evolution of the phase fraction taken from the movie

images is shown in Figure S4. The growth of LT to HT starts
∼200 min after the first temperature increase. Between
temperature steps the rate of change in phase fraction is
generally constant and it increases with the temperature
increase, as was observed using optical microscopy. However,
at frames 15 and 22 the phase fraction appears to remain
constant until the next temperature increase. Such behavior is
typical for the pinning of a transition.84−92 When the TDW
encounters an obstacle such as a crystal imperfection, or
possibly the glue or grease used to mount the crystal, moving
past such an obstacle requires a larger driving force. Once the
obstacle is overcome the TDW appears to move at a constant
speed dependent on the new temperature. We suggest that if
the first temperature step was to 282.25 K, instead of 281.95 K,
then all such obstacles would be overcome and the phase
fraction would change at a constant rate of ∼0.1% per minute.
For a crystal of ∼2 mm length in the 001 this corresponds to
the TDW moving at ∼2 μm per minute for a temperature ∼0.3
K above the transition temperature.
From our optical microscopy observations, we found that a

temperature ramp rate of 80 K min−1 resulted in the breakage
of a crystal. How do we reconcile that a high ramp rate results
in crystal fracture with the speed of the TDW depending on
the driving force of the transition, that is temperature and not
its rate of increase? The simplest explanation is that the TDW
takes time to move through the crystal, and we are only
concerned about the highest temperature reached before the
thermosalient transition is complete. This is complicated by
the speed of the TDW also depending on the temperature.
Moreover, the hypothesis is consistent with the likely process
that cause breakages, the inability to relieve strain quickly
enough when the TDW is moving quickly through the crystal.
The maximum rate of plastic deformation for metallic and
inorganic materials is related to the number and rate of
creation of dislocations.93 This is also probably true for
molecular crystals, though the literature on such studies is
sparse.94 We postulate that the threshold for crystal breakage is
a function of the maximum speed of the TDW and the amount
of strain that must be relieved due to lattice mismatch against
the maximum rate of dislocation creation. If this is true it
means that thermosalient transitions do not necessarily break
crystals if the maximum speed of the TDW is sufficiently slow,
that is the temperature is very close to the transition
temperature.
Nuclear Magnetic Resonance. Variable temperature 2H

magic angle spinning (MAS) nuclear magnetic resonance

(NMR) spectra of 2 were collected over the temperature range
248 to 298 K, Figure 5a. In 2H NMR spectroscopy, the

spectrum is dominated by the interaction of the 2H quadrupole
moment with the electric field gradient. The width and shape
of the spectral lines are therefore dependent on changes in the
molecular motion95 which makes solid-state 2H NMR
spectroscopy useful for obtaining information about the
dynamics of a system. Indeed, solid-state NMR has been
shown to be a valuable technique for the evaluation of diffusion
and ion mobility in dynamic materials.95−98

Figure 5. (a) Variable-Temperature 2H (solid lines) and 13C (dotted
lines) solid-state NMR spectroscopy at 6 kHz MAS showing
temperature dependent effects on the di-isopropyl component of 2
during cooling. The dithiocarbamato S2C moiety is omitted for clarity.
(b) QENS spectra for 2 measured on PELICAN at 150 and 300 K
using a neutron wavelength of 6.0 Å. The QENS signal is relatively
weak due to the lower incoherent scattering of deuterium compared
to hydrogen.
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At 248 K, two resonances are observed centered at 1 ppm
which are assigned to the isopropyl −CD3 moieties. The lack
of any additional signals clearly demonstrates the localization
of deuterium on the methyl groups without any observable
migration to the isopropyl −CH moiety. The observation of
multiple broad deuterium resonances in the solid state is
attributable to the presence of intra- and intermolecular C−
D···S interactions causing an inequivalence of the isopropyl
moieties.24,59,83,99−105 These interactions and the observation
of multiple methyl/methine signals are characteristic of metal
DIPDTC complexes and have been described in detail
elsewhere.83

The temperature dependence of the deuterium spectra for 2
is shown as a continuous variation of the line shape during
heating from 248 to 288 K, characteristic for an increase in the
amplitudes of in-plane motion.95,98 Above 258 K, the line
shapes are perturbed by an increase in local motion resulting in
the coalescence of the multiple broad resonances at 278 K. In
the temperature range where the thermosalient phase
transition is observed by calorimetry, the changes in the
spectra appear to show no evidence of any phase change or
other significant event. The coalescence of resonances at 278 K
indicates movement of the deuterium atoms occurs at a rate
equivalent to the NMR time scale, where the rate of atomic
motion approaches the frequency separation between the two
spectral features. Upon further heating, the resonances narrow,
reaching a minimum line width at 288 K indicative of
thermally activated molecular displacement. The increased
molecular motion above 280 K is in agreement with the single-
crystal neutron structures which show a large thermal disorder
in the HT structure. The observation of thermally activated
molecular motion is in agreement with increased atomic
vibration on heating observed in our earlier study.24 Figure 5a

also shows the result of variable temperature 13C MAS NMR
studies performed to investigate the thermal behavior of the
heavy-atoms in 2 during heating. Within the HT phase
temperature regime from 278 to 298 K, there is no observation
of a temperature dependent narrowing of the resonances
demonstrating the relative rigidity of the carbon atoms within
the isopropyl moiety when compared to the mobile deuterium
atoms observed and discussed above. There are clear changes
in the 13C resonances of the high temperature and low
temperature phases such as the relative sizes of the methyl
(∼18 ppm) and methine (∼53 ppm) resonances are swapped,
attributed to the rotation of Molecule B. In the low-
temperature structure, the narrower resonances are attributable
to the increased rigidity of the low temperature phase which
lacks positional disorder of the di-isopropyl groups as shown
by single crystal neutron diffraction studies. There is no
observation of a temperature dependent narrowing of the
resonances prior to transformation.
When comparing the 2H and 13C spectra it is apparent that

solid-state deuterium NMR is more sensitive to the rotation of
methyl groups in the solid state causing different chemical
environments in the 2H atoms, while 13C requires more drastic
motion to change the local environment of C in the −CD3
groups and is therefore more sensitive to changes in local
environments due to the phase transition.
Quasi-Elastic Neutron Scattering. The observed temper-

ature dependent thermal motion of the methyl moieties in 2 is
reaffirmed by quasi-elastic neutron scattering (QENS) (Figure
5b). The quasi-elastic spectra obtained at 150 and 300 K
clearly show a difference in the quasi-elastic broadening, where
the width of the quasi-elastic contribution was narrower at low
temperatures. The pronounced increase in the QENS
broadening of the elastic line over the whole accessible Q

