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This work reports new soft photothermal materials based on liquid crystalline nickel bis(dithiolene)
complexes bearing pentakis(dodecyloxy)triphenylene units in which the triphenylene core and the metal
complex are linked through —(CH,),— (n = 2, 4, 10) connectors. The mesomorphic properties of these
materials can be modulated by the length of the linker. All the complexes, except the derivative with the
longest linker, show columnar mesomorphism, characterized by polarized optical microscopy (POM),
differential scanning calorimetry (DSC) and X-ray scattering studies. The structure of the mesophases
contains segregated organic and inorganic columns supported respectively by m-stacking of the
triphenylene discs and weak intermolecular nickel-sulfur interactions. The photothermal activity was
studied on the complex with n = 2. Under laser irradiation with a power density of 0.098 W cm™2 for
just over a minute an increase in temperature of AT = 50 °C was achieved. This produced the melting of
the crystalline solid to give rise to the columnar mesophase, where, interestingly, the photothermal
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DOI: 10.1039/d4tc013389 effect was enhanced. Quantum chemical calculations have also been performed to gain insight into the

supramolecular self-assembled columnar structure at the molecular level, as well as into the
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Introduction

Discotic liquid crystals (DLCs) are a fascinating group of soft
self-assembled materials that possess adequate electronic
features for a wide range of applications, including organic
light-emitting diodes, field effects transistors, conductive
devices, photovoltaic cells,"” liquid-crystal displays*® and
biosensors.® DLCs typically form columnar mesophases in
which intermolecular interactions, such as van der Waals
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forces, electrostatic interactions, m-n stacking or hydrogen
bonds promote the supramolecular columnar organization.?

Thiphenylene-based mesogens are among the most widely
studied columnar liquid crystals,””® their properties can be
tuned by tailoring the triphenylene core with a great diversity
of functional groups,”” including metal complexes."®*>® When
such functionalization is carried out at one end of the side
chains of triphenylene, the triphenylene core and the func-
tional group tend to self-assemble individually, leading to the
formation of mesophases with segregated columns of different
nature, which offers many opportunities to modulate the
properties of the system.>’*° In this regard, our group has
reported hybrid organic/inorganic multicolumnar mesophases
containing triphenylene moieties,®*” where luminescence,*®
charge transport along the columnar stacking,***® and
thermochromism,*" are easily modulated by the metal
fragment.

Photothermal materials, which absorb light, particularly in
the near infrared region (NIR), and convert it into thermal
energy,” are also promising functional materials for multiple
applications in  fields such as phototherapy,”™*°
photocatalysis,*®™® heaters**>® or solar energy generation.>
These materials can be designed for a variety of systems

This journal is © The Royal Society of Chemistry 2024
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including metallic nanostructures, inorganic semiconductors,
carbon-based materials and polymers.*’ In the soft nanotech-
nology field, incorporation of photothermal systems into
matrices of soft materials, for example liquid crystals,** con-
stitutes an emerging approach to realize advanced and tunable
materials with enhanced properties for high-tech applications.

Seeking thermotropic liquid crystals based on metal com-
plexes that can induce metal-centered photothermal properties
without the need of composites, our attention turned to triphe-
nylene nickel bis(dithiolene) complexes. It is known that these
complexes exhibit high thermal stability, photostability and
photothermal activity,>*>* and are good platforms for design-
ing metallomesogens.>*™’

In this work we report examples of mesomorphic nickel
bis(dithiolene) complexes derived from triphenylene, which dis-
play high photothermal activity. The structure of the mesophase
contains segregated organic and inorganic columns supported
respectively by n-stacking of the triphenylene discs and weak
intermolecular nickel-sulfur interactions. In addition, quantum
chemical calculations have also been performed to gain insight
into the supramolecular self-assembled columnar structure at
the molecular level, as well as into the photothermal behavior.

Results and discussion
Synthesis and characterization

The synthesis of the new nickel-bis(dithiolene) complexes was
carried out starting from 4,4’-dihydroxybenzil, according to
Scheme 1, as described for related nickel complexes.’®” The
complexes were isolated as dark-green powders.

