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Quantum-chemical nature of molecular interactions and atomic vibrations imparts a ubiquitous internal
dynamics even to solid molecular materials that appear as very rigid from the macroscopic point of view.
Existence of flat potential energy basins related to dynamic degrees of freedom in molecular crystals
usually gives birth to large-amplitude motions of molecular segments or entire molecules that is
commonly recognized as dynamic disorder. Computational chemistry offers suitable approaches for
sampling these potential energy surfaces, subsequently enabling to model atomic displacements related to
disorder and contributions of this internal dynamics to macroscopic material properties such as entropy,
volatility, solubility, plasticity or conductivity. This highlight article presents a mosaic of recent research
results which were achieved thanks to the computational methods playing a perfectly complementary role
to experimental approaches. Observed material properties and the either beneficial or detrimental impact
of dynamic disorder thereon can be then interpreted at the atomic level which naturally contributes to a
better understanding of the underlying phenomena and enables to rationalize future material design. This
highlight article illustrates the impact of dynamic disorder in the fields of barocaloric materials for heat
management, active pharmaceutical ingredients and organic molecular semiconductors. Such a scope
enables to account for how the dynamic disorder manifests itself in modelling thermodynamic or
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1. Introduction

Computational chemistry has tremendously benefited from
the concept of a perfect crystal, having all its atoms located at
their equilibrium positions in the crystal structure. Over the
last decades, such a simplified view has enabled development
of quantum-chemical approaches to model and predict
structural,"™ electronic,* cohesive,”® spectroscopic’®™*? and
thermodynamic properties™*™ of molecular crystals. The
crude static computational model of molecular crystals has
been gradually complemented with its dynamic counterpart,
allowing individual atoms to vibrate around their equilibrium
positions in the crystal lattice."® First-principles treatment of
these dynamic degrees of freedom, i.e. phonons, has allowed
computational models to advance from the absolute zero to
finite temperatures, and to mimic real behavior of molecular
crystals appreciably more closely.’” > Still, the realm of
molecular crystals is a way more rich so that one is always
forced to extend existing computational approaches.
Experimental crystallographers have known for a century
that a long-range order of a crystal structure may be
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spectroscopic properties, phase behavior, electron structure and charge transport in molecular crystals.

violated at a local level, and still, leaving such a material
with distinct sharp signals in its X-ray diffractograms.*® The
concept of local disorder had to be admitted to the realm
of molecular crystals. Thanks to extensive experimental
efforts, numerous platforms of plastic crystals, liquid
crystals and other mesophases, all representing a stage on
the path from the fully ordered perfect crystal to a
completely disordered amorphous liquid, have been
gradually introduced and characterized.****

Disordered crystals are known to appear typically as a
high-temperature phase below the melting temperature of a
given material. Frequently, such structures belong to high-
symmetry space groups although a single spatial
configuration of its molecules may not be able to
accommodate such a high symmetry.>* That becomes
possible only thanks to time- or space-averaging of distinct
local configurations, also referred to as archetypes.>® Over
time, several pre-requisites for the disorder occurrence have
been formulated, including aspects such as energetic,
structural, and charge-distribution proximity of individual
disorder components or comparable numbers and intensities
of the main cohesive features in all disorder components.*®

Should these configurations be separated by large enough
energy barriers (compared to the mean thermal energy RT),
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one can consider the disorder as static, i.e. frozen in at
creation of the crystalline sample. On the other hand, low
energy barriers (or large enough thermal energy) then enable
individual disordered moieties to transit from one
configuration to another with a relative ease, leading to the
dynamic disorder.>® Disorder governed by orientation of
molecules and their functional groups or conformational
degrees of freedom is referred to as orientational
disorder.””*® A subgroup of disordered crystals has gained a
label of plastic crystals thanks to their mechanical softness
and even ability to flow which is governed by a large
orientation flexibility of molecules around their equilibrium
lattice positions.?*

Local disorder and existence of plastic crystals have finally
gained their deserved attention as around 20% of known
molecular crystals are currently estimated to be disordered.”®
Furthermore, this type of molecular materials offer very
interesting properties, such as controllable conductivity or
optoelectronic  switching in the solid organic semi-
conductors,>* larger solubility of metastable disordered active
pharmaceutical ingredients,®® or barocaloric properties for
cooling or excess heat management applications,® etc.
Although in silico modeling plays an important role also in
the design of inorganic semiconductors,** the scope of this
article remains focused primarily on organic materials.