Figure 6. Experimental (4.69 Å neutrons) and DFT calculated INS spectra at different temperatures for 1 and 2 (a, d)*. DFT predicted partial
phonon DOS showing contributions from H and D to the DOS of 1 and 2 (b, e)*. Experimental and DFT calculated synchrotron THz spectra at
different temperatures for 1 and 2 (c, f). * The average of three static disordered 300 K structures was used to calculate the predicted DOS at 300
K.
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range at 300 K is an unambiguous sign of dynamic disorder in
the sample.98,106 The measured dynamic structure factor,
S(Q,ω) contains the sum of coherent and incoherent
contributions, from which under normal circumstances an
elastic incoherent structure factor (EISF) can be determined.
The EISF yields quantitative information about the geometry
of the motions.98,107−109 Unfortunately, an EISF could not be
obtained due to contamination of the QENS signal by Bragg
reflections and low-energy acoustic vibrations, as can be seen
in Figure 5(b) by the increased intensity in the E < −1 meV
range. Nevertheless, on a qualitative level, the increased
broadening of the quasi-elastic contribution to the QENS
signal in the 300 K collection is attributable to an increased
methyl group rotational radii, in agreement with the observed
disorder in the single crystal neutron data (Figure 4), the
coalescence of deuterium signals from the −CD3 moieties in
the solid-state NMR (Figure 5a), and our previous study
demonstrating the temperature dependent increases in
anisotropic displacement of the −CH3 moieties.
Inelastic Neutron Scattering. Inelastic neutron scattering

(INS) was used to determine the generalized phonon density
of states (GDOS) in the energy range of 0−35 meV at 150 and
300 K for 1 and 2 (Figure 6). The GDOS for 1 and 2 is
dominated by almost dispersionless optic branches with
energies in a range between 3 to 35 meV.
Unlike Raman, IR or THz spectroscopy, which probe the

Brillouin zone center (Γ or q = 0,0,0), neutrons are scattered
by the atomic nuclei directly and thus there are no selection
rules for INS spectra, allowing the observation of vibrational
modes which are otherwise invisible in Raman or IR
spectroscopies.96 Inelastic neutron scattering spectra of
powdered samples collected on PELICAN (Figure 6) are
considerably broadened at higher temperatures as a result of
the Debye−Waller factor which is particularly noticeable in the
300 K spectra. The experimental spectra for 1 show
considerably higher intensity of spectral features when
compared to those for 2 which is attributed to the stronger
incoherent scattering from hydrogen. The observed signals in 2
are considerably weaker than in 1 as deuterium has only 1/40
the incoherent scattering cross-section of protium.72 The
observed increases in experimental intensities of the 150 K
measurements when compared to the 300 K measurements is
indicative of orientationally disordered crystals coupled with
increased thermal motion.24,110,111

Comparing INS to DFT Results. Comparisons of the
experimentally derived INS spectra to those calculated by DFT
provide information about the vibrations of the molecular
groups in 1 and 2 before and after the thermosalient
transformation. The DFT predicted spectra reproduces all
observed features in the experimental data. The maximum
discrepancies between observed and calculated frequencies are
∼1.5 meV which is within the instrument energy resolution
(∼0.5 to 2 meV) at these energies.
To gain further insight regarding the identification of

molecular species contributing to the generalized density of
states (GDOS), DFT predicted partial density of states
(PDOS) for the contribution of H and D to the GDOS are
shown in Figure 6b,e. From these plots, the experimentally
observed INS data for 1 is clearly dominated by the incoherent
scattering of hydrogen species at energies >10 meV, while
residual hydrogen which represents the dithiocarbamato
moiety, dominates features observed <10 meV in 2. The
generalized density of states between 0 to 10 meV is

unchanged upon deuteration (Figure 6a,d) which suggests
the causative modes for these neutron annihilations are
equivalent. From the PDOS plots, the <10 meV modes are
clearly caused by vibrations and oscillations of the core
dithiocarbamato moiety which remains chemically unchanged
upon deuteration, thus explaining the equivalence of the <10
meV experimental spectra between 1 and 2.
Each peak of the GDOS is composed of a large number of

individual overlapping vibrational modes making quantitative
assignment of bands difficult. Instead, the description of the
molecular motions involved in the main vibrational bands of
the calculated partial DOS (Figure 6b,e) was achieved by
visualization of molecular vibrations at q(0,0,0). The vibra-
tional animations show that modes <10 meV are dominated by
collective motions of the dithiocarbamato ligand and remain
equivalent in frequency between 1 and 2, as discussed above.
For modes >10 meV the motions are of the methyl groups in 1
and 2, i.e., the specific collective motions of −CD3 in 2 and
−CH3 in 1. These visualizations are associated with the strong
features in the partial density of states for hydrogen (in 1) and
for deuterium >10 meV in 2. The changes in frequencies for −
CD3 vs −CH3 were qualitatively assessed by visualization of
similar molecular vibrations at q(0,0,0). All modes contribu-
ting to the neutron annihilations within bands between ∼11 to
∼35 meV are optically active, and in general experience a
redshift of ∼2.5 to 5 meV upon deuteration. Furthermore, in
both 1 and 2, these methyl associated modes consistently
redshift upon transition from the low to high temperature
phases (Figure 6b,e).
Terahertz Spectroscopy. We previously reported on the

changes in IR active modes (at q = Γ) observed using
synchrotron radiation.24 In Figure 6c,f we present further
observations for 1 and new observations for 2.
The low wavelength regions of the THz spectra in the sub

100 cm−1 range are typically attributed to driving the phase
transformations of various polymorphic and mechanically
responsive systems, particularly those where molecular
rotations are involved.22,112−117 Given the observed increase
in transformation temperature upon substitution of H to D, we
may expect to observe differences in the <100 cm−1 region.
Instead, the substitution of H to D does not alter the broad
profile comprised of numerous lattice (translation and
libration) modes residing below 100 cm−1; a feature that
shows an increase in intensity on the blue edge at high
temperature. Furthermore, modes <100 cm−1 capable of
triggering order−disorder transitions were not observed in
the visualization of atom displacements.22,112−114 Instead, the
fundamental vibrational modes in both 1 and 2 reveal the low
energy THz spectra is dominated by molecular translational
and librational modes. This is in contrast to the series of
intense bands located in the 120−250 cm−1 range for the H
and D systems, where visualization of the atomic displacements
confirm these modes are predominantly methyl torsion in
character, with those at lower frequency coupled to out-of-
plane deformation of the NiS4 moiety. We previously identified
two near-degenerate vibrational modes at ∼182 cm−1 in 1
which met the criteria of being “gateway modes”;24 as these
modes are methyl torsion in character, they experience a slight
shift in their frequency upon deuteration (Figure 6c,f).
Comparing Terahertz Spectroscopy to DFT Results.

