Open Access Article. Published on 01 April 2026. Downloaded on 4/22/2026 11:03:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry C

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d6tc00570e

Received 23rd February 2026,
Accepted 24th March 2026

DOI: 10.1039/d6tc00570e

rsc.li/materials-c

Introduction

Red-to-NIR luminescent trinuclear gold()
complexes with exceptionally wide liquid
crystalline temperature range

Tamon Nakao,1® Abhilash Sahu,

Kosuke Kaneko,+® Kohsuke Matsumoto,
Osamu Tsutsumi (2 *2°

1% Kenta Yamaguchi,® Arushi Rawat,”
@ Ganesan Prabusankar ©2° and

Luminescent trinuclear Au() complexes integrated into liquid crystalline (LC) frameworks provide a
promising platform for developing anisotropic and stimuli-responsive soft materials. However,
simultaneously achieving LC phase stability over a wide temperature range and phosphorescence under
ambient conditions remains a challenge. Herein, we employed a combined linker and side-chain
engineering strategy to tune the LC behaviour and photophysical properties of pyrazole-based cyclic
trinuclear Au(l) complexes. Structural modulation was achieved by introducing flexible alkyl side chains
of varying length and branching through ester linkages. The structure—property relationships of the Au(i)
complexes were systematically investigated in the context of functional soft material design. The alkyl
substituents exerted a pronounced influence on thermal behaviour: alkyl chain branching effectively
lowered the melting temperature, while incorporation of ester linkages raised the LC-to-isotropic
transition temperature. As a result of this synergistic effect, the complex bearing the longest branched
alkyl side chain exhibited an exceptionally wide LC temperature window spanning more than 300 °C.
In the LC state, all complexes self-assembled into a hexagonal columnar mesophase and displayed
aggregation-induced emission behaviour. Alkyl chain substitution did not significantly affect the emission
wavelength and excited-state lifetime but markedly enhanced the thermodynamic stability of the
complexes. Thus, thermal and LC properties are governed primarily by molecular design, whereas
photoluminescence characteristics are dictated by the aggregate structure. These findings highlight
linker and side-chain engineering as an effective strategy for independently modulating the liquid
crystallinity, thermal stability, and luminescence of Au()-based soft luminescent materials.

excimer- or exciplex-like excited states.”>™"® This process is facili-

tated by close Au- - -Au contacts enforced by their cyclic architec-

Luminescent metal complexes are key components of emerging
optoelectronic and photonic technologies, such as organic
light-emitting diodes, chemical sensors, and stimuli-responsive
materials."® Au(1) complexes, in particular, have drawn sustained
interest because they can achieve efficient room-temperature
phosphorescence (RTP) with the appropriate design.”*' This
feature is enabled by aurophilic interactions, which significantly
enhance spin-orbit coupling. Cyclic trinuclear Au(i) complexes are
an especially attractive class of emitters because they can form
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ture through d'°-d" interactions, making their emission
behaviour highly sensitive to subtle modifications of their aggre-
gated structures.

Beyond isolated molecular behaviour, many cyclic trinuclear
Au(i) complexes exhibit aggregation-induced emission (AIE), in
which luminescence is markedly enhanced in the aggregated or
solid state owing to restricted molecular motions that suppress
nonradiative decay pathways.'”>* This AIE behaviour, com-
bined with strong spin-orbit coupling and aggregation-
dependent packing motifs, renders trinuclear Au(i) complexes
an attractive platform for developing RTP-active materials
operable under ambient conditions.?*

In photonic and optoelectronic applications, deep-red
to early near-infrared (NIR) (~650-800 nm) emission offers
advantages such as reduced light scattering, increased penetra-
tion depth, and minimised background interference.?®™°
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Consequently, there is growing interest in red-to-NIR emissive
materials, which present a practical balance between long-
wavelength emission, high quantum efficiency, and environ-
mental robustness.>'* Achieving long-wavelength emission
from molecular and coordination-based luminophores under
ambient conditions is of considerable interest for next-
generation photonic materials.>*>° However, developing purely
NIR-emissive materials that simultaneously exhibit high photo-
luminescence quantum yields (@), operational stability at room
temperature, and tolerance to molecular oxygen remains highly
challenging.’”° For molecular and coordination-based lumi-
nophores, extending emission into the NIR region is often
accompanied by pronounced nonradiative decay and strong
quenching of triplet excited states under ambient conditions,
which severely limit emission efficiency.*>*' Thus, red-to-NIR
emissive materials that operate efficiently at room temperature
in air—particularly those exhibiting phosphorescence—remain
scarce despite their technological relevance.*>**

In parallel, integrating emissive metal complexes into liquid
crystalline (LC) frameworks is a promising strategy for creating
aligned, anisotropic, and stimuli-responsive soft materials.**™*
In particular, discotic LC phases offer long-range one-dimen-
sional columnar stacking and polarised optical responses,
features that are highly advantageous for photonic and opto-
electronic applications.**" While many alkyl- or alkoxy-
substituted m-conjugated cyclic cores readily form columnar
mesophases, achieving LC behaviour for cyclic Au(i) complexes
is difficult owing to their rigid metal-centred architecture and
limited structural flexibility, which often favour crystallisation
or restrict mesophase formation to a narrow temperature
range. Prior studies showed that minimal substitution on
pyrazole ligands can stabilise the columnar LC phases of such
systems, albeit under restricted conditions, such as elevated
temperatures above 100 °C.>>”** Furthermore, side-chain engi-
neering—particularly the position and chemical nature of the
substituents—was demonstrated to exert a decisive influence
on LC phase behaviour, including mesophase stability, phase
transition temperatures, and the emergence of helical or chiral
LC structures.”>>®

Herein, we employed linker and side-chain engineering to
develop a new series of pyrazolate-bridged cyclic trinuclear Au(i)
complexes that exhibit red-to-NIR phosphorescence under
ambient conditions and mesophase formation over a wide
temperature range (Fig. 1a). In contrast to previously reported
analogues bearing directly attached alkyl chains, the ester-
functionalised complexes exhibited a well-defined hexagonal
columnar (Col,) LC phase during both heating and cooling,
indicative of enantiotropic LC behaviour. Incorporation of an
ester group at the C4 position of the pyrazole units effectively
modulated the molecular shape and introduced additional
conformational flexibility, thereby reducing packing frustration
and promoting LC phase formation with enhanced fluidity.
Notably, the complex bearing branched 2-butyloctyl side chains
(DTE6-Hex) displayed a room-temperature Col;, phase and
retained intense red-to-NIR phosphorescence (le, & 740 nm)
with a high @ (0.36) under ambient conditions. Furthermore,
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Fig. 1 (a) Synthetic route for cyclic trinuclear Au() complexes bearing
alkyl side chains via ester linkages (DTE6-R). (b) Molecular structure of DT6
as a reference cyclic trinuclear Au(l) complex.

