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Organic charge-transfer cocrystals offer a well-established route to engineer crystalline materials by
strategically selecting their coformers. Herein, we report two novel cocrystals with indolo[3,2,1-jk]-
carbazole as a donor molecule with two different components: 7,7,8,8-tetracyanoquinodimethane (ICZ-
TCNQ) and tetrafluoro-1,4-benzoquinone (ICZ-TFBQ). The degree of charge transfer (DCT) was
elucidated in both cocrystals through the use of FTIR and diffuse reflectance spectroscopic studies. The
ICZ-TCNQ cocrystal shows photothermal conversion properties with an efficiency of 12.8 + 2.1% at

Received 2nd May 2025, 0.52 W cm™2. Moreover, the ICZ-TFBQ cocrystal shows thermally-driven rotational motions of the TFBQ

Accepted 15th May 2025 fragment, reaching hundreds of MHz at ca. 348 K, as evidenced by '°F T; relaxation measurements and
13C CPMAS solid-state NMR experiments. Contrasting ICZ-TCNQ and ICZ-TFBQ cocrystals, our study

offers a broad perspective on the structural and functional versatility of ICZ-based systems, providing
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Introduction

The field of organic electronics has experienced significant
growth due to the chemical versatility and low cost of organic
materials. Researchers have focused on designing and devel-
oping new strategies to create devices with tunable optical and
electronic properties for next-generation optoelectronic
applications." Among other efforts, charge-transfer (CT) cocrys-
tals have been established as promising materials, thanks to
efficient and direct preparation methods, with excellent perfor-
mance in properties such as conductivity,” charge transport,’®
ferroelectricity,® dielectric behaviour,® and optical waveguiding.®
The dense arrangement within these materials often causes
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deeper comprehension into their optical and dynamic behaviour.

molecular crystals to be regarded as ‘frozen’ molecules capable
of only restricted vibrations.

Molecular motions in solids have been extensively studied in
several fields of chemistry to design novel materials.”” Promi-
nent examples are artificial molecular machines, which focus
on the development of systems that mimic the functionality
of biological machines, such as proteins, or emulate the
correlated motion of macroscopic industrial gears through
the control of molecular dynamics.'®™" In particular, molecular
rotors represent a promising strategy for transducing
molecular-level functions to the macroscopic scale. These
highly ordered structures, composed of static groups (stator)
with dynamic components (rotator), are assembled around a
rotational axis (Fig. 1a), which is not limited to covalent bonds
but can also be formed by hydrogen bonds, halogen bonds, or
n-stacking.’® Within rigid crystalline lattices, these molecular
rotors achieve their dynamic behaviour through a delicate
balance of molecular symmetry, structural factors such as cavity
shape (free volume), and the resulting intermolecular interac-
tions. These elements modulate the rotational barriers, thereby
either enabling or restricting the rotor’s motion."®"®

An excellent platform for producing internal-motion crystals
involves developing CT cocrystals. These multicomponent crys-
talline solids, composed of the electron-rich donor (D) and
electron-poor acceptor (A) molecules (Fig. 1b), interact via n-
stacking, leading to orbital overlap between their constituent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of motion (a) in a molecular rotor and (b) in
this work. (c) The design of the new CT cocrystals is reported here, with the
molecular motion in one instance.

moieties. This interaction induces an intermolecular CT phe-
nomenon, modifying the relative energies of the Frontier
molecular orbitals (FMOs) and resulting in a narrowed optical
gap (E,), allowing the fine-tuning of their electronic and optical
properties.'® The ability to tune FMOs through CT interactions
has also paved the way for the development of new organic
materials, including those with semiconducting® and optical
waveguiding properties.”* >

For instance, the motion of the cyano groups in cocrystals
containing tetracyanoquinodimethane (TCNQ) and the mole-
cular motions of pyrene in ternary cocrystals have been shown
to increase non-radiative energy decay, improving the photo-
thermal conversion efficiency.”>** In the realm of dielectric
properties, the formation of CT cocrystals has enhanced the in-
plane reorientations of molecules such as tetrabromophthalic
anhydride and tetraclorophthalonitrile, resulting in high
dielectric constants due to dynamics between multiple
orientations.”®*’