Frequencies for the DFT calculated peaks (fitted with 10 cm−1

Gaussian profiles in the simulated spectra) are well-aligned
with experimental peak positions, although the relative
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intensities of the DFT predicted bands deviate from that
measured. As excited torsional levels are populated at higher
temperature, the corresponding bands in the THz spectra
broaden and are less resolved at 300 K (most clearly observed
for 2 in Figure 6f). However, as thermally populated excited
states are not described by the theory (performed at 0 K), the
300 K DFT spectra instead shows torsional bands of increased
frequency and intensity; as calculated for the altered
NiDIPDTC coordinates and cell parameters after phase
transition. It can therefore be surmised from the THz spectra
and the DFT modeling that partitioning of energy into methyl
torsion excited states can contribute to the dynamics of the LT
to HT phase transition.
DFT and Dynamical Instabilities. Information on

acoustic-phonons was extracted by analysis of the phonon
dispersion in the low-energy <3 meV regime. In Figure 7, each
curve represents the frequency of a single acoustic vibrational
mode as observed at each Brillouin zone within the crystal.
Our experimental data from Figure 6 shows very little
difference in the observed intensities of low energy transfer
modes when comparing 1 and 2. We also discussed earlier that
the QENS signal was contaminated by Bragg reflections and
low-energy acoustic vibrations, which in turn indicates the low
energy region of the INS will be dominated by coherent
scattering. These low frequency density of states between 0
and 10 meV represent flat optic phonon modes for the central
dithiocarbamate NCS2Ni backbone, which is chemically

unchanged upon deuteration and hence the dispersions of
low frequency phonons also remain unchanged upon
deuteration (Figure 7).
The phonon dispersions for the 300 K structures display

several imaginary frequency phonon modes, as shown by the
presence of negative energy dispersions. Such modes indicate
an energy decrease for an atom displaced from its equilibrium
positions. This paradoxical statement results from our method
of phonon calculation that assumes a quadratic (harmonic)
dependence of energy versus displacements. It is well-known
that imaginary modes obtained from a harmonic model are
predictors of dynamic instability resulting from the neglected
anharmonic energy terms.118−121 We posit that the observation
of these imaginary modes in our study are not an artifact of
poor convergence of the DFT calculation. To check for this
possibility, DFT calculations on the single-cell structures used
as inputs for the finite displacement method were repeated
using variable cell relaxation, increased force and electron
energy tolerances, and different pseudopotentials. The results
all produced similar dispersions with imaginary modes.
Replication of the finite displacement method using each
conformation of the disordered molecule B produced
variations of dispersions of the imaginary modes shown in
Figure 7, indicating their presence is associated with the
observed experimental disorder, a dynamic instability. Visual-
ization of the imaginary modes at the zone center (q = Γ) are
given in the SI and show the motion of isopropyl moieties in

Figure 7. Low frequency calculated phonon dispersion curves for 1 (dashed) and 2 (solid) at 250 K (upper) and 300 K (lower). The 300 K
structure of molecule B is observed experimentally as a crystallographic average of three distinct disordered fragments with large-amplitude local
distortions of the isopropyl moieties. Multiple imaginary modes in the 300 K structure are predicted at the Γ point which correspond to motion of
Molecule B. The schematic shows the molecular structures of the disordered molecule before and after the thermosalient transformation.
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molecule B. When these modes are interpreted alongside the
findings from QENS measurements discussed above, variable-
temperature single-crystal synchrotron X-ray diffraction,24 and
variable temperature solid-state deuterium NMR, we conclude
that the observation of imaginary modes is a real
representation of dynamic instability in the high temperature
phase. In other dynamic systems, imaginary modes are an
established characteristic of materials that undergo displacive
phase transitions.118,122−130 It is interesting to note that the
imaginary modes are deepest along the Brillouin direction B of
Figure 7 which is perpendicular to the (001) crystallographic
plane, the same plane as the thermosalient domain wall of
Figure 2. It is possible that this is relating to mode softening of
a transverse mode which precedes a static shear of the planes,
as often seen in martensitic transitions.131 For the 250 K
structures, the phonon dispersions are more typical, where the
low frequency region of the spectrum is dominated by acoustic
phonons, and no dynamic instabilities in the form of imaginary
frequency modes are predicted.
Vibrational Mechanism for the Thermosalient Trans-

formation. To explain the apparent stability of the HT
structure despite the imaginary modes, we propose that the
disorder of Molecule B effectively reduces the long-range
coherence of the crystal which in turn dampens the long-range
acoustic phonons. This dampening also applies to the
imaginary modes, that is the dynamic instability that drives
the displacive phase transition. The disordered fragments of
Molecule B, by oscillating between three positions, are thus
inhibiting the otherwise energetically favorable movement of
atoms from their equilibrium positions.
On cooling to the LT structure, the reduced motion of the

fragments of Molecule B eventually prevent the hopping
between multiple sites and the molecule becomes trapped in a
single orientation. The increase in long-range coherence
removes the dampening of the zone center imaginary modes
and the structure changes from dynamically to statically
unstable resulting in a displacive transition where the structure
relaxes to a lower energy configuration.
The reverse is true upon heating, the low-energy acoustic

modes are overcome by strong localized modes resulting from
the disorder and the structure relaxes to the lowest energy
configuration consistent with a disordered fragment.
Regarding the effect of deuterium on the thermosalient

temperature, as the dispersions in these low energy neutron
annihilation regions are virtually unaffected by deuteration, we
can conclude that the increased stability of the LT phase in 2 is
not attributed to a direct change in acoustic behavior. Rather,
the decreased vibrational amplitude of Molecule B, due to the
increased mass of deuterium, reduces the dampening effect on
the dynamic instabilities in the HT phase thus stabilizing the
LT phase to higher temperatures. In summary, thermosalience
in this type of material is a phonon driven transformation. We
conclude that rotational motions of the disordered Molecule B
in the high temperature phase is causative of the thermosalient
transformation, reinforcing our previous claims.24