this LC phase remained thermally stable up to the decomposi-
tion temperature (~300 °C), resulting in an exceptionally wide
mesophase window exceeding 300 °C, which ranks among the
broadest reported for luminescent LC materials.>”>°

This work demonstrates that combined molecular engineer-
ing of the linker region and alkyl side chains, specifically
through the introduction of ester linkages and systematic
modulation of side-chain topology, enables simultaneous con-
trol over the LC phase behaviour and photophysical properties
of cyclic trinuclear Au(i) complexes. In contrast to systems with
directly attached alkyl chains, the ester-linked architecture
provides a flexible structural platform that promotes liquid
crystallinity, while side-chain branching plays a decisive role in
realising room-temperature LC phases and tuning the meso-
phase temperature range. Importantly, the resulting complexes
exhibit strong phosphorescence not only in the crystalline state
but also within the LC phase, enabling polarised luminescence
through controlled molecular orientation. These findings high-
light the synergistic effect of linker and side-chain engineering
as an effective design strategy for constructing room-temperature
LC materials that combine AIE and RTP. More broadly, this work
bridges luminescent molecular materials and soft photonic
devices, opening new avenues for AIE- and RTP-active LC
systems based on cyclic trinuclear Au(1) complexes.

This journal is © The Royal Society of Chemistry 2026
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Results and discussion
Synthesis and characterisation of Au(1) complexes

A new series of pyrazolate-bridged cyclic trinuclear Au(i) com-
plexes bearing linear or branched alkyl side chains, denoted as
DTE6-R, was synthesised following the synthetic route outlined
in Fig. 1a. Detailed synthetic procedures and characterisation
data for these complexes are provided in the Experimental
section, while the synthesis of the pyrazole ligands is described
in the SI. The previously reported DT6 complex (Fig. 1b),
bearing a directly attached n-hexyl chain, was examined as a
reference to clarify the effects of linker and side-chain engineering
on LC phase behaviour and photophysical properties.'®**

The DTE6-R complexes were obtained from the corres-
ponding 3,5-dimethylpyrazole derivatives in moderate yield
(26-61%) as a colourless solid or viscous material, depending
on the side-chain structure. The complexes were characterised
by 'H and "*C nuclear magnetic resonance (NMR) spectroscopy,
Fourier-transform infrared (FTIR) spectroscopy, electrospray
ionisation mass spectrometry (ESI-MS), and elemental analysis.
The analytical data (see Experimental section and SI) are
consistent with the proposed molecular structures.

In our previous study, single-crystal X-ray diffraction analy-
sis revealed that DT6 forms a ladder-like supramolecular poly-
mer in the crystalline state through intermolecular Au- - -Au and
Au- - -1 interactions.” In contrast, suitable single crystals of the
ester-functionalised DTE6-R complexes could not be obtained
despite extensive crystallisation attempts, precluding detailed
single-crystal structural analysis. Accordingly, their molecular
packing and aggregation behaviour were evaluated using com-
plementary bulk techniques, including differential scanning
calorimetry (DSC) for phase transition analysis, polarised
optical microscopy (POM) for mesophase identification, and
powder X-ray diffraction (PXRD) for structural ordering, as
discussed below.

Thermal behaviour of Au(i) complexes

To evaluate the thermal stability of the Au(1) complexes, ther-
mogravimetric analysis (TGA) was performed in the tempera-
ture range of 25-600 °C at a heating rate of 5.0 °C min "
(Fig. S8). The thermal decomposition temperature (Tyec),
defined as the temperature corresponding to 5% weight loss,
of each complex is listed in Table 1. The TGA thermograms
further revealed residual ash contents of 54% for DT6, 47% for
DTE6-H, 44% for DTE6-Et, and 39% for DTE6-Hex, which are in
reasonable agreement with the theoretical Au contents calcu-
lated from their molecular formulas (52%, 47%, 43%, and 39%,
respectively). These results support the compositional integrity
of the synthesised complexes.

Notably, the Ty, values of the ester-functionalised DTE6-R
complexes were higher than those of the reference complex
DT6. Our previous study showed that the T4.. of mononuclear
Au complexes correlates with the electronic characteristics of
the ligand framework, with higher thermal stability observed
for complexes bearing substituents with larger Hammett sub-
stituent constants (¢).°” A similar correlation between ¢ and

This journal is © The Royal Society of Chemistry 2026
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Table 1 Thermodynamic properties of Au() complexes?
Complex Phase sequence and transition temperatures” (°C)  Tjec (°Q)
DT6 Heating Cr, 94 (0.88) Cr, 127 (1.5) 282
Cr; 140 (10) Col, 144 (2.8) I
Cooling Cr, 98 (-0.64) Cr; 122 (-12)
Coly, 141 (-4.5) T
DTE6-H  Heating Cr 132 (17) Colpo’ 302
Cooling Cr 121 (-18) Colp,
DTE6-Et  Heating Cr; 80 (1.1) Cr, 99 (14) Coly* 311
Cooling Cr; 80 (-1.1) Cr, 90 (-14) Col;
DTE6-Hex Heating $?-15 Colp,® 35 (0.89) Col,,* 285
Cooling S; -38 (-0.10) S, -35 (~0.05)

S; ~20 (-0.03) 8,7 17 Coly,
34 (-0.89) Coly,

“ Abbreviations: Cr, crystalline; S, solid; I, isotropic; Coly,, hexagonal
columnar (disordered); Coly,, ordered hexagonal columnar; Tyec, ther-
mal decomposition temperature. ° Enthalpy change (AH, k] mol~*) for
the phase transition is given in parentheses. AH values and transition
temperatures were determined by DSC during the 2nd scanning cycle.
“The clearing temperature could not be determined because the
complexes exhibited the mesophase until Tgec. 4 Glass-like solid state
retaining long-range hexagonal columnar order but lacking 3D crystal-
linity. ¢ Coly; and Coly,, are disordered hexagonal columnar meso-
phases with different degrees of short-range packing correlations.
Col,; contains localised, partially immobilised alkyl chain domains,
whereas in Coly,, these local correlations are fully relaxed, leaving only
liquid-like correlations.

thermal stability is widely reported for various organic and
organometallic systems.®" In this context, the enhanced ther-
mal stability of DTE6-R can be rationalised by the electron-
withdrawing nature of the ester substituent (¢ = 0.43 for
—COOCH; vs. ¢ = —0.07 for —CHj3), which is consistent with
the observed increase in Ty relative to that of DT6.