The dynamic behavior observed in CT cocrystals is closely
linked to both the strength of donor/acceptor interactions and
the structural features of the coformers. In systems with weak
CT interactions, the resulting crystal lattice tends to be less
rigid, allowing for greater rotational freedom of the constituent
molecules and in some cases, the presence of large donor
molecules or pseudo-centrosymmetric acceptors.®?”*® These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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factors collectively enable in-plane molecular rotations, often
accompanied by significant changes in the atomic coordinates.
In the field of semiconductors, studies on anthracene and
TCNQ cocrystals have revealed that temperature-dependent
phase transitions, driven by in-plane molecular motions of
anthracene, can drastically alter the transfer characteristics of
field-effect transistors (FETs), changing their behavior from n-
type to ambipolar to p-type.>’ We have also contributed in this
area, reporting the in-plane reorientation of halogenated accep-
tor fragments such as tetrafluoro-1,4-benzoquinone (TFBQ) and
tetrafluoroterephthalonitrile in carbazole-derived cocrystals,
which improved the photothermal conversion efficiency or
changed the photoluminescence at low temperature.**?'
Despite recent advancements, the development of CT cocrystals
and the investigation of their possible internal molecular
motions is still in progress, with scarce in-depth studies.

After carefully evaluating the information mentioned above,
we designed two CT cocrystals based on indolo[3,2,1-jk]carba-
zole (ICZ) as a donor molecule. ICZ is a versatile molecule for
CT cocrystals because its planar structure facilitates n-stacking,
a crucial interaction for an efficient charge transfer process
in cocrystals, but it has been barely used for this purpose.
Electronically, ICZ may exhibit a duality, acting as either a
donor or acceptor molecule, depending on its substituents.*>™*>
Although planarization can diminish its donor strength by
restricting the availability of the lone pair of electrons in the
nitrogen towards pyrrole aromaticity,*’ this characteristic can
be modulated by introducing large acceptor fragments into the
structure. Several derivatives have been used in blue and green
PhOLEDs,*73>3%74%  dye-sensitized solar cells (DSSCs),***’
TADF emitters,”>**** as hole-transporting material in perovs-
kite solar cells,’® and conducting films.*” Given that its struc-
ture can be modified, large emission wavelengths and high
quantum yields can be obtained,*” facilitating the development
of more efficient optoelectronic devices.

Considering that symmetrical molecules in CT cocrystals
could exhibit in-plane motions, in this work, ICZ was cocrys-
tallized with two acceptor molecules: 7,7,8,8-tetracyanoquinodi-
methane (TCNQ) and tetrafluoro-1,4-benzoquinone (TFBQ)
(Fig. 1c). Single-crystal X-ray diffraction experiments and
Fourier-transformed infrared spectroscopy data indicated that
the cocrystal ICZ-TCNQ shows a stronger CT character, leading
to a very broad UV-vis absorption. This cocrystal, when irra-
diated at 808 nm, shows a photothermal conversion efficiency
(PTCE, n) of ca. 13%. Complementarily, variable-temperature
single-crystal X-ray diffraction and calorimetric experiments
showed that the ICZ-TFBQ cocrystal exhibits a phase transition
at low temperatures with colossal thermal expansion, migrating
to a higher-symmetry structure at 300 K, a phenomenon rarely
observed in organic compounds. Solid-state nuclear magnetic
resonance (ssNMR) experiments, through °F T, relaxation or
13C CPMAS experiments, complemented with theoretical calcu-
lations, show that the TFBQ fragment undergoes very fast
thermally-driven molecular motions, reaching hundreds of
MHz at 348 K, with a rotational barrier of ca. 8 kcal mol ™.
The comparison between both cocrystals systems highlights the
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structural and functional adaptability and versatility of ICZ,
positioning it as a promising building block for multifunctional
materials demonstrating the relevance of the choice of acceptor
molecular could tailor the resulting properties, paving the way
for novel applications.