■ CONCLUSIONS
In this study we have continued our previous investigations on
the thermosalient transformation in nickel(II) bis-
(diisopropyl)dithiocarbamate using selective deuteration. The
deuterated crystals undergo a reversible displacive phase
transition that is ∼4 K higher in temperature compared to
the protonated analogue. The structures of the protonated and

deuterated compounds were determined to be equivalent using
single-crystal neutron diffraction. Variable temperature solid-
state deuterium nuclear magnetic resonance experiments
revealed temperature dependent changes in the atomic
displacement of deuterium atoms preceding the trans-
formation. Quasi-elastic neutron scattering demonstrated
clear differences in methyl group rotational radii between the
high and low temperature phases. Density functional theory
reproduced experimental inelastic neutron scattering and
synchrotron terahertz absorbance spectra to reveal the atomic
vibrational modes causing thermosalience. All techniques
demonstrated the equivalence of the mechanism on an atomic
scale between the protonated and deuterated complexes.
We show that the thermosalient transition, in our case, is an

unusual combination of order−disorder and displacive
mechanisms. The disorder in the high temperature phase
results in strong localized optical modes that suppress long-
range acoustic lattice modes which would otherwise render the
phase energetically unstable to a displacive transition.
Deuteration of the methyl groups decreases the strength of
these optical modes thus stabilizing the low temperature phase
to higher temperatures.
As acoustic phonons have zero energy at q = Γ, these modes,

and by extension any change in their frequency or intensity are
not visible using traditional techniques that probe the Brillouin
zone center q(0,0,0) such as THz spectroscopy, FTIR, and
Raman. Unsurprisingly, this is the reason we did not observe
these phenomena in our previous investigation, or in the THz
discussed earlier.24

Polarized optical microscopy combined with a comparison
of neutron diffraction spot images confirms that the transition
between high and low temperature phases occurs on a planar
interface with little lattice mismatch between both phases. Any
residual mismatch is then relieved by plastic deformation. Such
behavior is also typical for martensitic transitions in metallic
and inorganic systems. On the basis of these experimental
technique, we also hypothesize on the requirements for
reversibility of the thermosalient transition.
Overall, our study demonstrates the use of deuterium for

changing the temperature of the thermosalient transformation
thus allowing new insight into the mechanisms of this system;
an advancement that we believe will be applicable to other
thermosalient and mechanically responsive systems.

■ EXPERIMENTAL SECTION
General. Reagents were sourced from Sigma-Aldrich and used

without further purification. Milli-Q water was used for all syntheses.
The deuterium enrichment levels were calculated using DGet!.62

Computational calculations and image processing were performed
using a personal computer owned by the corresponding author (dual
AMD EPYC 8B12 processors for a total of 256 processing cores with
1.1 TB of RAM), and on the Setonix and GADI Supercomputers.132

BFDH predicted morphologies were calculated using Krystal-
Shaper.133

Synthesis. Bis(N,N-di-isopropyldithiocarbamato-S,S′)-nickel(II),
1, was synthesized as previously described.59,134 Bis(N,N-di-
isopropyldithiocarbamato-S,S′)-nickel(II)-d24 (2) was synthesized
as shown in Scheme 1. First, 8.23 g of NaBH3CN (n = 0.1309) is
dissolved in 120 mL of anhydrous methanol, to which 9.0 g of
ammonium acetate is dissolved (n = 0.1168). The solution is stirred
for 5 min, after which point 15.7 g of acetone-d6 (n = 0.2448, 99.5%
D) is added dropwise through a condenser. A vigorous reaction
occurs leading to self-reflux, and the mixture is brought to room
temperature using ice, after which point the solution is stirred at room
temperature for 75 h. The reaction mixture was quenched by
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suspension of anhydrous potassium carbonate, and the volatiles were
removed using short-pass vacuum distillation. The fractions
containing 2a were collected as an azeotrope with a boiling point of
341 K. To rectify the azeotrope, 40 mL of 3 M HCl in anhydrous
methanol was added dropwise, and all volatiles were removed in
vacuo. The resultant fine-white powder 2a′ was freeze-dried to
produce 12.14 g of 2a′ (70% yield, 84% D), which was subsequently
stored under Argon. The ligand, 2b, as a pentahydrate, was
synthesized by modification of our previous methods99 as follows:
An aqueous solution of sodium hydroxide (7.1 g in 13 mL of Milli-Q
water) was cooled to 5 °C, to which 6.0 g of 2a′ (n = 0.0402) was
added while maintaining the solution at 5 °C. Next, an excess of
carbon disulfide in 20 mL of diethyl ether was added dropwise while
not allowing the mixture to exceed 5 °C. The mixture was stirred for
10 min, after which point a white slurry had formed. The slurry was
dried, and a mixture of methanol/diethyl ether was added, at which
point a slimy precipitate was formed. The organic layers were
removed and reduced in vacuo until a viscous oil had formed. Dry
diethyl ether was added to this oil, and crystals formed, which were
filtered and washed several times with diethyl ether. The filter cake
was dried in vacuo to produce 5.3 g of 2b (66% yield, 84% D). Finally,
2 was prepared by reaction of aqueous 2b (n = 0.0099) with aqueous
nickel(II) sulfate pentahydrate (n = 0.00369) to produce a brilliant
green precipitate which was washed with water, dissolved in
chloroform, and dried over anhydrous magnesium sulfate to produce
a dry solution of 2b. The volatiles were removed in vacuo to yield 0.58
g of 2 (38% yield, 84% D)
Nuclear Magnetic Resonance Spectroscopy. Variable temper-