To gain qualitative insight into the electronic effects of ester
substitution and their possible relation to thermal stability,
density functional theory (DFT) calculations were performed
using DT1 and DTE1 as simplified models of DT6 and DTE6-R,
respectively (Fig. S21). The calculated molecular electrostatic
potential maps (Fig. 2) indicated discernible differences in the
electron density distribution around the Au centres depending
on the substituent at the 4-position of the pyrazole ring.
Introduction of the ester substituent led to a relative decrease
in electron density at the Au centres, consistent with an
increase in their cationic character. Although Mulliken atomic
charges should be interpreted only qualitatively, the calculated
charges of the Au atoms (1.83 for DT1 and 1.58 for DTE1)
reflect the substituent-dependent electronic trend. Importantly,
similar substituent-dependent electronic effects were observed
in our previous work,’® where the ¢ values of electron-with-
drawing groups (¢ > 0) were found to correlate with the
thermal stability of related Au(i) complexes. The present results
are therefore consistent with the previously established rela-
tionship between substituent electronic properties and thermal
decomposition behaviour. In addition to the electronic effect of
the ester linkage, the gradual decrease in thermal decomposi-
tion temperature observed from DTE6-H to DTE6-Hex can be
attributed to the increasing steric bulk and flexibility of the
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Fig. 2 Molecular electrostatic potential maps of (a) DT1 and (b) DTE1 as
simplified models of DT6 and DTE6-R, respectively. The electron density
isosurface value is 0.0004 a.u., and the colour scale representing the
relative electrostatic potential (negative to positive) is shown at the top.
Atom colours: grey, C; white, H; blue, N; red, O; yellow, Au.

branched side chains. Bulkier substituents reduce intermole-
cular packing efficiency and weaken cohesive interactions in
the condensed phase, resulting in slightly reduced thermal
stability. Such packing effects have also been reported in
alkyl-substituted liquid-crystalline systems.®* Overall, the ther-
mal decomposition behaviour of the present system is likely
governed by multiple factors, including ligand electronic
effects, side-chain structure, and the condensed-phase packing
environment. Within this context, the observed increase in Tqec
upon ester substitution is consistent with previously estab-
lished electronic trends, suggesting that modulation of the
electron density at the Au centres contributes, at least in part,
to the enhanced thermochemical stability of the cyclic trinuc-
lear Au(1) complexes.

The thermal phase transition behaviour of the Au(i) com-
plexes was investigated by POM and DSC, and the corres-
ponding data are summarised in Table 1. Representative DSC
thermograms and optical textures observed in the LC phase are
shown in Fig. 3. Trinuclear Au() complexes bearing 4-alkyl-
pyrazole ligands are known to exhibit columnar LC behaviour.*®
For DT6, the DSC thermogram recorded during heating showed
two relatively large endothermic peaks at 140 and 144 °C and
several minor thermal features below 140 °C. The latter are
attributed to crystal-crystal phase transitions, which reflect the
polymorphism of DT6 in the crystalline state. Between the two
major endothermic events at 140 and 144 °C, the POM images
revealed a dendritic texture characteristic of a Col;, LC phase. The
combined DSC and POM results indicate that DT6 exhibits an
enantiotropic Col,, phase, consistent with an earlier report.*’

In contrast, the DSC thermograms of DTE6-H and DTE6-Et
displayed a single dominant thermal event during both heating
and cooling cycles, although additional minor features were
discernible for DTE6-Et. Above the main thermal transition,
schlieren-like optical textures—also characteristic of the Coly,
phase—were observed by POM. The appearance of these tex-
tures confirms the formation of the Col, mesophase and
indicates enantiotropic LC behaviour for both complexes.
Compared with DT6, DTE6-H and DTE6-Et had significantly
reduced crystalline-to-LC phase transition temperatures because
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Fig. 3 DSC thermograms of (a) DT6, (b) DTE6-H, (c) DTE6-Et, and (d)
DTE6-Hex (red: second heating; blue: second cooling). The scanning rate
was 2 °C min~L. Inset: POM images of the Au() complexes in the liquid
crystalline phase: (a) DT6 at 140 °C (cooling), (b) DTE6-H at 200 °C
(heating), (c) DTE6-Et at 105 °C (heating), and (d) DTE6-Hex at room
temperature (22 °C, heating).

of steric perturbation and increased conformational flexibility
introduced by the ester linkage.

Notably, the DSC thermogram of DTE6-Hex exhibited a
thermal event at —15 °C (Fig. 3d), whose broad shape suggests
overlapping melting/freezing and glass-transition-like processes.
Above this temperature, DTE6-Hex displayed macroscopic fluidity
with schlieren-like optical textures characteristic of the Coly,
phase, as confirmed by POM (Fig. 3d inset and Fig. S9). Another
DSC feature appeared at approximately 35 °C, although no
discernible change in optical texture or macroscopic fluidity
was detected (Fig. S9). These combined observations suggest

This journal is © The Royal Society of Chemistry 2026
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that DTE6-Hex maintains a Col,, phase continuously from
—15 °C up to its Tqe.. A series of weak thermal events were
additionally observed below -20 °C during cooling. Given their
small enthalpy changes and the absence of corresponding
features during heating, these transitions are tentatively attrib-
uted to local conformational relaxation of the ester-linked
branched alkyl side chains within the condensed phase, rather
than changes in long-range molecular packing. Importantly, for
all ester-functionalised DTE6-R complexes, no Coly,-isotropic
phase transition was detected prior to thermal decomposition.
Consequently, exceptionally wide temperature ranges of Coly,
phase stability were achieved, spanning approximately 170 °C
for DTE6-H, 212 °C for DTE6-Et, and 300 °C for DTE6-Hex.
In this work, the LC temperature window is defined as the
temperature interval between the melting transition and Tgec,
determined at 5% weight loss in TGA. The LC temperature
window observed for DTE6-Hex (~ 300 °C) is among the widest
reported for luminescent metallomesogens. Representative
cyclic trinuclear Au(r) complexes and related metallomesogenic
systems reported in the literature typically exhibit mesophase
windows below ~ 150 °C.***>*® Minor DSC features observed at
approximately 80 °C for DTE6-Et and —20, —35, and —38 °C for
DTE6-Hex are tentatively attributed to local crystallisation or
glass transition processes of the alkyl side chains, although
their precise origin cannot be unambiguously assigned on the
basis of the present data.