Results and discussion
Synthesis and crystal structure of TCNQ and TFBQ cocrystals

The ICZ molecule was prepared through an adapted synthesis
of the procedure reported by Hatta in 2021, as described in
Scheme S1 (ESIt).*® Single-crystal X-ray diffraction (SC-XRD) at
298 K of crystals grown from ethyl acetate revealed the crystal
structure of the ICZ molecule in the orthorhombic space group
Pca2, (Table S1, ESIt). The structural analysis showed a planar
structure of the ICZ with a herringbone packing arrangement
with CH---m and n-rn interactions (Fig. Sla and b, ESI}).
Furthermore, simultaneous differential scanning calorimetry
and thermogravimetric analysis (DSC/TGA) revealed that the
compound is stable until its decomposition temperature of
139 °C (Fig. Sic, ESIT). The calculated and experimental powder
X-ray diffractograms showed a good agreement of the crystal-
line phase (Fig. S1d, ESIf). The coformers TCNQ and TFBQ
were selected for cocrystallization as acceptor moieties due to
their ability to establish intermolecular CT states with donor
molecules.”** Cocrystals ICZ-TCNQ and ICZ-TFBQ were
obtained as solvent-free forms from an equimolar solution of
the compounds in acetone, as is detailed in the ESI.{ SC-XRD
enabled us to obtain the crystal structures in a monoclinic P2,/
n and Pbcn space groups, respectively (Tables S4 and S9, ESIT),
both at 300 K.

Both ICZ-TCNQ and ICZ-TFBQ cocrystals exhibit 1:1 stoi-
chiometry with mixed donor-acceptor (D/A) stacking. ICZ-
TCNQ and ICZ-TFBQ crystallize with predominant n-rn interac-
tions between D/A centroids with distances of 3.328 and
3.348 A, respectively (Fig. 2a). The structure of ICZ-TCNQ is
stabilized by weak hydrogen bonds involving the cyano groups
of TCNQ and neighboring ICZ molecules. Additionally,
C-H- - N interactions between adjacent TCNQ molecules pro-
mote a zigzag arrangement (Fig. 2b). On the other hand, ICZ-
TFBQ crystallizes with a herringbone packing arrangement due
to the presence of hydrogen bonds, including C-H:---O and
C-H-: - ‘F interactions between TFBQ and ICZ molecules that
further stabilize the crystal structure (Fig. 2c). Moreover, the
TFBQ molecules exhibit disorder at 300 K. In both cases, the
cooperative effect of n interactions and the hydrogen bonds
play a crucial role in holding the molecules together within the
cocrystals.

Coupled DSC and TGA analysis confirmed thermal stability
for the cocrystals up to 240 °C for ICZ-TCNQ and 180 °C for ICZ-
TFBQ, with no phase transitions observed in the range from 25
to 450 °C (Fig. S2, ESIt) prior the melting point of the cocrys-
tals, immediately followed by their decomposition, as evi-
denced by the loss of TCNQ and TFBQ molecules. For further
analysis, large amounts of each cocrystal were prepared and
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(a) CT interaction between D/A

Side view

Fig. 2 (a) Interplanar distances between donor and acceptor molecules in
ICZ-TCNQ (left) and ICZ-TFBQ (right). Intermolecular n—-=n (grey) and
hydrogen bond (purple) interactions in (b) ICZ-TCNQ cocrystal and (c)
ICZ-TFBQ cocrystal with their respective packing.

ground. PXRDs of both cocrystals revealed excellent agreement
between the calculated and experimental diffractograms
(Fig. S3, ESIY).

Characterization of the intermolecular CT character of
cocrystals

The growth of TCNQ and TFBQ cocrystals yielded black crystals
with block morphology, which is a characteristic typically
associated with the presence of CT processes between the D/A
dyads. To further explore this feature, complementary techni-
ques such as solid-state UV-vis absorption spectroscopy,
through diffuse reflectance technique, at room temperature
was employed (Fig. 3a). While the coformers ICZ, TCNQ and
TFBQ display absorption maxima at 384, 458, and 401 nm,
respectively, cocrystals exhibit much broader absorption bands.

For ICZ-TFBQ, the resulting band extends up to 750 nm. In
contrast, ICZ-TCNQ shows absorption in the near-infrared
region extended slightly further than 800 nm. Based on this
data, we used the Kubelka-Munk function to obtain the direct
E,, which was determined by plotting the reflectance F(R) as a
function of the energy hv, employing a modified Tauc plot.”*
The crossing of the linear portions with the x-axis determined

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Solid-state UV-vis absorbance spectra of starting materials and
cocrystals. (b) Natural transition orbitals (NTOs) of ICZ-TCNQ (left) and
ICZ-TFBQ (right) using TDDFT with the CAM-B3LYP functional at the 6-
311+G(d,p) level of theory. The associated energies (in eV) and oscillator
strengths (f) are included.

the E, of the cocrystals, being 1.50 and 1.62 eV for ICZ-TCNQ
and ICZ-TFBQ, respectively (Fig. S4, ESIt).