Despite this broad application potential and experimental
evidences thereof, disordered molecular crystals have
remained out of scope of most computational solid-state
chemists for long. Disordered nature of a simulated crystal
can complicate the computation already in the structural
optimization stage as the average structure may not
correspond to a true minimum of the potential. Treatment of
the static disorder then inevitably consists in modelling more
than one single configuration of the perfect crystal structure.
perturbed supercells, mimicking individual
disorder components and corresponding to various local
energetic minima, need to be considered, largely increasing
computational complexity and related human-labor
requirements of such modelling.® In the case of dynamic
disorder, atomic amplitudes and extent of the anharmonicity
related to the dynamic degrees of freedom of the crystalline
material need to be assessed. Only over the last two decades,
the area of computational modelling of structure and
properties of disordered molecular crystals has undergone a
rapid growth. Viable computational approaches treating both
the static and dynamic disorder cases have been developed,
allowing various quantum-chemical theories to be used to
describe the associated energetics.>®**73¢

This highlight article does not aim at providing an
exhaustive review of the field, but its goal is to present a
mosaic of interesting research results based on an important
computational contribution that were achieved during the
last half-decade. The principal phenomenon covered in this
article is the dynamic disorder in molecular crystals and its
technological implications. Its characteristic time scales are
that short that existing spectroscopic methods cannot
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typically distinguish individual configurations of the
disordered molecules or segments, but provide an averaged
image over their configuration space.’’”*® Computational
chemistry then offers unique ways how to investigate
potential energy surfaces of such disorder-related atomic
movements and to assess the extent of their
anharmonicity,>>*° how to interpret the experimentally
observed time-averaged signals at the atomic scale, and to
decipher contributions of the dynamic disorder and its
components to material properties.

Primary material scopes of this article are threefold: i)
crystals of caged molecules exhibiting rotational disorder
with a potential for barocaloric heat management; ii) crystals
of active pharmaceutical ingredients (API) with varying
extents of segmental dynamics that is closely related to
triggering polymorphism; and iii) crystals of organic semi-
conductors (OSC) and their dynamic disorder affecting
charge-carrier mobility. The rest of this article is organized in
a way that each of the subsequent sections is devoted to one
of these areas, the common aspects of which are finally
emphasized in the discussion.

2. Barocaloric caged molecules

Caged molecules, containing a three-dimensional enclosed
carbon skeleton, represent a very efficient platform for
designing crystalline materials that exhibit local disorder or
plastic behavior. Representatives of this class of compounds,
such as derivatives of adamantane,**™** cubane,***
diamantane,*® or fullerene,*”*® all contain carbon scaffolds
with manifold rotational axes, belonging thus to high-
symmetry point groups. This molecular symmetry, given by
nearly cylindrical or even spherical molecular shapes,
predetermines these materials also to crystallize in highly
symmetric space groups.”’

Molecules in such crystal structures can experience a
rather uniform interaction field of their neighbors, leading
not only to relatively isotropic characteristics of the crystals,
but it also imparts unique shapes of the potential energy
surface. Focusing on the dynamic degrees of freedom that
correspond to intermolecular libration modes, the potential
energy surface may consist of relatively wide and flat basins
separated by relatively low energy barriers.*>*° Provided that
sufficient thermal energy is available, hindered molecular
rotations can be then triggered on in such disordered
crystals. Since the discrete structure of available energy levels
of a hindered rotor is quite different from that of a harmonic
oscillator,’® it ceases to be appropriate to model
thermodynamic properties of these materials merely with the
harmonic phonon model. Significant anharmonicity of this
kind should be expected to impart large amplitudes of the
vibrating molecules, but also appreciable additional entropy
contributions due to this dynamic disorder originating from
the phonon anharmonicity.