Elemental analyses, yields, high-resolution mass spectra,
and relevant IR and NMR characterization data for the com-
plexes are given in the experimental section (ESIt).

The nickel complexes show well-resolved 'H and *C{'H} NMR
spectra, consistent with square-planar diamagnetic molecules.
This correlates well with the fact that in the X-ray crystal structures
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Scheme 1 Synthesis of nickel bis(dithiolene) complexes.
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Fig. 1 Crystal 1,2-bis-(4-butoxyphenyl)ethylene-1,2-

packing  for
dithiolene nickel complex from single crystal X-ray diffraction data.>®

of similar 1,2-bis-(4-alkoxyphenyl)ethylene-1,2-dithiolene com-
plexes without the triphenylene group (reasonable models to 4-
6), the nickel atom has an essentially perfect square-planar
environment (Fig. 1).°® The solid-state arrangement is character-
ized by a clear segregation of the alkyl chains. The molecules are
stacked in a parallel disposition, but each molecule is slightly
shifted from the previous one (Fig. 1). The shortest intermolecular
distances observed between neighboring molecules correspond to
Ni---S distances of 3.825 A. This distance would exclude the
existence of any significant covalent Ni- - -S interactions.

The UV-Vis absorption and fluorescence data of the benzil
precursors (1-3) and the nickel complexes (3-6) in dichloro-
methane solution are summarized in Table S1 (ESI).

The electronic absorption spectra of the substituted benzils are
all very similar (Fig. 2 and Table S1, ESIf), displaying a very
structured spectral pattern with very intense absorption bands
typical of 2,3,6,7,10,11 hexaalkoxytriphenylenes.”>®® In the com-
pounds reported here, the triphenylene and the benzil group (nickel
moieties in the complexes) are not electronically connected. Thus,
as experimentally observed, significant influence on its electronic
transitions is not expected.***”?**® For the nickel complexes, in
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Fig. 2 UV-Visible spectra of the benzil precursor 1 (top) and its nickel
complex 4 (bottom) in dichloromethane (2 x 107° M) at 298 K. The
magnified region is from a 2.5 x 107> M solution.
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addition to the absorption bands from the triphenylene groups, the
electronic spectra show one broad absorption band in the NIR
(Fig. 2) at Amax = 918-922 nm, which in similar complexes but
without triphenylene groups, is assigned to m1 — m* transitions
involving dithiolene-based orbitals (HOMO — LUMO).>*%"

Density functional theory (DFT) calculations were carried
out in order to confirm the nature of the electronic absorptions
in our system (see (ESIf)). The vertical excitation energies
(AErp), oscillator strengths (f) and nature (defined as the main
contribution) of the main electronic transitions are reported in
Table 1. In the high energy region, the electronic transition at
291 nm (experimental value 277 nm) is identified as the HOMO-
4 — LUMO+4 transition with a 95% contribution. Both
HOMO-4 and LUMO+4 molecular orbitals are over tripheny-
lene fragment. The other two electronic transitions at 311 nm
and 938 nm (experimental values 306 nm and 922 nm, respec-
tively) arise from the Ni-bis(dithiolene) core. The absorption
peak in the NIR region (calculated at 938 nm) is due to the
HOMO — LUMO transition with a 96% contribution.

As for their luminescence spectra, all the emission spectra in
dichloromethane solution are similar (Fig. 3), and analogous to
those of 2,3,6,7,10,11-hexaalkoxytriphenylenes.®*®> As observed
frequently in triphenylene derivatives,*®*° the luminescence is
lost in the solid state and in the mesophase.

Thermal behavior and self-organization properties

The mesomorphic properties have been studied using polarized
optical microscopy (POM), differential scanning calorimetry
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Fig. 3 Luminescence emission spectra of the benzil precursor 1 and its
nickel complex 4 in dichoromethane solution at 298 K (Jexc = 278 nm).

(DSC), and X-ray scattering. The optical, thermal and thermo-
dynamic data are collected in Table 2. Representative micropho-
tographs are shown in Fig. 4. Regarding the thermal stability of
the compounds studied, thermogravimetric analysis performed
in a thermobalance by heating it up to 800 °C under N, shows a
good thermal stability up to temperatures above 250 °C
(Fig. S52-S54 of the ESI¥).