Fourier-transform infrared experiments (FTIR) helped us
better understand the intermolecular CT phenomenon. It is
well-established that shifts in the wavenumber values of vibra-
tional modes, such as the stretching frequencies of the cyano
and carbonyl groups, reflect changes in the electronic environ-
ment during the CT process.> ®" Based on FTIR data, it was
possible to determine the degree of charge transfer (DCT) in the
cocrystals, as shown in the ESIL.t Specifically, Fig. S5a (ESIt)
shows a shift of 6 cm ™" in the cyano-stretching frequency of
TCNQ, from 2221 ecm ™ in the pristine material to 2215 cm™ ' in
the ICZ-TCNQ cocrystal. Similarly, Fig. S5b (ESIt) shows a
9 cm™ " shift in the carbonyl stretching frequency of TFBQ,
from 1669 cm ™' to 1660 cm ™' upon cocrystallization with ICZ.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These frequency shifts helped us to calculate that DCT values
for each cocrystal are 0.27 and 0.06 for ICZ-TCNQ and ICZ-
TFBQ, respectively, presented in Table S2 (ESIt). The calcula-
tion of the energy frameworks at 300 K further confirmed the
lower DCT value observed for the cocrystal with TFBQ. These
were performed using CrystalExplorer 21°> with the CE-B3LYP/
6-31G(d,p) functional, included in the software. The calcula-
tions yield total energies in the cocrystals between ICZ and
coformers of ca. —60 k] mol ™" for ICZ-TCNQ and —47 k] mol ™"
for ICZ-TFBQ, as shown in Fig. S6 and S7 (ESIY), respectively.

Moreover, to study the electronic transitions in D/A pairs,
the dimers of each cocrystal were geometrically optimized,
using the crystallographic coordinates from SC-XRD structures
at 300 K with the Perdew-Burke-Ernzerhof (PBE0)*® functional
at the 6-311G(d,p) level, included in Gaussian09.%* Afterward,
the energies of the natural transition orbitals (NTOs) in the
cocrystals were calculated using time-dependent density func-
tional theory (TD-DFT) with the CAM-B3LYP®*/6-311+G(d,p)
functional, and the Grimme’s D3-dispersion correction
approach.®® It was observed that the lowest unoccupied NTO
(LUNTO) orbitals for both ICZ-TCNQ and ICZ-TFBQ dyads are
localized over the respective acceptor fragments (Fig. 3b). In
contrast, the highest occupied NTO (HONTO) orbitals are
located over the ICZ molecule for both cases. Moreover, the
energy gaps for the first excited state correspond to a 'CTy, with
1.17 and 1.20 eV for ICZ-TCNQ and ICZ-TFBQ, respectively.
These values are significantly smaller than the energy gaps
calculated for the starting materials (Fig. S8, ESIt). The oscil-
lator strengths calculated for both systems are small and close
to zero, which is a typical case for intermolecular CT transitions
due to the weak overlap of orbitals through space. The small
energy gaps and thermal stability, supported by both experi-
mental and computational results, suggest the potential appli-
cation of these crystalline solids in semiconducting devices.®”

Considering the spectroscopic and optical data presented
above, we also investigated the potential photothermal conver-
sion (PTC) properties of both cocrystals. As detailed in the ESL,
each cocrystal was irradiated with an 808 nm IR laser. The
temperature change of the solids upon irradiation was recorded
using an IR thermal camera (Fig. 4a). The PTC efficiency (PTCE)
was calculated using eqn (1).

hSATmax
"0 "

where 1 is the PTC efficiency, £ is the heat transfer coefficient, S
is the surface area, AT, is the maximum change in the
temperature, I is the power density of the laser, and 4, is the
absorbance of the cocrystals at the laser wavelength. As a
reference, the heating curves of a blank exhibited only a slight
temperature increase of 1.9 °C (Fig. S9a, ESIt).

Due to the limitation to a single irradiation wavelength
(808 nm) of the laser in our setup, and despite the broad
absorption exhibited by ICZ-TFBQ (Fig. S9b, ESIt), we were
unable to measure significant temperature changes upon the
irradiation of this cocrystal (Fig. S11, ESIf). Conversely,
ICZ-TCNQ exhibited a PTCE of 12.8 + 2.1% at an irradiation

Mater. Adv., 2025, 6, 4132-4143 | 4135
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(a) Temperature change of ICZ-TCNQ upon irradiation
Time (s)

Laser Power (W/cm?)