In our recent study,” we developed a computational
approach incorporating the one-dimensional hindered

CrystEngComm, 2025, 27, 2778-2794 | 2779


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00209e

Open Access Article. Published on 08 aprile 2025. Downloaded on 26/08/2025 08:23:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight
model® in the quasi-harmonic modeling of thermodynamic
properties of dynamically disordered molecular crystals at
finite temperatures. We focused on a set of caged
hydrocarbons, scanning their potential energy profiles
associated with molecular libration modes in their crystals.
Fig. 1 showcases a representative example from that study,*®
diamantane molecule belonging itself to the D;4 point group
and crystallizing in a cubic space group (Fig. 1a). When
diamantane molecule is viewed along its three-fold rotational
axis, a nearly perfect rotational symmetry of the molecule
becomes obvious (Fig. 1b and c).

Quantum chemical calculations then confirmed that
rotation of a single diamantane molecule from its
equilibrium orientation within the crystal structure leads only
to minor energy penalties ranging from 4 to 8 kJ mol™,
depending on the actual level of theory (Fig. 1d).*® Such an
energy barrier is already comparable with the thermal energy
available at ambient conditions (=~2.5 kJ mol™), which
justifies the initiative to adopt an explicitly anharmonic
model for description of this degree of freedom.

Note that periodic DFT calculations, commonly performed
over the last decade at the dispersion-corrected®'™* PBE level
of theory,"*?%**® enable efficient optimizations of the
crystal structures and even searching for the transition
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CrystEngComm

states®” at the respective potential energy surfaces, but the
periodic boundary conditions may naturally impart artifacts
related to periodicity of molecular rotations in the crystal
unless very large and costly supercells are constructed.

On the other hand, fragment-based ab initio calculations®
can mitigate this artificial periodicity of defects. This
approach consists in constructing the electronic energy of a
molecular solid in a form of a many-body expansion of
monomer energies, pair interaction energies, a correction for
long-range interactions, and optionally higher-order
terms®>®"®" that are relevant for a particular crystal structure.
Treatment of small clusters instead of the whole crystal
enables to use high-level ab initio wavefunction methods to
calculate their energies, not limiting the computational
affordability to DFT methods only. Using such complex
electron structure methods also enables to improve the
accuracy of modeling the energies of individual geometries
(of crystal structures with displaced or rotated molecules), in
general allowing for a systematic convergence to the sub-
chemical accuracy in terms of lattice energies,>'®
sublimation enthalpies,”® or even free energies of crystal
polymorphs with uncertainties below 1 kJ mol™.*?

Since searches for transition-state geometries or
geometry optimization of a large number of disorder
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Fig. 1 First-principles thermodynamic modelling of dynamic disorder in crystalline diamantane: a) structure of diamantane monomer and the
cubic unit cell of its crystal; b) diamantane molecule in its equilibrium orientation in the crystal structure; c) diamantane molecule rotated in the
crystal with respect to its molecular Cs axis; d) calculated potential energy profiles E,. corresponding to rotation of a molecule within the crystal
structure; e) calculated contributions to entropy S and heat capacity C, of the crystal from a single mode treated either as a harmonic oscillator
(HO) at the periodic PBE-D3/PAW level of theory, or as an anharmonic hindered-rotation (AHR) with the MP2C-F12 potential energy profile
depicted in d); f) blue diamonds represent calculated ratios of sublimation pressures for selected caged hydrocarbons obtained by models treating
the libation mode either as harmonic oscillator (p5$) or one-dimensional hindered rotor (p2!i%) and the red line shows a tentatively interpolated
trend among the calculated data points. Adapted from ref. 35, Copyright 2023 the Authors, published by American Chemical Society under the
terms of the Creative Commons Attribution 4.0 International License.
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components is generally limited to low-tier DFT
functionals that suffer from delocalization errors,®>

frequently leading to overestimation of torsional barrier
within molecules, there is a clear motivation to employ
more sophisticate electron-structure theories to refine the
potential-energy profiles due to libration of molecules in
their crystal structures.

