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We investigate the anisotropic thermal expansion behavior of a
co-crystalline system composed of 4,4'-azopyridine and trimesic
acid (TMA-azo). Using variable-temperature single-crystal X-ray
diffraction (SC-XRD), low-frequency Raman spectroscopy, and
terahertz time-domain spectroscopy (THz-TDS), we observe
significant temperature-induced shifting and broadening of the
vibrational absorption features, indicating changes in the in-
termolecular potential and dynamics. Our findings reveal that
thermal expansion is driven by anharmonic interactions and the
potential energy topography, rather than increased molecular
dynamics. Density functional theory (DFT) simulations support
these results, highlighting significant softening of the potential
energy surface (PES) with temperature. This comprehensive
approach offers valuable insights into the relationship between
structural dynamics and thermal properties, providing a robust
framework for designing materials with tailored thermal expansion
characteristics.

Solid-state dynamics are increasingly being found to be respon-
sible for a wide range of material properties. For example, lattice
dynamics play a critical role in phenomena such as mass transport
in porous materials, -2 dictating charge carrier mobility in or-
ganic semiconductors,3# and driving solid-state polymerization
reactions, known as topochemical reactions.> These processes,
and other illustrative examples, are often governed by crystalline
phonon modes, which correspond to low-frequency (terahertz)
vibrational motions.® These phonon modes are directly related to
both atomic-level interactions and bulk physical properties. Con-
sequently, understanding the origins and behavior of solid-state
dynamics is essential for the rational design of materials tailored
for specific applications and processes.

One area where understanding solid-state dynamics is particu-
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larly crucial is in the control and engineering of thermal expan-
sion behavior.7-8 Thermal expansion, the tendency of a material
to change its dimensions in response to temperature changes,
is a fundamental property with significant implications for ma-
terial performance and stability. The design of materials with
controllable thermal expansion properties is a long sought after
goal in materials science and crystal engineering, with applica-
tions in thermomechanical actuators, sensors, and aerospace en-
gineering.® The origins of thermally-induced structural changes
lie in the nature of the intermolecular PES. Molecular crystals, in
particular, often exhibit significant structural changes near am-
bient conditions, as they are often held together by weak, non-
covalent forces. !0 The potential energy curves of these weak in-
teractions are often quite soft, which results in the generation of
low-frequency (terahertz) vibrational dynamics - creating vibra-
tional states that can be significantly populated by sub-ambient
temperatures, e.g., a vibrational mode occurring at 1 THz (33.3
cm~!) has a 7% population of the v = 5 state at 100 K.

Despite the importance of the intermolecular potential energy
surface, most studies on thermal expansion rely on static diffrac-
tion experiments. 1113 While these methods provide valuable in-
formation on how structural modifications manifest with tem-
perature, they do not directly offer insights into the various in-
termolecular potentials that drive thermal expansion. Instead,
structural studies often attempt to deduce the role of dynamic
effects indirectly, and recently there are numerous studies that
have attributed thermal expansion phenomena to molecular dy-
namics. 1418 However, increasing dynamics with rising temper-
ature alone does not necessarily correlate with thermal expan-
sion. Structural changes require asymmetric (anharmonic) inter-
actions, as harmonic interactions will not produce any thermal
expansion effects, nor change in vibrational frequency as a func-
tion of temperature. 10 This distinction is crucial — while harmonic
oscillators certainly exhibit larger-amplitude displacements with
increasing temperature (and the associated increase in popula-
tion of excited vibrational states), increased dynamics alone can-
not account for thermal expansion. Rather, thermal expansion is
derived from the non-uniform dependence of intermolecular in-
teractions on temperature or volume.

Journal Name, [year], [vol], 14 |1

https://doi.org/10.26434/chemrxiv-2024-kmjgl ORCID: https://orcid.org/0000-0003-1848-2565 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-kmjgl
https://orcid.org/0000-0003-1848-2565
https://creativecommons.org/licenses/by-nc-nd/4.0/

o2
https://doi.org

(f“ |
1.2 ;V/ANHV :

1y ..
éos ’ H g
—o.e gw _ mK.ﬂ.’
0.4 ’w : i
‘ |

50 100 150 200 250 300
Raman Shift (cm™)

Fig. 1 Low-frequency Raman spectra for TMA-AZO from 90 K to 300
K (offset by 0.05), with the DFT-simulated spectrum shown in black.