Fig. 4

intensity of 0.52 W cm 2. Upon variation of the irradiation

power density, the maximum temperature achieved in samples
of ICZ-TCNQ changed progressively, as shown in Fig. 4b. More-
over, a linear relationship between temperature change and the
applied laser power was demonstrated, as depicted in Fig. 4c.
To ensure the stability of the crystalline phase after the PTC
measurements, the experimental PXRD diffractogram is
depicted in Fig. S12 (ESIT) and compared with the diffracto-
gram obtained before the irradiation cycles, it displays a good
agreement.

Phase transition and thermal expansion of ICZ-TFBQ through
variable-temperature SC-XRD

Over time, our group has developed an increasing interest in
investigating molecular motions within crystalline materials
and their possible association with other properties, e.g. the
thermosalient effect,*® or the luminescent behavior,*® among
others.” Due to its molecular size and symmetry, TFBQ has
been a pivotal molecule for studying these phenomena in
cocrystals and its diffusion in metal-organic frameworks
(MOFs).>%"*

Driven by the observation of disorder of the TFBQ molecule
in the ICZ-TFBQ cocrystal at 298 K, we conducted variable-
temperature single-crystal X-ray diffraction (VI-SCXRD) studies
from 100 K to 300 K. Additionally, these studies helped
us identify a phase transition at low temperatures. It is impor-
tant to note that the TCNQ-based cocrystal did not undergo
any structural change throughout the temperature interval,

4136 | Mater. Adv., 2025, 6, 4132-4143
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(a) Thermal IR images of ICZ-TCNQ under heating at different times and density power. (b) Heating—cooling curves for ICZ-TCNQ. (c) Linear
relationship between change in temperature and the applied laser power.

showing only a subtle elongation of the anisotropic displace-
ment parameters (ADPs) (Fig. S14, ESIT).

In sharp contrast, ICZ-TFBQ exhibited a translationengle-
iche phase transition, showing a P2,/c space group at 100 K
with ordered TFBQ molecules, compared to a Pbcn space group
at 300 K, with TFBQ molecules significantly disordered (Fig. 5a)
and involving an increase in the symmetry. DSC measurements
from 300 K to 200 K displayed an exothermal process at ca.
281 K, which corresponded to the single-crystal to single-crystal
(SCSC) phase transition from the low-temperature (LTP) to the
high-temperature (HTP) phase (Fig. S15a, ESIt). This transition
is characterized by a prominent change in the angle between
the aromatic cores within the herringbone packing, with a
gradual adjustment of the atomic positions of the TFBQ
(Fig. 5b) and a reorientation of the crystallographic axes,
resulting in an exchange of unit cell dimensions due to the
new constraints in the Pbcn space group.

Notably, when ICZ-TFBQ was heated from 200 to 300 K, a
continuous increase in the unit cell volume was observed, from
1755.76 to 1846.85 A® as depicted in Fig. S15b (ESIt). Further-
more, the TFBQ molecule took four distinct orientations
within the unit cell, each with a site occupation factor of
25%. Based on the classification of phase transitions proposed
by Christian,”* these structural changes are indicative of a
second-order martensitic transition. This type of transition is
characterized by continuous and concerted displacements/rota-
tions of all molecules within the crystal lattice, accompanied by
a gradual change in volume.”® While second-order martensitic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(b) Angle variation between donor molecules and TFBQ positional adjustments in LTP and HTP
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Fig. 5 Molecular structure differences between the LTP and HTP polymorphs in ICZ-TFBQ. (a) Phase transition from ordered to disordered TFBQ
molecules depending on temperature. (b) Changes of the packing angles of the aromatic donor cores of ICZ-TFBQ from LTP to HTP and displacement of

the atomic positions of the TFBQ.

transitions are relatively rare in organic crystals, their occur-
rence offers valuable insights into the intricate relationship
between molecular structure and the macroscopic properties of
the material.