Comparison of melting behaviour revealed that ester-
functionalised DTE6-R exhibited much lower melting tempera-
tures than DT6, which bears directly attached alkyl chains.
While the introduction of the ester linkage perturbs efficient
crystalline packing by increasing conformational flexibility at
the linker region, the magnitude of melting point depression is
strongly dependent on the side-chain architecture. In particu-
lar, branched alkyl substituents noticeably reduce the melting
temperature, indicating that steric bulk and conformational
disorder associated with branching play a dominant role in
suppressing crystallisation. This interpretation is further sup-
ported by the difficulty in obtaining single crystals of sufficient
quality for structural analysis from the ester-functionalised
complexes, especially those bearing branched side chains.

In contrast to melting behaviour, the upper temperature
limit of the LC phase increased substantially upon introduction
of the ester linkage. For all DTE6-R complexes, the Col;, phase
persisted up to the Ty, without an intervening isotropic phase.
This decoupling of melting point depression and LC phase
stabilisation highlights the distinct yet complementary roles of
side-chain branching and ester linkage: the former effectively
suppresses crystallisation at low temperatures, while the latter
significantly stabilises the columnar LC phase at elevated
temperatures. Thus, the exceptionally wide LC temperature
window of DTE6-R arises from the synergistic combination of
ester linker incorporation and branched side-chain engineering,
which independently define the lower and upper thermal bound-
aries of the LC phase.

To establish a direct structure-property correlation for the phase
transitions observed by DSC and POM, variable-temperature

This journal is © The Royal Society of Chemistry 2026
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powder X-ray diffraction (VI-PXRD) measurements were per-
formed (Fig. 4). All diffraction angles (20) were converted to
interplanar distances (d) using Bragg’s law, and the resulting
data are summarised in Table 2. In VI-PXRD measurements,
numerous sharp reflections typically characterise a crystalline
phase, whereas a limited number of reflections in the small-
angle region, accompanied by a diffuse halo in the wide-angle
region, generally indicates a LC state. As shown in Fig. 4a, DT6
exhibited a diffraction pattern characteristic of a crystalline
phase up to approximately 130 °C. Above this temperature, the
diffraction profile changed noticeably, and three reflections
appeared in the small-angle region with d-spacings of 14.9, 8.7,
and 7.5 A. These reflections can be indexed to the (100), (110),
and (200) planes of a two-dimensional (2D) hexagonal lattice,
respectively, based on their characteristic spacing relationship.
Concomitantly, a broad halo emerged in the wide-angle region,
which is consistent with the formation of an LC phase at
140 °C. Upon further heating to 150 °C, the diffraction profile
became essentially featureless within the measured 26 range,
indicating the loss of long-range positional order and consis-
tent with a transition to an isotropic liquid state. Taken
together with the DSC and POM results, the diffraction features
observed in the intermediate temperature range are therefore
consistent with the formation of a Col, mesophase for DT6.

(a)

150 °C
e
1‘/;“__/ 140°C
=
2 130 °C
g
=
100 °C
W
1 1 1
10 20 30 40 50
Angle (26)
(b)
50
>
3 140 °C
S
= 130 °C
A A M

1 1
10 20 30 40 50
Angle (26)

Fig. 4 PXRD patterns of (a) DT6 and (b) DTE6-H as a representative
example at different temperatures.
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Table 2 PXRD data for DT6, DTE6-H, and DTE6-Et in the liquid crystalline
temperature range

Complex d (A) Index (hkl) ay” (A)
DT6 (140 °C) 14.9 (100) 17.2
8.7 (110)
7.5 (200)
DTE6-H (150 °C) 15.9 (100) 18.4
9.3 (110)
8.1 (200)
DTEG6-Et (100 °C) 17.2 (100) 19.9
9.7 (110)
8.7 (200)
DTE6-Hex (23 °C) 18.8 (100) 21.7
10.7 (110)
9.7 (200)
7.4 (210)
6.5 (300)

“ Calculated assuming a 2D hexagonal lattice: ay = (2/v/3)d100-

In this context, it is instructive to consider the molecular
packing within the Col, mesophase of DT6. The previously
reported single-crystal X-ray structure of DT6 revealed hexyl
side chains folded along the columnar axis in the crystalline
state (Fig. S12). From the crystal structure, the centroid of the
rigid core unit—defined as the geometric centre of the three Au
atoms bridged by pyrazolate ligands (indicated by the red point
in Fig. S12)—was identified. The distance from this centroid to
the carbon atom of the side chain attached to the 4-position of
the pyrazole ring is approximately 6.4 A. From this value, the
diameter of the rigid core unit is estimated to be ~13 A. DFT
calculations further indicated that the distance between the
terminal carbon atoms of the optimised hexyl side chain
fragment is also approximately 6.4 A. If the side chains extend
laterally without folding, then the effective molecular diameter
of DT6, when approximated as a disc-like unit, is 26 A. How-
ever, the lattice parameter a;, determined from PXRD measure-
ments is only 17.2 A, indicating that the intercolumnar distance
in the Col;, phase is substantially smaller than the estimated
molecular diameter. Although a definitive structural model
cannot be established based solely on PXRD data, this discre-
pancy suggests that, even in the Col;, mesophase, the alkyl side
chains do not extend fully in the radial direction. Instead, they
are likely folded along the columnar axis and/or interdigitated
between neighbouring columns, thereby enabling dense
columnar packing. Such packing behaviour is consistent with
the formation of a compact hexagonal columnar arrangement
despite the presence of flexible alkyl substituents.