A computationally efficient protocol then relies on
performing single-point refinements of the energy with ab
initio many-body expansion methods for DFT-optimized
geometries of a supercell along the libration phonon mode
(Fig. 1d).*®

Having plugged such rotational potential energy profiles
along with molecular moments of inertia to a one-
dimensional Schrodinger equation for the rotation mode,”
we could access its energy levels and construct the respective
partition function. Resulting contributions of the given
hindered-rotation mode (with the potential energy refined
with  the  fragment-based = MP2C-F12  model) to
thermodynamic functions of the crystal, such as its entropy
or isobaric heat capacity obviously differ from those obtained
with the harmonic oscillator model (based on periodic PBE-
D3/PAW calculations) as shown in Fig. le. For such low-
barrier hindered rotations, the difference of the anharmonic
and harmonic entropy terms was found to exceed 10 J K*
mol™ at ambient conditions.*®

Note that hindered rotations mimic harmonic oscillations
at low temperatures (or for high torsional barriers) which are
generally hard to excite, resulting in relatively few eigenstates
that are thermally accessible at ambient conditions, and thus
also in a relatively low entropy. At high temperatures (or for
low barriers), hindered rotor modes converge to a free rotor,
which is appreciably easier to excite. Entropy of a free rotor is
thus generally larger than that of a harmonic oscillator at
temperatures relevant for the stability of organic molecular
crystals. Hindered rotor modes with torsion barriers ranging
to higher units or lower tens of k] mol™" that are typical for
organic molecules then range between the two limiting cases
at ambient conditions, with their entropy somewhat
exceeding the harmonic oscillator model.** Recall also that
typical hindered rotor modes in organic molecules exhibit a
gradual decline of the heat capacity contribution from values
near 1-R temperatures at (near-Jambient temperatures to the
high-temperature (free-rotor) limit at #-R.®*

Such an additional entropy value (compared to the
harmonic oscillator) is large enough to significantly impact
sublimation of such disordered molecular crystals. Although
the hindered-rotor anharmonicity leads also to a slight
increase of the enthalpy of such a disordered crystal
(compared to the harmonic model), the entropic effect
prevails and it propagates to appreciable decrease of the
volatility of the dynamically disordered crystals. Fig. 1f
illustrates this predicted trend indicating that the lower the
predicted barrier height within the AHR model, the more the
sublimation pressure decreases due to the explicit treatment
of the rotational disorder.

This journal is © The Royal Society of Chemistry 2025
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Furthermore, existence of distinct minima on the
potential energy surface, separated by reasonable high
energy barriers, imparts orientational disorder with
molecules undergoing sudden changes in their orientation
at their equilibrium lattice site. Discontinuity of those
orientational molecular transitions has been confirmed
experimentally for various caged-molecular materials,*
indicating that the molecules occupy only the potential
energy basins in the context of Fig. 1d. Both the large
vibrational —amplitudes and orientational flexibility
contribute then to the plastic character of high-temperature
crystalline phases of caged molecules.”*

Concurrently, crystals of caged molecules are known to
undergo first-order solid-solid phase transitions from a low-
temperature ordered phase to a high-temperature disordered
phase.’® This phase transition is typically accompanied with
a large density increase (routinely 5-10%),">°* a large entropy
increase and a massive sensitivity of the phase transition
temperature to external pressure.®® As a consequence, caged
materials possess a very large (original literature says
colossal*>®>%®) potential to exhibit the barocaloric effect.

An archetypal caged hydrocarbon, adamantane,*” and its
hydroxylated®® and halogenated® derivatives have been
proved experimentally to exhibit strong barocaloric effects at
(sub-)Jambient temperatures. Another caged molecular
platform relying on substituted boron three-dimensional
frameworks, such as lithium monocarba-closo-dodecaborate
salt (LiCB;;H;,) has been demonstrated only recently to
exhibit colossal barocaloric effects as well.*"

Clearly, understanding the entropy associated to the order—
disorder phase transition is the keystone for design of efficient
media for barocaloric applications. In addition to high-
pressure calorimetry and inelastic neutron scattering,
molecular-dynamics simulations of dynamic degrees of
freedom of relevant crystal structures serve to identify
individual important entropic contributions associated to the
order-disorder phase transition. Zeng et al. have performed
both classical and ab initio molecular-dynamics simulations to
compare the dynamic degrees of freedom of low-temperature
and high-temperature phases of LiCB;;Hy,. >t Fig. 2a reprints
their illustration of the ordered and disordered polymorphs
sketching molecular rotations in the latter.