ature solid-state 13C and 2H nuclear magnetic spectroscopy was
performed using a Bruker Avance III spectrometer. Single crystals of 2
were loosely crushed and packed in 4 mm zirconia rotors and sealed
using a vespel lid. The samples, in their sealed rotors, were spun at the
magic angle with a rotation rate of 6 kHz. The spectrometer frequency
was set to 61.43 MHz for 2H and 100.63 MHz for 13C. The 13C
signals were automatically frequency calibrated relative to TMS, and
the 2H signals were manually referenced relative to their equivalent
frequency in solution-state measurements.
Differential Scanning Calorimetry. Differential scanning

calorimetry (DSC) data were obtained using a Netzsch DSC 300
Caliris instrument. The instrument was calibrated before use for heat
flow using an indium standard and a sapphire disc for the cell

constant. Thermograms were acquired using heating rates of 0.5 to
5.0 K min−1, increasing in 0.5 K increments. As the thermosalient
transformation is reversible, a single sample was used for all 10
measurements. The resultant thermograms were baseline-corrected
(Figure S3) and converted to conversion plots (α vs K) via stepwise
integration as follows: The conversion fraction (α) is obtained by
stepwise integration of the endothermic peak resulting from the LT to
HT transformation, whereby 100% phase conversion is defined as the
total endotherm area. The temperature corresponding to partial
integrals (i.e., values between 5 and 95%) for each value of α is
obtained, and evaluation of kinetic parameters is performed on the
resultant conversion plots. All nonisothermal kinetic analysis was
performed using methods recommended by the ICTAC Kinetics
Committee.135

Neutron Diffraction. The structures of 1 and 2 at 250 and 300 K
were investigated using single-crystal neutron Laue diffraction. The
unit-cells employed were as for the X-ray determinations from our
previous investigations using Synchrotron radiation and recovered
from the Cambridge Crystallographic Data Centre (2072088 and
2072090) as these cannot be reliably determined using Laue neutron
diffraction. Single crystals of 1 and 2 were grown from gentle
evaporation of dilute chloroform solutions over a period of 9 days.
Single crystal neutron Laue diffraction data were collected on the
KOALA,136 and it is replacement KOALA II instrument which stands
at an end guide position of TG3- a supermirror thermal neutron guide
at the OPAL nuclear reactor at ANSTO. Single crystals were mounted
on the phi axis of the KOALA diffractometer and were immobilized
by adhesion to a 150 μm aluminum sheet using PTFE grease. The
crystal, grease, and aluminum holder were wrapped with PTFE tape.
The temperature was controlled using an Oxford Cryosystems Cobra
Plus sample cryostat. Data reductions were performed using the
LAUEG suite.137,138 The structures were refined using SHELXL139

with the program OLEX2.140 The chemical occupancies for D atoms
in 2 were freely refined and converged with partial occupancies in
agreement with the known overall deuterium enrichment determined
using mass spectrometry.

Neutron Laue data for 1 was collected from a single-crystal (∼2 ×
3 × 3.5 mm3). At 300 K, a total of 17 Laue diffraction images were
collected in a single run (7200 s exposures) with 14° rotation of the
crystal around the phi axis occurring between exposures. A total of
19537 reflections from neutrons of wavelengths between 0.850 and
1.70 Å, covering the full sphere of reciprocal space to a maximum
resolution of 1.11 Å were reduced [L4R(int) = 5.0 (5.8) for 4σ
observations] to yield 2193 independent reflections; 997 with I >
4σ(I). At 250 K, a total of 18 Laue diffraction images were collected in
a single run (7200 s exposures) with 14° rotation of the crystal around
the phi axis occurring between exposures. A total of 21,425 reflections
from neutrons of wavelengths between 0.850 and 1.70 Å, covering the
full sphere of reciprocal space to a maximum resolution of 1.11 Å were
reduced [L4R(int) = 5.2 (5.7) for 4σ observations] to yield 2235
independent reflection; 1127 with I > 4σ(I).

Neutron Laue data for 2 was collected from a single-crystal (∼1 ×
2 × 3 mm3). At 300 K, a total of 14 Laue diffraction images were
collected in a single run (3600 s exposures) with 14° rotation of the
crystal around the phi axis occurring between exposures. A total of
15,714 reflections from neutrons of wavelengths between 0.850 and
1.70 Å, covering the full sphere of reciprocal space to a maximum
resolution of 1.11 Å were reduced [L4R(int) = 4.7 (4.5) for 4σ
observations] to yield 2079 independent reflections; 1050 with I >
4σ(I). At 250 K, a total of 14 Laue diffraction images were collected in
a single run (3600 s exposures) with 14° rotation of the crystal around
the phi axis occurring between exposures. A total of 16,212 reflections
from neutrons of wavelengths between 0.850 and 1.70 Å, covering the
full sphere of reciprocal space to a maximum resolution of 1.11 Å were
reduced [L4R(int) = 4.2 (3.9) to yield 2145 independent reflections];
1163 with I > 4σ(I).
Neutron Scattering. Inelastic and quasi-elastic neutron scattering

(INS and QENS) data were collected at 150 and 300 K using the cold
neutron time-of-flight spectrometer, PELICAN at the ACNS
ANSTO.141,142 The instrument was configured for incident neutron

Scheme 1. Synthesis of 2a

a(i) NaBH3CN, MeOH, 298 K, 75 Hr. (ii) 3M HCl in MeOH. (iii)
Aqueous sodium hydroxide, carbon disulfide ether solution, 278 K.
(iv) aqueous nickel(II) sulfate heptahydrate.
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wavelengths of 4.69 Å (INS) and 6.0 Å (QENS), which correspond to
incident energies of 3.7 and 2.3 meV. The neutrons were scattered by
the sample and detected using the 1 m high detector bank that spans
125°. Single crystals of 1 and 2, from the same batch used to acquire
single-crystal neutron structures, were sacrificed in a pestle and mortar
to yield fine free-flowing powders which were packed within annular
aluminum cans with a total sample thickness of 1.0 mm
(corresponding to an annular spacing of 0.5 mm). A vanadium
standard was measured for detector normalization and to determine
the resolution function for the QENS analysis, and the background
was corrected by subtraction using an empty aluminum reference can.
For INS measurements, a neutron wavelength of 4.69 Å was used with
a chopper frequency of 200 Hz to yield an energy resolution of Δ0.2
to Δ2 meV in energy transfer ranges between −1 to −35 meV. The
corrected time-of-flight spectra were then converted to S(Q,ω). The
generalized density of states (GDOS) is obtained from S(Q,ω) using
the eq 1 followed by integration over Q (2)
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For QENS measurements, the instrument was optimized for 6.0 Å
incident neutrons, affording an energy resolution of 65 μeV at the
elastic line. All data reduction and processing was performed using the
Large Array Manipulation Program (LAMP).143