An analogous analysis of diffraction features was performed
for DTE6-R (Fig. 4b and Fig. S10). For DTE6-H, multiple sharp
Bragg reflections were observed at 120 °C, indicating a crystal-
line state. Upon heating to 150 °C, the diffraction profile
changed markedly, and three sharp reflections appeared in
the small-angle region with d-spacings of 15.9, 9.3, and 8.1 A,
which can be indexed to the (100), (110), and (200) planes,
respectively. Importantly, the small-angle reflections obeyed
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the characteristic spacing ratio of 1:1/1/3:1/2, consistent with
a 2D hexagonal lattice with p6émm symmetry. Taken together
with the DSC and POM results, these diffraction features
support the formation of a Col, mesophase for DTE6-H. Con-
comitantly, a broad halo emerged in the wide-angle region,
which is commonly associated with the increased conforma-
tional and dynamic disorder of flexible alkyl chains and con-
sistent with a crystalline-to-LC phase transition. Notably, in
addition to the diffuse halo, two reproducible and relatively
sharp features were observed in the wide-angle region (20 = 28.6
and 25.7°), corresponding to d-spacings of approximately 3.1
and 3.4 A. The persistence of these features in the Col}, phase
indicates the presence of pronounced short-range intracolum-
nar correlations within the columnar stacks. Such distances are
characteristic of intermolecular packing along the columnar
axis and frequently observed in ordered Coly, systems.®*®*
While interactions involving Au centres and ligand n-systems
may contribute to the emergence of these short-range correla-
tions, the coexistence of two distinct d-spacings suggests the
presence of multiple local packing motifs within the columns.
On this basis, the LC phase of DTE6-H is assigned as an
ordered Coly, phase, characterised by well-developed intraco-
lumnar short-range order. A more specific assignment of the
underlying intermolecular interactions, however, cannot be
made solely on the basis of PXRD data.

In contrast to DTE6-H, DTE6-Et showed a comparatively
straightforward diffraction behaviour (Fig. S10a). Above the
phase transition temperature, three sharp reflections emerged
in the small-angle region, indicating the formation of a Col},
phase. The corresponding d-spacing ratio was consistent with
that expected for a 2D hexagonal lattice with p6mm symmetry.
In the wide-angle region, the diffraction pattern was dominated
by a broad halo, and no well-defined sharp reflections were
observed. Accordingly, the mesophase of DTE6-Et can be clas-
sified as a disordered Col;, phase.

For DTE6-Hex, the thermal event observed at —15 °C corre-
sponds to fusion or melting and could be readily identified
by POM (Fig. S9). In contrast, the thermal feature detected at
35 °C could not be clearly distinguished by POM because of the
similar optical textures and macroscopic fluidity of the two
phases. To clarify the structural origin of these thermal events, VT-
PXRD measurements were initially performed (Fig. S10b). At room
temperature (23 °C), the PXRD pattern of DTE6-Hex exhibited
several intense and sharp reflections in the small-angle region.
These reflections can be indexed to the (100), (110), (200), and
(210) planes of a 2D hexagonal lattice, confirming the formation
of a Col;, mesophase. In addition to the small-angle reflections, a
weak and broad halo was observed in the wide-angle region (20 =
26.9°), indicating the absence of long-lived crystalline packing at
the molecular level. Above 35 °C, the overall PXRD profile
remained essentially unchanged, demonstrating that the hexago-
nal columnar arrangement is preserved in terms of long-range
positional order.

Because the thermal feature at 35 °C could not be unam-
biguously resolved by either POM or PXRD alone, small-angle
X-ray scattering (SAXS) measurements were subsequently employed
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to probe more subtle changes in internal order (Fig. S11).
At temperatures below —15 °C, the SAXS profile of DTE6-Hex
exhibited four sharp reflections in the small-angle region, indicative
of well-defined long-range positional order associated with a 2D
hexagonal columnar lattice. In contrast, the wide-angle region
displayed a complex superposition of scattering features, including
broad halos centred at g = 13-15 and ~20 nm ™', several weak but
discernible sharp peaks, and an additional broad feature at
approximately ¢ = 18 nm™". These g values correspond to real-
space distances of approximately 3-5 A, which are characteristic of
short-range intermolecular correlations in the condensed phase.
The coexistence of diffuse halos and weak, sharp features in the
wide-angle region indicates that the low-temperature phase is not a
simple, uniformly ordered molecular crystal. Rather, these features
are best interpreted as correlation peaks arising from enhanced
short-range positional correlations that persist over limited spatial
extents without developing into full three-dimensional crystallinity.
In this framework, the broad halos at g = 13-15 nm ' are
consistent with liquid-like correlations of flexible alkyl segments,
whereas the superimposed weak sharp peaks reflect locally ordered
packing motifs with finite correlation lengths. Such hierarchical
ordering—long-range hexagonal positional order of the columns
combined with heterogeneous, spatially confined local packing—is
plausible for DTE6-Hex given the presence of bulky branched alkyl
chains that hinder uniform crystallisation and promote partial
ordering even in the low-temperature solid state.®>™®’

Above —15 °C (e.g., 22 °C), the SAXS pattern retained both
the sharp low-q reflections arising from the hexagonal colum-
nar lattice and wide-angle features, including diffuse halos and
weak correlation peaks. Importantly, the intensities of the weak
sharp peaks decreased progressively with increasing temperature
and became barely discernible at 22 °C. This behaviour indicates
that the long-range positional order of the columnar lattice is
preserved throughout the temperature range from —15 to 35 °C,
whereas short-range packing correlations on the angstrom length
scale are gradually weakened by thermal activation. A consistent
structural interpretation for this intermediate regime is a dis-
ordered Coly; phase, in which the columns remain well orga-
nised, whereas locally correlated packing motifs—primarily
associated with partially immobilised branched alkyl segments—
persist only over limited length scales.®®*®*®® These motifs give
rise to temperature-sensitive correlation peaks rather than true
Bragg reflections and progressively lose coherence upon heating.
Alternative descriptions in terms of finite-length intracolumnar
correlations or glassy side-chain freezing are also compatible with
the present scattering data.

Upon further heating above 35 °C, the weak sharp features
in the wide-angle region disappeared completely, whereas the
diffuse halos and broad feature centred at ¢ = 18 nm '
remained essentially unchanged. At the same time, the well-
defined small-angle reflections associated with the hexagonal
columnar lattice persisted without appreciable changes in
position or intensity. At 40 °C, four sharp reflections were
clearly observed in the small-angle region, with g-values follow-
ing the characteristic ratio of 1:1/3:2:1/7. These reflections can
be unambiguously indexed to the (100), (110), (200), and (210)
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planes of a 2D hexagonal lattice, from which the lattice para-
meter ay, is estimated to be approximately 23 A (Table S2). The
absence of sharp wide-angle reflections at this temperature,
together with the persistence of diffuse halos, indicates that
intracolumnar packing lacks long-lived short-range order and
is dominated by dynamically averaged, liquid-like correlations.
Accordingly, the high-temperature phase above 35 °C is
assigned to a fully disordered Coly, phase, in which the
hexagonal arrangement of columns is robust, whereas localised
packing motifs responsible for the correlation peaks at lower
temperatures are completely melted or lose coherence.