Fig. 2b and c¢ further show the simulated angular
distribution of molecular orientations in both LiCB;;Hj,
polymorphs. While there is only one dominating orientation
in the low-temperature phase, two significant orientations
emerge in the high-temperature phase with rates of
rearrangements of the molecular orientations following an
Arrhenius trend in the latter phase (Fig. 2d).>* Analyzing the
velocity auto-correlation functions, Zeng et al calculated
absolute entropies of both polymorphs which differ by as
much as 34 ] K™ mol™ and this offset is nearly constant over
a broad temperature and pressure range (Fig. 2e).*' Since
that value largely exceeds the configurational entropy of a
two state system, RIn(2), there have to be additional factors
imparting such a large solid-solid transition entropy.

CrystEngComm, 2025, 27, 2778-2794 | 2781
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Fig. 2 Order-disorder solid-solid transition in lithium monocarba-closo-dodecaborate imparting a colossal barocaloric effect: a) ball-stick
representation of the low-temperature ordered (left) and high-temperature disordered (right) phases; b and c) angular probability density function
estimated for the molecular [CB3H1, 1 anions calculated in the ordered (350 K, b)) and disordered (550 K, c)) phases at zero pressure, expressed as
a function of the polar (9) and azimuthal (¢) angles, dark and bright areas represent low and high probability regions, respectively; d) anionic
reorientational frequency (1), solid lines correspond to Arrhenius law fits; e) calculated total entropy curves expressed as a function of pressure and
temperature; f) cumulative function of the vibrational entropy as a function of the phonon energy separated to contributions from individual
atomic species calculated for the disordered phase at 412 K and zero pressure, dashed lines indicate analogous asymptotic values reached in the
ordered phase. Adapted with permission from ref. 31, Copyright 2024 the Authors, published by Wiley-VCH GmbH under the terms of the Creative

Commons Attribution 4.0 International License.

Zeng et al. finally separated contributions to the total
entropy from vibrations related to individual atom types and
compared such results for both polymorphs.*! Fig. 2f shows
that it is above all the phonon modes including
displacements of the boron atoms that contribute to
significantly higher vibrational entropy of the disordered
LiCB;1H;, polymorph when compared to its low-temperature
structure. These vibrational entropy differences between the
polymorphs can be traced to an appreciable softening of the
lattice modes upon the phase transition from the ordered to
the disordered phase.**

In a similar context, Meijer et al performed a
computational analysis of the low-frequency phonon modes
of the ordered and disordered polymorphs of adamantane,
having focused on determining translational and rotational
character of individual phonon modes.** In agreement with
the above mentioned mode softening for LiCB;;H;,, Meijer
et al. found that a phonon pattern, being conventional for
molecular crystals, can be seen for the ordered adamantane
phase - the acoustic modes exhibit a translational character
whereas the rotational (librational) character prevails only for
optical modes with wavenumbers above 40 cm™ (~5 meV) as
illustrated in Fig. 3.”> Adamantane molecules are interlocked
in the low-temperature phase, rendering the rotational modes
more energy demanding. On the other hand, the high-
temperature phase resembles closely packed spheres allowing
for more rotational flexibility. That imparts significant

2782 | CrystEngComm, 2025, 27, 2778-2794

rotational character already for its acoustic phonon modes
which then resemble molecular rolling with an appreciable
red-shift of the respective frequencies.