For the benzil precursors, only the derivative with the shortest
connection between the triphenylene core and the benzil group (n =
2) displays liquid crystal behavior, being monotropic in nature.
However, we have not been able to identify the mesophase. In
contrast, all the nickel compounds, except complex 6 that is not a
liquid crystal, show enantiotropic mesomorphism at temperatures
close to ambient. Thus, the formation of nickel bis(dithiolene)
complexes helps the appearance of mesomorphism in these sys-
tems. Most likely, this is due to the fact that in the metal complexes

Table 1 Calculated excitation energies (AEtp), oscillator strengths (f) and main configurations of 4 in dichloromethane solvent computed at CAM-

B3LYP-D3BJ/6-31 + G(d,p)/Def2-TZVP using sTDA approach

AErp (nm) f Configuration®? Experimental (nm)*
HOMO-4 LUMO4 (95)
W ﬂjﬁé
291 0.2106 N W\“ v 277
& e
LUMO+2 (93)
X L“:; ﬁ
Ta,.
311 0.2596 g :&. > 306
s v‘ff ﬁ\ér
DO J\A/\
>/“
HOMO LUMO (96)
|4 ¢
oo oo
Re'e XK
N 0
\},\ . . }“'\NN
938 0.1069 "2’? > 00 922
l/\f"‘/ P! A/";;
k‘/\/‘\‘/ [
ba )/w Y

“ Percentage contribution in parentheses.

b The shape of the implied molecular orbitals is also displayed (isosurface value 0.03 a.u.) along to their

corresponding energies calculated at CAM-B3LYP/6-31 + G(d,p)/Def2-TZVP in dichloromethane solvent. Hydrogen atoms are omitted. © Experi-

mental values in dichloromethane.
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Table 2 Optical, thermal, and thermodynamic data for the benzil pre-
cursors and their nickel-bis(dithiolene) complexes

Cpd Transition® T (°C) AH? (k] mol™)
1 Cr —» Cr’¢ 29 19.0
Cr - I° 69 86.6
I- M 68 4.0
M — Cr 57 1.2
Cr' —» Cr 15 17.2
2 Cr > 1 59 75.6
3 Cr - I° 50 95.7
4 Cr — Colyee 56 32.0
Colyee — 1 127 14.2
5 Cr - Cr’ 5 50.1
Cr' - Colyee 35 36.2
Colyee — 1 107 23.2
6 Cr > I° 36 126.0

¢ Cr, crystal phase; M, unidentified mesog)hase; Colye., rectangular
columnar mesophase; I, isotropic liquid. ” Data collected from the
second heating DSC cycle. The transition temperatures are given as
peak onsets. ¢ Data collected from the first heating DSC cycle. Complex
transitions below melting points have been omitted for clarity. All the
DSC scans registered from —40 °C can be found in the Electronic ESI.

Fig. 4 Optical polarizing microscopy photographs (x100, crossed polar-
izers) on cooling from the isotropic phase of: (a) benzil precursor (1) at
67 °C; (b) nickel complex 4 at 109 °C; (c) nickel complex 5 at 119 °C.

the number of triphenylenes per molecule is duplicated with
respect to the benzil precursors, which improves the balance of
favorable enthalpic interactions (attractive m-n stacking contribu-
tions from four triphenylene core per molecule) versus unfavorable
entropic contributions into a columnar stacking.

In all cases, the transition temperatures decrease with the
increasing length of the connector chain between the triphe-
nylene core and the metal moiety.

The textures observed by POM on cooling from the isotropic
liquid are similar for all compounds and show mosaic-like
textures, which are consistent with the presence of columnar
mesomorphism. This was confirmed by X-ray studies.

X-ray scattering studies.

X-ray studies were carried out on powder samples using a
diffractometer with an attachment for temperature control

This journal is © The Royal Society of Chemistry 2024
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(see ESIT for the experimental details). We will present the
results for compounds 1, 4 and 5 which are the materials
showing mesophases.