To highlight this distinction, we have performed a comprehen-
sive investigation into a recently discovered material that exhibits
interesting anisotropic thermal expansion behavior that has been
suggested to be due to molecular dynamics. Co-crystals consist-
ing of a 2:1 ratio of 4,4’-azopyridine (azo) to trimesic acid (TMA)
have been previously studied and the thermal expansion behav-
ior characterized using variable-temperature single-crystal X-ray
diffraction (SC-XRD) experiments from 190-290 K.!4 This ma-
terial contains two symmetry-independent azo molecules (and
one TMA molecule) in the crystalline unit cell that form hydro-
gen bonded sheets that are reported to exhibit interesting and
distinct dynamic behavior as a function of temperature, on the
basis of static structural studies. Specifically, the azo molecules
have been reported to undergo a ‘pedal’-type motion, which man-
ifests as dynamic disorder beginning around 170 K, with the dis-
order increasing as temperature is increased. In this work, we
have crystallized TMA-azo following the previous reported proce-
dure (see ESI). Variable-temperature SC-XRD experiments were
acquired on a Rigaku Synergy (see ESI), and we have expanded
the range of temperatures studied to cover the 100 — 190 K re-
gion, and we observe the formation of a fully-ordered structure
below 170 K. Interestingly, the two symmetry-independent azo
molecules exhibit different onset temperatures of disorder, with
one molecule showing disorder beginning at 170 K, while the sec-
ond molecule has an onset temperature of 230 K.

The SC-XRD experiments provide clear indication of dynamic
motion within the TMA-azo co-crystal, but in order to understand
the relationship between dynamics, structure, and the underlying
PES, low-frequency vibrational spectroscopy experiments were
performed. Low-frequency (terahertz) vibrational spectroscopy
directly provides insight into the intermolecular interactions that

Journal Name, [year], [vol.], 14

4 ][—300K —170K I
—250 K — 150 K /
—230 K 80 K \
¢ 3|[=—=190K —DFT ]
g \ /
e
o
5
21 -
Ko}
<
14 L
0 0 T T T

20 40 60 80 100 120 140
Wavenumber (cm'1)

Fig. 2 THz-TDS spectra for TMA-AZO from 80 K to 300 K (offset by
0.5), with the DF T-simulated spectrum shown in black.

are responsible for thermal expansion, as the weak non-covalent
interactions that are most influenced by temperature result in vi-
brational modes that occur in the terahertz frequency range. %10
This is in contrast to mid-IR vibrations, which arise from stronger,
often covalent, interactions, which produce higher-frequency vi-
brational modes. The terahertz region is ideal for the study
of molecular crystals, as there are often many terahertz vibra-
tional modes (also referred to as ‘phonons’ in crystalline mate-
rials) due to the large number of unique intermolecular interac-
tions in such systems. Accordingly, terahertz motions are often
complex, involving dynamics of entire molecules, or large por-
tions of molecules, which efficiently map out a large region of the
potential energy surface.

The experimental low-frequency Raman spectra are shown in
Fig. 1, and the THz-TDS spectra are shown in Fig. 2 (experi-
mental methods provided in the ESI). Both datasets show a con-
siderable amount of temperature-induced spectral changes, with
nearly all of the absorption features shifting to lower-frequencies
and significantly broadening as temperature is increased. In order
to assign the experimental spectral features to particular vibra-
tional modes, solid-state density functional theory (DFT) simula-
tions were performed using the CRYSTAL23 software package !?
using the 6-311G(2d,2p) basis set,20 the PBE functional,?! and
the D3 dispersion correction.?? Both the Raman and IR simu-
lations are in excellent agreement with the experimental low-
temperature spectra.

Many of the vibrational mode types in the terahertz region in-
volve torsional motions of the azo group, with a simultaneous
displacement of the TMA carboxylic acid group. However, the
region between ca. 100 — 150 cm™~!, in particular, contains vibra-
tional modes that sample the coordinates most directly related to
the dynamic disorder observed in the static SC-XRD experiments.
Two illustrative examples are shown in Fig. 3 — an IR-active mode
predicted at 121.09 cm~!, and the Raman-active mode predicted
at 125.69 cm~!. In Fig. 3a, a mixed rotational and torsional mode
involving the pyridine groups on the azo molecules is coupled to a
torsion of the TMA carboxylic acid groups. In Fig. 3b, this Raman-
active mode maps out a coordinate involving the antisymmetric
‘pedal’-type motion of the two nitrogens in the azo bridge, cou-
pled with a simultaneous torsion of the pyridine rings and, again,
a torsion of the TMA carboxylic acids (many of the modes in this
region exhibit dynamics along the hydrogen bonding coordinate).

The experimental features that correspond to these vibrations,
around 120 cm~!' and 125 cm~! in the Raman and THz-TDS
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Fig. 3 Eigenvector displacement (red arrows) for two vibrational modes that are related to the dynamic disorder present in TMA-azo.