Both studies conclude that the orientational disorder in
such high-temperature polymorphs accounts for less than a
half of the total solid-solid transition entropy change and that
the phonon softening represents the dominant entropy
contribution.*** still, occurrence of the disordered high-
temperature phases is essential for the barocaloric effect to
occur. Meijer et al presented also a warning that the
configurational disorder reduced the phonon lifetime, and thus
also the thermal conductivity of such materials, which may be
an adverse side-effect of the disorder in plastic crystals.***

A common feature of the studies highlighted in this
section is an explicitly anharmonic treatment of at least some
of the phonon modes which is naturally costly, and as such,
frequently avoided or bypassed upon modelling of molecular
crystals.  Further  development of  straightforward
computational  protocols for modeling anharmonic
contributions to the thermodynamic properties for molecular
crystals, including an initial versatile assessment of the
anharmonicity of individual phonon modes also for crystals
with large and complex unit cells, is thus desirable. Protocols
that would enable to model largely disordered plastic
polymorphs from the first principles with a computational
ease similar to what the quasi-harmonic approximation offers
are also demanded.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Phonon density of states calculated on the basis of an
atomistic force field for a) the high-temperature polymorph, and b) the
low-temperature polymorph of adamantane. Each bar in the
histograms is coloured by the average rotational character M,oi/Mo; Of
the modes in that bin. Reproduced with permission from ref. 42,
Copyright 2023 the Royal Society of Chemistry under the terms of the
Creative Commons Attribution 3.0 Unported License.

3. Active pharmaceutical ingredients

API molecules frequently constitute from multiple rigid
segments that are interlinked with flexible bridges that enable
significant torsional motions, and thus various molecular
conformations that can be packed on a crystal lattice. At the
same time, polymorphism is a very important phenomenon
that needs to be addressed during the development of every
solid-form APL®” Conformational polymorphism has been
demonstrated to concur with very rich polymorph landscapes,
leading to a long-term coexistence of multiple polymorphs
exhibiting very distinct properties.®® Facile conformational
variation of individual segments of API molecules may,
however, also lead to disorder of their crystal structures.>*

In the pharmaceutical context, increasing the solubility of
hydrophobic API molecules has been an emerging field of
research.®® For example, mechanochemical impulses invoke
orientational disorder in originally ordered crystalline APL>°
Provided that the disorder in such a disordered bulk API
phase has a static frozen in character, it may resist to
recrystallize over interesting periods of time. Such bulk
phases disordered by force then correspond to a
thermodynamically metastable state, being on a path of
partial amorphisation towards glassy API formulations that
inherently exhibit higher solubility.”*”*

This journal is © The Royal Society of Chemistry 2025
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On the other hand, presence of the dynamic disorder in
API crystals has been considered as a risk factor,”” frequently
imparting crystallizability issues,’” or adverse changes of
mechanical properties or physico-chemical stability of the
desired metastable phases®>”®>  complicating  further
development and characterization of novel API candidates.”*

Recent advent of NMR crystallography techniques and
complementary computational approaches has enabled to detect
subtle variations in molecular dynamics that occur upon order—
disorder transitions of bulk API systems.”>”>”° An illustrative
example of this phenomenon can be provided with a study of
the relationship of polymorphism and disorder of teriflunomide,
being depicted in Fig. 4a, which is a moderately sized API
approved for treatment of various brain diseases.® Its ordered
low-temperature polymorph has been reported to be triclinic
with Z' = 2 and to contain four molecules in the unit cell.* This
ordered polymorph undergoes a very weakly endothermic phase
transition at around 234 K, being still deep below the melting
temperature, which can be revealed only after a detailed
inspection of experimental thermograms from differential
scanning calorimetry (DSC) in Fig. 4b.*° The weak thermal effect
accompanying this solid-solid transition accounts for only a
minor structural rearrangement of the structure. Combined
efforts of X-ray diffraction and solid-state NMR experiments
revealed that the unit cell of the high-temperature phase retains
the triclinic symmetry, but its size is halved, containing only two
molecules and having Z' = 1 (Fig. 4c).

This lowering of Z' occurring upon the phase transition
can be evidenced by analysing 'H — '*C CP MAS NMR
spectra of both polymorphs. While the spectrum of 