The X-ray pattern of 1 at the isotropic liquid (I) phase
(Fig. S55 of the ESIt) shows two broad peaks, one of them at
4.5 A (20 ~ 20°), which corresponds to the molten chains in
liquid disorder, and another one at small angles at 20 ~ 4°
(20 A) representative of the molecular geometry. The transition
to the mesophase is observed on cooling below 68 °C. The low-
angle reflection of the diagram at the I phase sharpens con-
siderably and splits into two (Fig. 5). At 60 °C the corresponding
spacings are 23.3 A and 32.7 A. With only two reflections no
reliable information could be obtained about the type of
mesophase although, given the molecular shape, it is likely to
be a columnar liquid crystal. However, no signs of molecular
stacking in columnar organization could be detected in the
diagram at wide angles, which remained unaltered. Upon
further cooling two crystalline phases were observed as shown
in Fig. S56 of the (ESIt).

Compound 4 shows a diagram similar to that of the preced-
ing compound at the I phase (Fig. S57 of the ESIt) but the
pattern at the mesophase is considerably richer (Fig. 6).

The low-angle reflections could be indexed satisfactorily by
assuming a Col,. structure. The lattice is centered and the
plane group is ¢2mm, which has the maximum symmetry of
the orthorhombic plane groups. The lattice parameters are a =
79.5 A and b = 55.9 A. In the wide-angle region, apart from the
diffuse halo at 4.5 A, a sharper weak reflection is observed at
20 = 24° (3.6 A). This spacing is likely to be connected to the
stacking distance between triphenylene groups, which transmit
their columnar organization to the rest of the molecular frag-
ments. With this stacking distance the resulting mass density is
¢ = 1.1 g em? if we suppose Z = 2 molecules per unit cell.
A possible electronic density map obtained from the intensities
of the peaks in Fig. 6(a) is shown in Fig. 7. The solution for the
map is not unique since there are many relevant peaks
involved, parts of the maps we found have very similar char-
acteristics. (See the ESIT for an explanation of the procedure for
obtaining the charge density maps). In the map of Fig. 7 two
molecules per cell can be appreciated, with 4 triphenylene
groups surrounding the metal fragment, which has the highest
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Fig. 5 X-ray pattern of 1 at the mesophase (60 °C).
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Fig. 6 X-ray patterns at the small-angle (a) and wide-angle (b) regions of
4 at 60 °C. The small-angle reflections are indexed assuming a Colec
phase of parameters a = 79.5 A and b = 55.9 A. A stacking distance along
the columns h = 3.6 A can be glimpsed as a small peak at the wide-angle
region.

larger electronic densities. The symmetry of the map is c2mm and the unit
cell parameters a and b are sketched.

electronic density. The empty space is filled with alkyl chains,
with lower electronic density.

Fig. 8(a) and (b) show the low-angle and wide-angle regions
of the X-ray pattern of 5 measured at 80 °C.

Again, the peaks at low angles are well indexed with a
centered Col,.. phase, with cell parameters a = 79.0 Aand b =
68.3 A. In this compound the stacking distance along the
columns, h = 3.56 A, is clearly visible. This peak could be easily
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Fig. 8 X-ray patterns at the small-angle (a) and wide-angle (b) regions of
5 at 80 °C. The small-angle reflections are indexed assuming a Coliec
phase of parameters a = 79.0 A and b = 68.3 A. A stacking distance along
the columns h = 3.56 A is clearly visible as a well-defined peak at the wide-
angle region.

followed in the whole mesophase range and it was found that &
shows a slight temperature dependence (see Fig. S58 of the
ESIt). The mass density at 80 °C is ¢ = 0.96 g cm > assuming Z =
2 molecules per unit cell. Fig. 9 shows the electronic density
map calculated from the data of Fig. 8(a). The symmetry of the
map is again c2mm. The brightest regions at the center and
vertices of the cell indicate the positions of the metal-
containing molecular fragments and the secondary maxima
(4 per molecule) the triphenylene locations.

Fig. 9 Electronic density map of 5 at 80 °C. The brighter areas represent
higher electron densities. The unit cell parameters a and b are also
sketched. Two molecules per cell are identified through the positions of
the main (metal segments) and secondary (triphenylenes) maxima.

This journal is © The Royal Society of Chemistry 2024
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For the sake of completeness, we give in the ESI{ the X-ray
patterns of the I phase (Fig. S59 of the ESIt) and the two
crystalline phases (Fig. S60 of the ESIt) of compound 5.