The phase behaviour of DTE6-Hex can be interpreted as a
hierarchical ordering process involving progressively increasing
intracolumnar disorder. At low temperature (<-15 °C), the
material exists in a glass-like solid state that retains long-
range hexagonal columnar positional order but lacks three-
dimensional crystallinity. Upon heating, this state transforms
into two distinct hexagonal columnar mesophases, designated
Coly; and Coly,, distinguished based on combined PXRD,
SAXS, DSC, and POM data. In the Coly; phase, the SAXS pattern
exhibits well-defined hexagonal reflections alongside weak
wide-angle scattering features, indicative of partial local pack-
ing order within the columns. On further heating to the Coly,
phase, these wide-angle features disappear while the hexagonal
columnar reflections are retained, signalling a reduction in
local molecular packing order with preservation of the long-
range columnar lattice. This structural change is accompanied
by a subtle thermal transition observed in the DSC trace
(Fig. S13).

The thermal event at -15 °C is accordingly assigned to a
transition from a partially ordered LC-like solid—characterised
by frozen hexagonal columnar positional order with heteroge-
neous short-range packing—to the Col,; mesophase, which
retains residual local correlations. The feature at 35 °C corre-
sponds to a further disordering process within the columnar
phase, involving relaxation of locally ordered alkyl-chain
domains, leading to the more disordered Coly,, state. A compar-
able hierarchy of intracolumnar ordering has been reported for
discotic perylene bisimide assemblies bearing branched alkyl
side chain,® in which a low-order hexagonal columnar phase
with short-range intracolumnar correlations coexists with a
higher-order columnar phase exhibiting well-defined molecular
packing. Collectively, these findings demonstrate that side-
chain architecture can decouple long-range columnar posi-
tional order from local molecular packing order.

Overall, the introduction of branched alkyl side chains
considerably lowers the melting temperature while stabilising
the hexagonal columnar mesophase across an exceptionally
wide temperature range. This molecular design strategy
enables a room-temperature Col, mesophase with tuneable
degrees of intracolumnar disorder and highlights the effective-
ness of side-chain engineering in controlling hierarchical
structural organisation in cyclic trinuclear Au(i) complexes.

Analogous to the case of DT6, the effective disc diameter
estimated from the rigid core and ester-linked alkyl side chains
of DTE6-R is substantially larger than the experimentally
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determined lattice parameter a,. This geometric mismatch
indicates that, in the Col;, mesophase of DTE6-R, the flexible
alkyl side chains do not extend radially but instead undergo
interdigitation and/or folding along the columnar axis, thereby
enabling dense columnar packing despite the presence of bulky
substituents.

Photophysical properties of Au(r) complexes at room
temperature

The photophysical properties of the Au() complexes were
systematically investigated. Ultraviolet-visible (UV-vis) absorp-
tion spectra in dilute dichloromethane solution, together with
photoluminescence and excitation spectra measured in the
crystalline or Coly; state, are shown for DTE6-H and DTE6-Hex
as representative examples in Fig. 5. The absorption spectra
exhibited intense bands exclusively in the UV region, with no
detectable absorption in the visible region, indicating that the
complexes are optically transparent in the visible range—an
advantageous characteristic for luminescent materials.

All DTE6-R complexes showed an absorption maximum
(43P at approximately 240 nm in dilute dichloromethane
solution, and no significant shift in 7208 \was observed upon
introduction of branched alkyl side chains (Fig. 5 and Fig. S14).
To gain insight into the electronic origin of these absorption
features, time-dependent density functional theory (TD-DFT)
calculations were performed for the model complex DTE1.
Major absorption bands were predicted in the range of 236-
239 nm in the UV region (Table S4), and the calculated
absorption energies were in good agreement with those derived
from the experimentally 22%, values. Analysis of the molecular
orbitals involved in these transitions indicated that the absorp-
tion bands of DTE1 at 236-239 nm have mixed ligand-to-metal
charge transfer and metal-centred character (Fig. S22). The
corresponding TD-DFT results for the reference model DT1
are also summarised in Table S4.

None of the investigated complexes exhibited detectable
photoluminescence in dilute solution within the sensitivity
limits of the measurement. In contrast, intense luminescence
was observed in the condensed phase at room temperature
(25 °C) (Fig. 5 and Table 3). All complexes displayed emission in
the NIR region, with the maximum centred at approximately
740-750 nm. Emission in the NIR region is advantageous for
photonic and optoelectronic applications because of reduced
optical scattering and deeper penetration of NIR light.
Although DTE6-H and DTE6-Hex adopted different phases at
25 °C, their emission spectra were nearly identical, indicating a
common emissive species in the condensed state. Our previous
study demonstrated that the luminescence of DT6 arises from
aggregates formed via intermolecular Au- - -Au and Au- - -7 inter-
actions, resulting in a ladder-like supramolecular polymer.>*
Although single-crystal structural analysis of the DTE6-R com-
plexes was not possible owing to their low crystallinity, the
close similarity in emission wavelength and spectral shape to
those of DT6 strongly suggests that their luminescence likewise
originates from aggregated species formed through analogous
intermolecular interactions.
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Fig. 5 Absorption and corrected photoluminescence spectra of (a) DTE6-H
and (b) DTE6-Hex at 25 °C. Colour legends: black, absorption spectra
in CH,CL solution (1.0 x 107> mol L™Y; red, photoluminescence spectra
(2ex = 300 nm) in the crystalline (Cr) (DTE6-H) or disordered hexagonal
columnar (Col,) state (DTE6-Hex); blue, excitation spectra (lem = 725 nm) in
the Cr (DTE6-H) or Col,; state (DTE6-Hex). Inset: Photographs of the Aul()
complexes in the condensed phase at 25 °C under UV irradiation at 254 nm.

Table 3 Photophysical parameters of Au()) complexes in the condensed
phase at 25 °C in air

Complex Phase® /M7 (nm) & t(us) &I knl(s7Y)
DT6*! Cr 733 0.75 13 5.8 x 10* 1.9 x 10*
DTE6-H  Cr 721 0.86 14 6.1 x 10 1.0 x 10*
DTE6-Et  Cr 731 0.49 15 3.3 x 10* 3.4 x 10*
DTE6-Hex Coly, 741 0.36 14 2.6 x 10* 4.6 x 10*

¢ Abbreviations: Cr, crystalline; Coly,, hexagonal columnar (disordered).
b The excitation wavelength for steady-state measurements was 280 nim.
¢ The luminescence intensity was integrated from 600 to 850 nm to
estimate @. ¥ The rate constants for radiative transition (k) and non-
radiative deactivation (k,,) are equal to @/t and (1 — ®)/t, respectively.