Variable Temperature Optical Microscopy. Polarized trans-
mission photomicroscopy of the thermosalient transformations was
performed using a modified Nikon Eclipse TE200 microscope and
photomicrographs were acquired using an Amscope 18 MP-HS
USB3.0 Camera. Single crystals, or fragments of single crystals, were
placed atop a 0.1 mm thick glass wafer within a custom sample
environment manufactured by the corresponding author. The
enclosure is described briefly; a Linkam THMS600 stage was
modified to accept a Peltier module. The sample temperature was
modulated using a Peltier element, the hot side of which was liquid-
cooled using a closed-loop liquid recirculator and controlled with a
Meerstetter TEC-1161. The glass wafer was thermally bonded to the
Peltier cold side, and the entire cold-assembly was entombed with a
nickel-plated copper hat with a 5 mm aperture. The temperature of
the sample was measured by a Class B Pt100 RTD thermally bonded
to the glass substrate, and the auxiliary temperature of the nickel
plated copper hat was monitored by a Class B Pt100 RTD thermally
bonded to the nickel-plated copper. The sample environment was
purged by a flow of dry air with a dew point of <200 K at 300 mL
min−1. Where necessary, videos and images were compressed or
converted using ffmpeg.144 All images were processed using Fiji.145

Synchrotron Terahertz Spectoscopy. Far-IR spectroscopy was
performed at the Terahertz and Far-Infrared beamline at the
Australian Synchrotron. A closed loop pulsed tube cryostat (Cryo
Industries) was installed on the beamlines’ Bruker IFS125 FTIR
spectrometer. Single crystals of 1 and 2 were crushed to produce a
fine powder, of which ∼1 mg was homogenized in paraffin wax and
pressed into a pellet of 3 mm diameter. The measurements were
collected under a partial helium atmosphere between room temper-
ature and 3 K. The 20−300 cm−1 spectral region was accessed using
the synchrotron edge-radiation source, a 75 μm Mylar beam splitter,
and a liquid helium cooled silicon bolometer detector. Spectra were
recorded at 4 cm−1 resolution, and processed using a custom python
script developed by the corresponding author. Processed spectra were
corrected and baselines from wax subtracted using Spectragryph
software.
Computational Details. To simulate the synchrotron THz

spectra, the periodic DFT code CRYSTAL17 (at B3LYP-D3/6-
311G(d) level of theory) was employed, as used earlier for
simulations of 124 data. The H atom coordinates for the methyl

groups were labeled as D, and the frequencies recalculated at both
temperatures to simulate THz spectra for 2.

All other DFT calculations were performed using Quantum-
Espresso (QE).146−151 Initial atomic positions from single crystal X-
ray diffraction structures (CCDC 2072088 and 2072090) were used
to generate input files for QE. Structures were selected at 300 and 250
K to match experimentally acquired single-crystal neutron structures
presented here. The files were generated using the Materials Cloud
platform.152 We performed an energy cutoff test (ecutwfc parameter
in QE) with energies between 40 and 80 Ry. We selected 40 Ry as the
optimal value with less than 0.001% relative change to the calculated
energy at 80 Ry. Similarly, we performed a k-point convergence test,
choosing a 2 × 2 × 2 mesh without offset. We used those parameters
for relaxation and phonon calculations. We performed variable cell
relaxation using damped (quick-min Verlet) dynamics, a 0.0001 force
convergence threshold (forc conv thr) and a 0.002 energy
convergence threshold (etot conv thr), however this produced
unrealistic lattice constants We chose to use position relaxation
with fixed lattice constants, VdW dispersion correction, a 1 × 10−6

force convergence threshold (force conv thr) and a 0.0002 energy
convergence threshold (etot conv thr) for the energy minimization.

For phonon calculation, we employed the finite displacement
method.153,154 We generated the displacement structures using
Phonopy.155,156 Postprocessing analysis was done using Phonopy
and Euphonic software.157