Photothermal activity

The presence of a NIR absorption band prompted us to explore
the photothermal activity of the bis(dithiolene) complexes.
Since the characteristic absorption wavelength of the
bis(dithiolene) core remains largely unchanged when modify-
ing the distance between the two electronically independent
fragments (i.e., triphenylene and metal-organic center), our
efforts have been focused on 4, chosen as a representative
complex.

The increase in temperature (AT) of the nickel complex in
the solid state was measured under laser irradiation (980 nm)
with three different laser power densities (0.024, 0.060 and
0.098 W cm™?) for 4 min. Fig. 10 shows the thermal camera
images of the maximum temperatures that the sample reached
for the three different power densities. In particular, after
irradiating the samples with a 980 nm laser at 0.024, 0.060
and 0.098 W cm ™2, the sample reached temperatures of 35.5,
56.1 and 76.6 °C, respectively. Moreover, 2 control experiments
were performed. First an empty plastic tube was exposed to
980 nm laser excitation at the maximum power density
(0.098 W em™?) to exclude any influence of the tube’s polymer
on the heating process. The maximum temperature of 20.8 °C
stayed at room temperature and thereby demonstrated that all
observable temperature increase was a consequence of the
nickel complex. The 2nd control was performed at 690 nm, a
wavelength in a non-absorbing region of the compound, and
0.098 W cm 2 resulting in a maximum temperature of 21.3 °C,
respectively, which can be considered as negligible photother-
mal behavior in comparison.

Fig. 11 shows the heating and cooling curves of the studied
sample, irradiating with a 980 nm laser at the previously
mentioned power densities. In all three cases a clear photo-
thermal effect was observed. Under laser irradiation with a
power density of 0.098 W cm 2 for 4 min, an increase in
temperature of AT = 56.6 °C was measured. However, it should
be noted that for just over a minute of irradiation an increase in
temperature of AT = 50 °C had already been achieved. In

980 nm laser 690 nm laser

Control 690 nm
0.098 W/cm?

Tonax = 25.0°C

Control

0.024 W/cm?[0.060 W/cm?| 0.098 W/ecm?| g gop wieny
Toax =35.5°C | T, =56.1°C | T, =76.6°C | T, = 21.3°C

max max

15¢€ 80 °C

Fig. 10 Thermal camera images at the maximum temperature reached
for irradiations at 980 nm and 690 nm. The image includes the control
experiments irradiated at 980 and 690 nm for the maximum used power
density (0.098 W cm™2).
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Fig. 11 Top: Heating and cooling curves after 980 nm laser irradiation.
The control curves for 980 and 690 nm laser irradiation are included;
Bottom: Maximum temperature reached versus power density with
980 nm irradiation.

addition, after three minutes at the maximum intensity of
radiation (Fig. 11(top)), a clear increase in the photothermal
behavior was detected at a temperature slightly above 70 °C,
where the compound should be transiting into the mesophase.
Noting that, the phase transition temperatures deduced from
photothermal measurements may be slightly shifted with
respect to the DSC data (Table 2) due to the different heating
ramps and the different experimental techniques used, in
which phase transitions may naturally show up at moderately
different temperatures.

Therefore, the strong photothermal behavior of this system,
which increases the temperature up to a maximum of 77 °C
under 980 nm laser excitation, produces the melting of the
solid phase to give rise to the columnar mesophase, where the
photothermal effect is enhanced.

Quantum chemical calculations

Quantum chemical calculations were carried out to gain a
deeper insight into one-dimensional columnar structure in
the mesophase, as well as the electronic absorption properties
at the molecular level. Firstly, the columnar structure in the
mesophase was described through a cluster of four molecules
(which entails 1108 atoms) stacked along z-axis (see ESI} for
more details). Fig. 12 displays the optimized supramolecular
structure with a length connector between the triphenylene
core and the nickel complex of two carbons. Additionally, an
analysis on the intermolecular interactions using reduced
density gradient (RDG) isosurfaces is provided.*®