The gradual red shift in emission maxima from DTE6-H to
DTE6-Hex is likely associated with subtle changes in inter-
molecular packing induced by the increasing steric bulk of
the side chains. Such steric effects can influence Au---Au
metallophilic interactions between neighbouring trinuclear
units, thereby influencing the energy of the emissive excited
state. Differences in condensed-phase structures may further
contribute to this trend, as DTE6-H and DTE6-Et emit from
crystalline phases, whereas DTE6-Hex exhibits the Col;, meso-
phase at room temperature. The distinct molecular organisa-
tion within these phases can give rise to slightly different
intermolecular interactions and excited-state energies, thereby
contributing to the observed bathochromic shift.

Consistent with this interpretation, the excitation spectra in
the condensed phase differed considerably from the absorption
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spectra in dilute solution (Fig. 5), reflecting the formation of
aggregated emissive states in the condensed phase. To further
verify this hypothesis, AIE behaviour was examined in mixed
solvent systems composed of a good solvent (THF) and a poor
solvent (water) with varying volume fractions (f,,) (Fig. 6 and
Fig. S16). As a representative example, the AIE behaviour of
DTE6-Hex is shown in Fig. 6. In pure THF, the complexes
exhibited negligible emission. However, as f,, increased, the
emission intensity rose gradually and then sharply once a
threshold of approximately 20% was exceeded. This pro-
nounced enhancement of luminescence is attributed to the
onset of molecular aggregation induced by the poor solvent
environment. These observations unambiguously confirm that
the emission of the DTE6-R complexes is governed by an AIE
mechanism and further support the notion that the emissive
aggregates formed by these complexes are structurally analo-
gous to those previously identified for DT6.

The emission spectra observed in THF/water mixtures dis-
play a partially resolved dual-band profile under AIE conditions
(Fig. 6 and Fig. S16). Rather than representing a vibronic
progression of a single emissive state, this behaviour is more
plausibly attributed to heterogeneous aggregates with slightly
different intermolecular Au- - -Au and Au- - -n interactions. Such
variations in intermolecular interactions may generate closely
spaced emissive excited states associated with metallophilically
coupled Au(1) aggregates, giving rise to the observed dual-band
emission. The spectral differences between THF/water mixtures
and the condensed phases can be rationalised by differences in
aggregate structure: aggregation under kinetically controlled
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Fig. 6 (a) Photoluminescence spectra of DTE6-Hex (5.0 x 107> mol L™}
in a THF/H,O mixed solvent with varying H,O fractions (f,, = 0-90%)
(Aex = 300 nm). (b) Luminescence intensity of the solution at 750 nm as a
function of f,,.
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conditions in THF/water mixtures may produce more disor-
dered aggregates than those present in the solid and LC phases.
Heterogeneous local environments within these aggregates may
further contribute to the dual-band emission, as molecules
residing in densely packed bulk regions and those near
solvent-exposed surfaces may experience slightly different inter-
molecular interactions and local solvation conditions, leading
to slightly different emissive energies.

To clarify the luminescence mechanism, the ¢ and emission
lifetimes (7) of the complexes were measured in the condensed
phase at room temperature in air (Table 3). All complexes
exhibited a single-exponential decay profile monitored at
725 nm (Fig. 7 and Fig. S15). Notably, no significant differences
in the decay profile or lifetime were observed among the
different phase states. The emission lifetimes of all complexes
fell in the microsecond timescale, indicating that the observed
emission originates from RTP. In general, molecular systems
rarely exhibit RTP with high ® because the nonradiative decay
pathways of long-lived triplet excited states are readily activated
by thermal perturbations, such as internal molecular motions and
collisional quenching. Nonradiative processes strongly compete
with the inherently slow radiative transitions from triplet excited
states. Moreover, triplet states are efficiently quenched by mole-
cular oxygen under ambient conditions. In this context, the
efficient RTP of the present Au(1) complexes is particularly notable
and highlights their potential as robust RTP-active materials for
optoelectronic and photonic applications.

Unlike 7, ¢ showed a clear dependence on molecular struc-
ture. Because the photoluminescence of the complexes origi-
nates from aggregated states, the emission efficiency is
expected to be governed not solely by the primary molecular
structure but predominantly by the nature of the aggregated
packing structure. This interpretation is further supported by
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Fig. 7 Luminescence decay profiles of Au()) complexes in the condensed
phase at 25 °C in air: (a) DTE6-H in the crystalline phase and (b) DTE6-Hex
in the disordered hexagonal columnar (Col,,) phase (red, observed lumi-
nescence decay; blue, fitting curve; green, instrument response function).
The decay upon excitation at 280 nm was monitored at 725 nm for DTE6-
H and 740 nm for DTE6-Hex.
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TD-DFT calculations and the absorption behaviour in dilute
solution, which indicate that the electronic structures of indi-
vidual molecules are essentially similar and do not account for
the observed differences in @.

In general, the AIE behaviour of crystalline Au(i) complexes
can be rationalised by dense molecular packing accompanied
by strong intermolecular interactions. Dense packing effectively
suppresses the internal molecular motions of the luminophore
and inhibits the penetration of the bulk material by molecular
oxygen, thereby significantly reducing nonradiative decay path-
ways, particularly those associated with triplet excited states.
Among the complexes, DTE6-Hex exhibited a Col, LC phase at
room temperature, in which molecular packing is less tightly
organised than in a fully crystalline phase. Consequently, it
showed the lowest @ value in this series. Similarly, the ¢ value
of DTE6-Et was significantly lower than that of DT6, whereas
DTE6-H displayed a comparable @ value. These variations in ¢
among DT6 and the ester-functionalised DTE6-R derivatives are
most plausibly attributed to differences in aggregate structure
and packing density in the condensed phases, rather than to
intrinsic electronic differences at the molecular level. In parti-
cular, the presence or absence of side-chain branching appears
to influence intermolecular packing even in the crystalline
state, with the branched side chains in DTE6-Et likely disrupt-
ing optimal intermolecular organisation and thereby reducing
emission efficiency. The gradual red shift of the emission
maximum with increasing side-chain steric bulk may similarly
arise from subtle changes in intermolecular Au---Au interac-
tions within the aggregated structures, as slight variations in
the packing geometry of the trinuclear cores can influence
orbital overlap and stabilise the emissive excited state, produ-
cing a bathochromic shift.