The strength of the intermolecular interactions can be
affected by temperature, strong interactions are recognized to
be less affected by the temperature than weaker ones. To gain
deeper insight into the differences in the strength of inter-
action between the two cocrystals, we determined their thermal
expansion parameters. Thermal expansion (TE) is the funda-
mental property of solids that modify their dimensions due to
an increase in temperature. The magnitude of this parameter
closely depends on the crystal packing, intermolecular interac-
tions, and the type of atoms of the constituent molecules.”*”>
TE can be categorized as positive (PTE), negative (NTE), or zero
(ZzTE), if the solid increases, decreases, or its dimensions
remain unchanged with rising temperature.

Using the VT SC-XRD data, we calculated the TE coefficients
Qy1, Axoy Gy3 along the three principal directions and expansivity
indicatrices employing the software Pascal,”® depicts an exam-
ple that uses the unit cell parameters at variable temperatures.
For ICZ-TCNQ, we employed SC-XRD data from 100 to 300 K,
whereas for ICZ-TFBQ, we calculated the LTP TE coefficients in
the range from 200 to 280 K.

The results suggest that thermal expansion of ICZ-TCNQ is
anisotropic along the three principal directions. The value of
a1 is 17 MK ', coinciding with crystallographic a-axis, a,, was
calculated as 75 MK ™', with an approximate direction along the
c-axis. Moreover, the larger thermal expansion occurs along the
direction of the D/A m-stacking, with a calculated value of
ca. 78 MK (Fig. S16, ESI¥).

© 2025 The Author(s). Published by the Royal Society of Chemistry

On the other hand, the ICZ-TFBQ showed substantially
different anisotropic TE behavior, as observed in Fig. 6. The
a,, exhibited an NTE value of —60 MK, corresponding to the
direction of edge-to-edge interactions between contiguous
molecules of ICZ and TFBQ located along the ab plane
(Fig. S17, ESIt). The a,, value is 95 MK ', in the opposite
direction of a,;. Finally, a,; aligns with the crystallographic b-
axis, matching the direction of the n-stacking between ICZ and
TFBQ, with a calculated value of 206 MK~ (Fig. 6b). As result of
this thermal expansion, the m-stacking calculated using the
centroid of TFBQ and the plane formed by ICZ distances
increases at high temperature. Since two distinct ICZ-TFBQ

(a) Anisotropy of TE (b) Colossal TE along r-stacking

200 = ,
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~ 1 100 % R
X
S e = | ==
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: ° % &
c
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w * *
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-150 % R
c
-200 a Qxz= 206 MK
Fig. 6 (a) Expansivity indicatrix for ICZ-TFBQ. (b) Crystalline packing of

ICZ-TFBQ seen along the b-axis in the direction of the n-stacking between
D/A molecules. The TE coefficient is displayed and illustrated with red arrows.

Mater. Adv, 2025, 6, 4132-4143 | 4137


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00425j

Open Access Article. Published on 17 May 2025. Downloaded on 4/10/2026 9:00:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

stacking distances are present in the cocrystal, both were
measured and plotted. For example, at 200 K the two distances
(D1, D2) are 3.215 A and 3.314 A, but at 280 K the distances
are 3.277 A and 3.355 A, as shown in Fig. S18 (ESIt). TE
coefficients larger than 100 MK ' are classified as colossal,
and in this cocrystal, is ca. 2.6 times larger than that found in
ICZ-TCNQ.””""8

Thermally-driven rotational motions of TFBQ through ssNMR
and DFT calculations

As temperature increases, the progressive elongation of the
ADPs of the TFBQ in the collected VT SC-XRD structures could
be indicative of in-plane reorientations. To confirm this
hypothesis, solid-state *C NMR experiments were performed
using the cross-polarization magic angle spinning (CPMAS)
technique from 249 to 343 K. Analysis of the signals of the
carbonyl and aromatic carbons in TFBQ revealed small but
noticeable variations in their chemical shifts, suggesting
changes in the magnetic environment of these nuclei depen-
dent on the temperature (Fig. 7a).

To provide further insight, '°F T, relaxation experiments
were performed using a saturation-recovery pulse sequence
from 173 (the minimum temperature available in the spectro-
meter) to 348 K. T; is a parameter that provides crucial
information about the dissipation of energy from spin in nuclei
to the lattice (spin-lattice relaxation) due to the application of a
radiofrequency pulse, which can provide insights on molecular
motions as a relaxation mechanism.