spectra, respectively, exhibit significant shifting and broaden-
ing with increasing temperature. As an illustrative example,
the temperature-dependence of the Raman absorption feature
is analyzed in Fig. 4. Also shown in Fig. 4 is the total occu-
pancy of the two minor disordered sites, which provides a holis-
tic quantification of the amount of thermally-induced dynam-
ics in this system. The onset temperature of the disorder from
variable-temperature SC-XRD experiments for the two symmetry-
independent co-crystallized azobenzene groups are indicated by
blue and red dashed lines, respectively. Interestingly, these data
show similar trends between the various experimental measure-
ments. The frequency of the vibrational mode shifts from 123
cm~! to 115 em™! - a significant 6.5% change from 80 K to 300
K. However, the temperature-dependence of the vibrational fre-
quency is not linear, and three distinct regions with differing be-
havior are observed, below 140K, between 140 K and 220 K, and
above 220 K. This is also observed in the peak broadening, which
shows similar trends. Importantly, the frequency of the vibration
and the peak width provide insight into related — but distinct —
physical properties. The peak width increases nearly 150% be-
tween 80 K and 300 K - which likely arise from a combination of
an increase in vibrational lifetime, 23 and a smearing of the transi-
tion frequencies due to transitions originating from many excited
states. The decrease in vibrational frequency with increasing tem-
perature, on the other hand, implies a significant softening of the
vibrational potential as temperature is increased. 19 This in and of
itself is a hallmark of vibrational anharmonicity, and is relatively
common for low-frequency vibrational modes.

Vibrational anharmonicity of terahertz phonons implies that
the intermolecular potential — the same potential related to ther-
mal expansion effects — is correspondingly anharmonic. But this
naturally begs the question — do dynamics induce thermal expan-
sion, or are structural changes pre-defined as the multidimen-
sional PES is a static quantity? The PES certainly varies with
volume, but dynamics are not required to generate a volume-
dependent potential energy surface — implying that instead of
dynamic-induced expansion, both vibrational dynamics and struc-
tural changes with temperature are simply outcomes of the under-
lying nature of the PES.

Here, we argue that it is not appropriate to simply imply that
increased dynamics result in robust thermal expansion behavior.
To illustrate this, it is important to consider the harmonic oscil-
lator model, where increasing occupation of excited vibrational
states leads to increased dynamics. This is evident from harmonic

oscillator wavefunctions and their associated probability densi-
ties, which become more delocalized as the vibrational quantum
number increases. However, in this model, structural changes are
non-existent, despite the increase in dynamics. Thus, linking in-
creased dynamics directly to thermal expansion is overly simplis-
tic. Instead, it is crucial to consider the multi-dimensional PES,
which provides a comprehensive understanding of both dynamic
and thermal expansion phenomena without solely relying on the
nature of the dynamics.

This can be illustrated by Fig. 5, where the vibrational poten-
tial for the Raman-active mode predicted at 125.69 cm™~! is plot-
ted as a function of volume, achieved by performing constrained
volume optimizations with the CRYSTAL23 package. The vibra-
tional potential undergoes a significant softening as temperature
is increased, ultimately leading to an increasingly-shallow po-
tential where large-amplitude vibrational dynamics would arise.
These vibrational potentials have similar behavior to the observed
experimental properties described above. The three smallest-
volume potentials show a more harmonic behavior, with only a
slight softening as volume is increased. The fourth potential, cor-
responding to a volume of 2645 A3, is markedly different, and the
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Fig. 4 The total disordered site occupancy from the variable-temperature
SC-XRD experiments (left), the center frequency (middle) and full-width
at half-maxima (right) for the Raman absorption feature at 120 cm~'.
The blue and red vertical dashed lines represent the onset temperature

of dynamic disorder for the respective azobenzne molecules.
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Fig. 5 Vibrational potentials for the vibrational mode assigned to the
120 cm~! absorption feature as a function of unit cell volume.

presence of a second local minima emerges. Finally, in the most
expanded two volumes explored, the barrier between the global
and local minima vanishes, and an extremely shallow potential is
observed. This nicely correlates with the observed structural and
dynamic behavior, where at low temperatures the structures are
completely ordered, and the absorption peaks rather narrow, with
modest frequency shifting between the lowest temperatures.

This indicates that it is worth considering the true nature of
so-called “dynamic-induced thermal expansion”. We suggest that
instead of relating thermal expansion directly to increased dy-
namics, it is more appropriate to consider the multi-dimensional
PES, which is a fixed property at a fixed temperature. The idea
of the PES being static might seem counter-intuitive, but Fig. 5
shows how this is achieved — the vibrational potential energy can
be defined at a continuous series of volumes (or lattice param-
eters, intermolecular distances, and so on). Thus, when quanta
of thermal energy are absorbed by a solid-state system, the free
energy landscape is altered, and a new section of the thermally-
defined PES is accessed. As a result of this new potential, both
the vibrational dynamics and the thermal expansion change in
tandem - as both are intimately linked, not necessarily to each
other, but to the underlying potential.

Overall, we suggest that the potential energy picture is the most
robust and complete way to describe temperature-induced struc-
tural and dynamic changes in materials. By approaching thermal
expansion and related effects in molecular crystals through this
view point, a more complete understanding of the link between
supramolecular design, lattice dynamics, and bulk physical prop-
erties can be obtained. Through a combination of static structural
studies, dynamic spectroscopic investigations, and consideration
of the PES, a complete picture emerges that is able to describe the
thermal properties of crystalline solids.
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