As seen in Fig. 12, the molecules are stacked on top of each
other along the z-axis, which is perpendicular to the plane
containing the central organometallic complex. Additionally,
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Fig. 12 (a) Upper view of the minimum-energy structure of a tetramer
cluster of 4 optimized at the GFN2-xTB level. Each molecule is shown in a
different color. H atoms are omitted. (b) Analysis of non-covalent inter-
actions through RDG isosurfaces, with a focus on the interactions between
two central molecules. Green regions represent van der Waals interac-
tions. For clarity, RDG isosurfaces are only shown for one organic column
and the organometallic region.

there is a lateral displacement along the xy plane. As previously
noted, the main characteristic of this columnar phase, is the
micro-segregation between organic and organometallic frag-
ments in different columnar regions. Thus, within each organic
or organometallic region, triphenylene or Ni-organometallic
fragments are parallelly stacked. However, for each molecule,
the planes containing the triphenylene units on opposite sides
are staggered between them and twisted with respect to the
metal-organic moiety, with dihedral angles of approximately
40°. Within the organic column, green RDG isosurfaces
between triphenylene motifs and the intermolecular distances
between them, d(rph-rpn) = 3.3 A (measured as the shortest
distance between TPh planes) indicating n-stacking interac-
tions between them. Regarding the interactions between the
organometallic fragments, the green RDG isosurfaces between
them indicate van der Waals interactions, with distances
dic-s) ~ 3.6 A (measured as the shortest intermolecular dis-
tance between C and S atoms parallel to the z-axis). The lateral
displacement between molecules promotes the formation of
Ni---S interactions (denoted by the presence of green RDG
isosurfaces between Ni and S atoms), with a d(xi...s) ~ 3.5 A,
which is shorter than those found in the X-ray structures. This
supports that the melting of the crystals produces a slippage of
the metal fragments reducing the Ni---S intermolecular
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distances. Therefore, n-stacking interactions promote the for-
mation of the organic column, while the organometallic col-
umn is stabilized by Ni- - -S interactions.

Subsequently, based on the above optimized structure, we
assessed electronic absorption features by computing vertical
electronic excitation energies, with emphasis on the NIR
region. Vertical electronic excitation energies were calculated
using an ONIOM embedding model in conjunction with sTDA
(see ESIt for more details). Our results display that in the
columnar structure, electronic absorption in the NIR region is
similar to that found in solution, and predominantly arises
from an intramolecular process. Furthermore, the inclusion of
more than one molecule (to account for intermolecular inter-
actions between organometallic fragments) is adequate for an
accurate description of the NIR absorption features. In agree-
ment with experimental data obtained from a thin film of the
supercooled mesophase at room temperature (Fig. S64 of the
ESL T Amax = 884 nm), there is a transition in the NIR region with
AErp = 879 nm, which is attributed to a HOMO — LUMO one-
electronic transition (with a 96% contribution), with both
orbitals located over the Ni-bis(dithiolene) core.

Conclusions

This study shows that the chemical functionalization of sub-
stituted triphenylenes at the end of one of the alkoxy substi-
tuents with a nickel-dithiolene synthon, which strong
photothermal response is known, constitutes a simple and
useful strategy to design efficient photothermal columnar
mesophases. The mesomorphic properties of these materials
can be modulated by the length of the alkyl chain that act as
linker between the triphenylene core and the nickel complex.
As the length of that spacer increases, the intermolecular
interactions weaken and the transition temperatures decrease,
until liquid crystal behavior is lost. The mesomorphic com-
plexes display uncommon columnar mesophases that contain
segregated organic and inorganic columns that are supported
respectively by n-stacking of the triphenylene discs and weak
intermolecular nickel-sulfur interactions.

The nickel complexes display one broad absorption band in
the near-IR (NIR) region, which is characteristic of the
bis(dithiolene) fragment, and independent of the length of
the spacer used. The photothermal activity of this system was
studied on the complex 4. It displays a strong photothermal
effect that produces the melting of the crystalline solid to give
rise to the columnar mesophase, where, interestingly, the
photothermal effect is enhanced. These results reveal the great
potential of metal-organic molecules as photothermal soft
materials for new applications. For example, these materials
could not only be used as converters of light energy into heat,
but also as phase change materials for thermal storage.
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