For thermally-driven motions, the T; relaxation times follow
an Arrhenius-type function, from which the associated energy
barriers for rotation (E,) for the dynamic processes involved in
the crystal lattice can be obtained.”® The results presented in
Fig. 7b show a decrease in T; relaxation times with increasing
temperature, which is indicative of increasing molecular mobi-
lity as an additional relaxation pathway. These experimental
observations, along with previous studies of the TFBQ
dynamics,*® suggest that this fragment rotates at frequencies
of hundreds of MHz at ca. 348 K. Analysis of the relaxation data
by a linear Arrhenius fit yielded E, of 7.98 kcal mol " associated
with the fast reorientational motion of TFBQ. The T; times
measured from 248 up to 348 K, corresponding to the HTP,
display fair linear behavior (R> = 0.9455). Conversely, the T;
times corresponding to the LTP (T < 223 K) do not align with
the previously observed trend, indicating a different dynamic
process arising at lower temperatures.

To further support the presence of molecular motions in
ICZ-TFBQ, DFT calculations were performed to estimate the
rotational energy profile of the TFBQ at 100 and 300 K for the
LTP and HTP, respectively. Initially, we carried out periodic
DFT energy calculations on the LTP and HTP phases of ICZ-
TFBQ by manually rotating the TFBQ molecule within the plane
in 10° increments (Fig. S19, ESI{). These rotational energy
profiles, obtained without performing geometry optimization
at each step, represent upper-bound estimates of the rotational
barriers. In practice, these barriers are likely to be lower, as
molecular geometries can relax to accommodate rotation. To
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Fig. 7 (a) 3C CPMAS spectra of ICZ-TFBQ at three different tempera-
tures. (b) Arrhenius fitting of the °F T, relaxation times obtained from
saturation recovery experiments.

further investigate the rotational states and associated energy
barriers, we extracted molecular clusters from the crystal struc-
tures, each consisting of a central TFBQ molecule surrounded
by neighboring ICZ molecules. We then optimized the geome-
tries corresponding to the global minimum, the two local
minima near +60°, and the transition states connecting these
local minima to the global minimum, employing the B3LYP
functional. During these optimizations, the geometries of the
surrounding ICZ molecules were fixed, while only the central
TFBQ molecule was allowed to relax.

The energy profile, illustrated in Fig. 8a, revealed two local
minima at —60° and +60° relative to the global minimum at 0°
with relative energies of ca. 3.0 and 0.2 kecal mol ' at 100 and
300 K, respectively. To achieve these trajectories, the activation
energies for rotation were calculated as 8.1 kcal mol ™" for HTP
and ca. 14.0 kcal mol ™" for the LTP. These values indicate that
TFBQ undergoes in-plane rotations of 60° (Fig. 8b), supporting
the experimental data which suggests that the motion of TFBQ

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fragment is favored at 300 K. From these results, it can be
postulated that the fast internal motion of the acceptor com-
ponent in this cocrystal could benefit the PTC properties when
measured under appropriate experimental conditions.

Conclusions

Through a series of spectroscopic techniques, theoretical
calculations, and PTC measurements, we have successfully
unveiled the performance of two indolocarbazole-based CT
cocrystals, exhibiting charge transfer. Notably, it was demon-
strated that ICZ-TCNQ portrays a photothermal conversion
efficiency of ca. 13%. Although PTC properties were not mea-
surable for the TFBQ cocrystal, it exhibited a distinct low-
temperature phase transition at ca. 281 K resulting in a higher
symmetry structure at 300 K, accompanied by a NTE of
—60 MK " and a colossal PTE of 206 MK ". This transition is
characterized by the TFBQ fragment undergoing fast thermally-
driven in-plane molecular rotations with frequencies of hun-
dreds of MHz at ca. 348 K. These molecular rotations were
elucidated by 7; relaxation measurements with an activation

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSs

60° rotation

(a) Energetic profile of the 60° rotations of TFBQ fragment in the cocrystal. (b) Illustration of the 6-fold motion experiencing by the TFBQ

energy of 7.9 kcal mol™" and further supported by DFT calcula-
tions. Future studies of the TFBQ-based cocrystal will shine
light on the impact of these rotations on the possible PTC
properties. This comparative analysis of ICZ-TCNQ and ICZ-
TFBQ emphasize the functional adaptability of ICZ-based
cocrystals. The combination of efficient PTC properties and
dynamic molecular motion illustrates how tuning CT interac-
tions enables access to diverse and complementary material
functionalities. Together, these findings highlight the versati-
lity and potential of ICZ-based CT cocrystals in multifunctional
material design.
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