Since the unit cell contains 196 atoms, using a large supercell for
phonon calculation was unfeasible. Instead, we generated 294
displacements on a 2 × 1 × 1 supercell with 392 atoms per structure.
The input coordinates for the 211 supercell were those that were
obtained using single-cell atomic position relaxation as described
above. The resulting supercell are approximately cubic. The density of
states was calculated from 0 to 35 meV with a 0.5 meV resolution and
1.4 meV Gaussian broadening width. With these parameters, each
phonon calculation took ∼700 h of continuous computation using
256 processing cores, for a total computation time of ∼5000 h
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Popovic,́ D.; Skoko, Ž. Reversible Thermosalient Effect of N′-2-
Propylidene-4-hydroxybenzohydrazide Accompanied by an Immense
Negative Compressibility: Structural and Theoretical Arguments
Aiming toward the Elucidation of Jumping Phenomenon. Cryst.
Growth Des. 2017, 17, 4445−4452.
(9) Mittapalli, S.; Sravanakumar Perumalla, D.; Nangia, A.
Mechanochemical synthesis of N-salicylidene-aniline: thermosalient
effect of polymorphic crystals. IUCrJ 2017, 4, 243−250.
(10) Nauha, E.; Naumov, P.; Lusi, M. Fine-Tuning of a
Thermosalient Phase Transition by Solid Solutions. CrystEngComm
2016, 18, 4699−4703.
(11) Ohtani, S.; Gon, M.; Tanaka, K.; Chujo, Y. A Flexible, Fused,
Azomethine-Boron Complex: Thermochromic Luminescence and
Thermosalient Behavior in Structural Transitions between Crystalline
Polymorphs. Chem. - Eur. J. 2017, 23, 11827−11833.
(12) Panda, M. K.; Runcevski, T.; Sahoo, S. C.; Belik, A. A.; Nath, N.
K.; Dinnebier, R. E.; Naumov, P. Colossal positive and negative
thermal expansion and thermosalient effect in a pentamorphic
organometallic martensite. Nat. Commun. 2014, 5, No. 4811.
(13) Panda, M. K.; Runcevski, T.; Husain, A.; Dinnebier, R. E.;
Naumov, P. Perpetually self-propelling chiral single crystals. J. Am.
Chem. Soc. 2015, 137, 1895−1902.
(14) Panda, M. K.; Centore, R.; Causa, M.; Tuzi, A.; Borbone, F.;
Naumov, P. Strong and Anomalous Thermal Expansion Precedes the
Thermosalient Effect in Dynamic Molecular Crystals. Sci. Rep. 2016,
6, No. 29610.
(15) Panda, M. K.; Etter, M.; Dinnebier, R. E.; Naumov, P. Acoustic
Emission from Organic Martensites. Angew. Chem., Int. Ed. 2017, 56,
8104−8109.
(16) Robertson, L.; Penin, N.; Blanco-Gutierrez, V.; Sheptyakov, D.;
Demourgues, A.; Gaudon, M. CuMo0.9W0.1O4 Phase Transition
with Thermochromic, Piezochromic, and Thermosalient Effects. J.
Mater. Chem. C 2015, 3, 2918−2924.
(17) Sahoo, S. C.; Panda, M. K.; Nath, N. K.; Naumov, P.
Biomimetic crystalline actuators: structure-kinematic aspects of the
self-actuation and motility of thermosalient crystals. J. Am. Chem. Soc.
2013, 135, 12241−12251.
(18) Sahoo, S. C.; Sinha, S. B.; Kiran, M. S. R. N.; Ramamurty, U.;
Dericioglu, A. F.; Reddy, C. M.; Naumov, P. Kinematic and
Mechanical Profile of the Self-Actuation of Thermosalient Crystal
Twins of 1,2,4,5-Tetrabromobenzene: A Molecular Crystalline
Analogue of a Bimetallic Strip. J. Am. Chem. Soc. 2013, 135,
13843−13850.
(19) Seki, T.; Mashimo, T.; Ito, H. Anisotropic strain release in a
thermosalient crystal: correlation between the microscopic orientation
of molecular rearrangements and the macroscopic mechanical motion.
Chem. Sci. 2019, 10, 4185−4191.
(20) So, H. S.; Minami, T.; Jindo, T.; Matsumoto, S. Thermosalient
effect of two polymorphs of a diketopyrrolopyrrole dye with different
crystal systems and molecular arrangements. CrystEngComm 2018, 20,
5317−5320.
(21) Tamboli, M. I.; Karothu, D. P.; Shashidhar, M. S.; Gonnade, R.
G.; Naumov, P. Effect of Crystal Packing on the Thermosalient Effect
of the Pincer-Type Diester Naphthalene-2,3-diyl-bis(4-fluoroben-

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c01140
J. Am. Chem. Soc. 2025, 147, 8032−8047

8043

https://orcid.org/0000-0003-4395-1829
https://orcid.org/0000-0003-4395-1829
mailto:angelosa@ansto.gov.au
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Galaviz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+A.+Mole"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ross+O.+Piltz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0867-3712
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+M.+McDonagh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9502-1175
https://orcid.org/0000-0002-9502-1175
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Courtney+Ennis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1774-8982
https://orcid.org/0000-0003-1774-8982
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominique+Appadoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01140?ref=pdf
https://doi.org/10.1021/ja105508b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja105508b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja105508b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matt.2019.06.018
https://doi.org/10.1016/j.matt.2019.06.018
https://doi.org/10.1016/j.matt.2019.06.018
https://doi.org/10.1002/smll.202006757
https://doi.org/10.1002/smll.202006757
https://doi.org/10.1002/smll.202006757
https://doi.org/10.1039/C7CC04251E
https://doi.org/10.1039/C7CC04251E
https://doi.org/10.1021/jacs.8b12752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CE00454A
https://doi.org/10.1039/D1CE00454A
https://doi.org/10.1039/D1CE00454A
https://doi.org/10.1021/acs.cgd.7b00785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2052252517004043
https://doi.org/10.1107/S2052252517004043
https://doi.org/10.1039/C6CE00762G
https://doi.org/10.1039/C6CE00762G
https://doi.org/10.1002/chem.201702309
https://doi.org/10.1002/chem.201702309
https://doi.org/10.1002/chem.201702309
https://doi.org/10.1002/chem.201702309
https://doi.org/10.1038/ncomms5811
https://doi.org/10.1038/ncomms5811
https://doi.org/10.1038/ncomms5811
https://doi.org/10.1021/ja5111927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep29610
https://doi.org/10.1038/srep29610
https://doi.org/10.1002/anie.201702359
https://doi.org/10.1002/anie.201702359
https://doi.org/10.1039/C4TC02463J
https://doi.org/10.1039/C4TC02463J
https://doi.org/10.1021/ja404192g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja404192g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4056323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4056323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4056323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4056323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8SC05563G
https://doi.org/10.1039/C8SC05563G
https://doi.org/10.1039/C8SC05563G
https://doi.org/10.1039/C8CE00940F
https://doi.org/10.1039/C8CE00940F
https://doi.org/10.1039/C8CE00940F
https://doi.org/10.1002/chem.201705586
https://doi.org/10.1002/chem.201705586
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c01140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


zoate): A New Class II Thermosalient Solid. Chem. - Eur. J. 2018, 24,
4133−4139.
(22) Zakharov, B. A.; Michalchuk, A. A. L.; Morrison, C. A.;
Boldyreva, E. V. Anisotropic lattice softening near the structural phase
transition in the thermosalient crystal 1,2,4,5-tetrabromobenzene.
Phys. Chem. Chem. Phys. 2018, 20, 8523−8530.
(23) Etter, M. C.; Siedle, A. R. Solid-State Rearrangement of
(Phenylazophenyl)palladium Hexafluoroacetylacetonate. J. Am. Chem.
Soc. 1983, 105, 641−643.
(24) Angeloski, A.; Price, J. R.; Ennis, C.; Smith, K.; McDonagh, A.
M.; Dowd, A.; Thomas, P.; Cortie, M.; Appadoo, D.; Bhadbhade, M.
Thermosalience Revealed on the Atomic Scale: Rapid Synchrotron
Techniques Uncover Molecular Motion Preceding Crystal Jumping.
Cryst. Growth Des. 2022, 22, 1951−1958.
(25) Naumov, P.; Karothu, D. P.; Ahmed, E.; Catalano, L.;
Commins, P.; Halabi, J. M.; Al-Handawi, M. B.; Li, L. The Rise of
the Dynamic Crystals. J. Am. Chem. Soc. 2020, 142, 13256−13272.
(26) Park, S. K.; Diao, Y. Martensitic transition in molecular crystals
for dynamic functional materials. Chem. Soc. Rev. 2020, 49, 8287−
8314.
(27) Awad, W. M.; Davies, D. W.; Kitagawa, D.; Halabi, J. M.; Al-
Handawi, M. B.; Tahir, I.; Tong, F.; Campillo-Alvarado, G.;
Shtukenberg, A. G.; Alkhidir, T.; Hagiwara, Y.; Almehairbi, M.; Lan,
L.; Hasebe, S.; Karothu, D. P.; Mohamed, S.; Koshima, H.; Kobatake,
S.; Diao, Y.; Chandrasekar, R.; Zhang, H.; Sun, C. C.; Bardeen, C.; Al-
Kaysi, R. O.; Kahr, B.; Naumov, P. Mechanical properties and
peculiarities of molecular crystals. Chem. Soc. Rev. 2023, 52, 3098−
3160.
(28) Chung, H.; Dudenko, D.; Zhang, F.; D’Avino, G.; Ruzié, C.;
Richard, A.; Schweicher, G.; Cornil, J.; Beljonne, D.; Geerts, Y.; Diao,
Y. Rotator side chains trigger cooperative transition for shape and
function memory effect in organic semiconductors. Nat. Commun.
2018, 9, No. 278.
(29) Bhattacharya, K.; James, R. D. The Material Is the Machine.
Science 2005, 307, 53−63.
(30) Dharmarwardana, M.; Pakhira, S.; Welch, R. P.; Caicedo-
Narvaez, C.; Luzuriaga, M. A.; Arimilli, B. S.; McCandless, G. T.;
Fahimi, B.; Mendoza-Cortes, J. L.; Gassensmith, J. J. Rapidly
Reversible Organic Crystalline Switch for Conversion of Heat into
Mechanical Energy. J. Am. Chem. Soc. 2021, 143, 5951−5959.
(31) Worthy, A.; Grosjean, A.; Pfrunder, M. C.; Xu, Y.; Yan, C.;
Edwards, G.; Clegg, J. K.; McMurtrie, J. C. Atomic resolution of
structural changes in elastic crystals of copper(II) acetylacetonate.
Nat. Chem. 2018, 10, 65−70.
(32) Kahr, B.; Ward, M. D. Stressed out crystals. Nat. Chem. 2018,
10, 4−6.
(33) Naumov, P.; Sahoo, S. C.; Zakharov, B. A.; Boldyreva, E. V.
Dynamic Single Crystals: Kinematic Analysis of Photoinduced Crystal
Jumping (The Photosalient Effect). Angew. Chem., Int. Ed. 2013, 52,
9990−9993.
(34) Behl, M.; Lendlein, A. Actively Moving Polymers. Soft Matter
2007, 3, 58−66.
(35) Omoto, K.; Nakae, T.; Nishio, M.; Yamanoi, Y.; Kasai, H.;
Nishibori, E.; Mashimo, T.; Seki, T.; Ito, H.; Nakamura, K.;
Kobayashi, N.; Nakayama, N.; Goto, H.; Nishihara, H. Thermosa-
lience in Macrocycle-Based Soft Crystals via Anisotropic Deformation
of Disilanyl Architecture. J. Am. Chem. Soc. 2020, 142, 12651−12659.
(36) Ding, X.; Unruh, D. K.; Groeneman, R. H.; Hutchins, K. M.
Controlling thermal expansion within mixed cocrystals by tuning
molecular motion capability. Chem. Sci. 2020, 11, 7701−7706.
(37) Bhattacharya, K.; Conti, S.; Zanzotto, G.; Zimmer, J. Crystal
symmetry and the reversibility of martensitic transformations. Nature
2004, 428, 55−59.
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Lazzeri, M.; Marsili, M.; Marzari, N.; Mauri, F.; Nguyen, N. L.;
Nguyen, H. V.; Otero-de-la-Roza, A.; Paulatto, L.; Poncé, S.; Rocca,
D.; Sabatini, R.; Santra, B.; Schlipf, M.; Seitsonen, A. P.; Smogunov,
A.; Timrov, I.; Thonhauser, T.; Umari, P.; Vast, N.; Wu, X.; Baroni, S.
Advanced capabilities for materials modelling with Quantum
ESPRESSO. J. Phys.: Condens. Matter 2017, 29, No. 465901.
(148) Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.;
Cavazzoni, C.; Ceresoli, D.; Chiarotti, G. L.; Cococcioni, M.; Dabo,
I.; Dal Corso, A.; de Gironcoli, S.; Fabris, S.; Fratesi, G.; Gebauer, R.;
Gerstmann, U.; Gougoussis, C.; Kokalj, A.; Lazzeri, M.; Martin-
Samos, L.; Marzari, N.; Mauri, F.; Mazzarello, R.; Paolini, S.;
Pasquarello, A.; Paulatto, L.; Sbraccia, C.; Scandolo, S.; Sclauzero, G.;
Seitsonen, A. P.; Smogunov, A.; Umari, P.; Wentzcovitch, R. M.
QUANTUM ESPRESSO: a modular and open-source software
project for quantum simulations of materials. J. Phys.: Condens. Matter
2009, 21, No. 395502.
(149) Prandini, G.; Marrazzo, A.; Castelli, I. E.; Mounet, N.;
Marzari, N. Precision and efficiency in solid-state pseudopotential
calculations. npj Comput. Mater. 2018, 4, No. 72.
(150) Garrity, K. F.; Bennett, J. W.; Rabe, K. M.; Vanderbilt, D.
Pseudopotentials for high-throughput DFT calculations. Comput.
Mater. Sci. 2014, 81, 446−452.
(151) Dal Corso, A. Pseudopotentials periodic table: From H to Pu.
Comput. Mater. Sci. 2014, 95, 337−350.
(152) Talirz, L.; Kumbhar, S.; Passaro, E.; Yakutovich, A. V.;
Granata, V.; Gargiulo, F.; Borelli, M.; Uhrin, M.; Huber, S. P.;

Zoupanos, S.; Adorf, C. S.; Andersen, C. W.; Schütt, O.; Pignedoli, C.
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