The luminescence spectra were recorded at temperatures
covering distinct phase states, and representative results for
DTE6-H and DTE6-Hex are shown in Fig. 8. For DTE6-H, the
luminescence intensity decreased gradually upon heating
within the crystalline phase (Fig. 8a and Fig. S17), which is
consistent with the thermally activated nonradiative deactiva-
tion of the excited state. Quantitatively, a temperature increase
of approximately 100 °C within the crystalline regime resulted
in only a modest reduction in emission intensity (~25%),
indicating that the emissive aggregated state in the crystal is
relatively robust against thermal perturbation. In sharp contrast, a
pronounced and discontinuous change was observed at the
crystalline-to-Coly,, transition at 132 °C, as identified by DSC
and POM. Upon entering the mesophase, the emission intensity
dropped abruptly to approximately one-half of the crystalline
value, accompanied by a slight broadening of the luminescence
band. The mesophase of DTE6-H is assigned to Coly,, in which
long-range columnar positional order is retained while the intra-
columnar packing adopts a temperature-dependent, dynamically
averaged arrangement. The abrupt decrease in luminescence
intensity at the crystalline-to-Coly,, transition therefore indicates
that the emissive aggregate environment is modified primarily by
reorganisation of the supramolecular packing rather than by
thermal activation alone.
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Fig. 8 Photoluminescence spectra (lex = 300 nm) of (a) DTE6-H and
(b) DTE6-Hex at various temperatures.

In contrast to DTE6-H, DTE6-Hex exhibited a distinctly
different temperature-dependent luminescence behaviour that
reflects its unique phase sequence. Above 35 °C, DTE6-Hex
remained in the Coly,, phase up to its Ty (Fig. 8b and Fig. S19).
Within this high-temperature mesophase, the emission inten-
sity was remarkably insensitive to temperature: heating from
room temperature to 100 °C caused a decrease of only ~10%
in luminescence intensity, despite a temperature increase of
nearly 60 °C. This weak temperature dependence indicates that
the emissive aggregated state formed in the Coly, phase is highly
stable and robust against thermally activated molecular motions.
In this regime, the hexagonal columnar positional order is pre-
served, while intracolumnar packing is dynamically averaged,
such that thermal fluctuations do not significantly perturb the
emissive aggregate structure responsible for luminescence.

At cryogenic temperatures, DTE6-Hex displayed notice-
ably different photophysical behaviour (Fig. S18 and $19).
At -196 °C, the emission intensity was enhanced by approxi-
mately a factor of two relative to that at room temperature and
was accompanied by a blue shift of approximately 10 nm. This
enhancement is consistent with the suppression of structural
relaxation and nonradiative decay pathways at low temperature.
Importantly, DTE6-Hex existed as a glass-like LC solid below
-15 °C, in which long-range hexagonal columnar order is
retained while molecular mobility is strongly suppressed.
Within this low-temperature solid regime, the luminescence
intensity showed only minimal variation: even upon heating
from -196 °C to approximately -20 °C (a temperature change of
nearly 180 °C), the emission intensity decreased by only ~10%.
This observation demonstrates that the emissive aggregate
structure in the LC-like solid state is highly resistant to thermal
perturbation.
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In sharp contrast, the emission intensity considerably
decreased in the intermediate temperature range between
approximately -15 °C and 35 °C, corresponding to the Coly;
phase. Within this relatively narrow temperature window of
~40 °C, the photoluminescence intensity decreased rapidly by
~50%. In this phase, long-range columnar positional order is
preserved but localised packing motifs—associated with par-
tially immobilised or correlated alkyl chain domains—became
increasingly sensitive to thermal activation. The strong tem-
perature dependence of the emission intensity in this regime
indicates that the emissive aggregated species are particularly
susceptible to subtle changes in local packing coherence, even
though the overall columnar lattice remains intact.

These results demonstrate that the temperature dependence
of the luminescence of DTE6-Hex is governed primarily by
phase structure rather than by thermal energy alone. Both the
LC-like solid below -15 °C and fully disordered Coly, phase
above 35 °C exhibit highly temperature-insensitive emission,
whereas the intermediate Col}; phase displays a pronounced
decrease in emission intensity owing to the progressive disrup-
tion of residual local order by thermal activation. This phase-
dependent modulation of thermal sensitivity highlights the
critical role of hierarchical aggregation—combining long-
range columnar order with temperature-sensitive short-range
correlations—in controlling the RTP behaviour of DTE6-Hex.

Linearly polarised luminescence

DTE6-Hex exhibits an LC phase at room temperature; therefore,
to elucidate its optical anisotropy and molecular orientation,
linearly polarised luminescence (LPL) measurements were per-
formed. A linear polariser was placed between the sample and
detector of the spectrometer. The sample was sandwiched
between two quartz plates, and unidirectional shear stress
was applied to induce macroscopic alignment of the LC
domains. The formation of a homogeneously aligned state
was preliminarily confirmed by POM (Fig. S20).

The emission intensity showed a strong dependence on the
relative orientation between the optical axis of the polariser and
shear alignment direction (Fig. 9). The emission intensity was at a
maximum when the optical axis was parallel to the shear direction
(0 =0°). As 0 increased, the emission intensity gradually decreased
and reached a minimum when the two directions were perpendi-
cular (0 = 90°). Such angular dependence is characteristic of linearly
polarised emission, for which the emission intensity is propor-
tional to cos®0.”° Indeed, fitting the experimental data to a cos®6-
type function reproduced the observed angular modulation very
well (Fig. 8b). This result confirms that the observed emission
anisotropy originates from LPL resulting from shear-induced uni-
axial alignment of the Col;, columns.

Based on these measurements, the degree of polarisation (P)
was calculated using the following equation:

-4

a I +1 @

where I} and I | are the emission intensities measured with the
optical axis of polariser parallel and perpendicular to the shear
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Fig. 9 (a) Polarised luminescence spectra of DTE6-Hex in the disordered
hexagonal columnar (Col,) phase at room temperature. The emission
spectra were measured by varying the angle 0 between the optical axis
of the polariser and shear alignment direction of the liquid crystalline
sample from 0° to 90°. (b) Emission intensity at 750 nm as a function of 0
(red circles). The blue solid line represents the fitting curve obtained using
a cos? 0-type function, highlighting the characteristic angular dependence
of linearly polarised luminescence.

alignment direction, respectively. The P of DTE6-Hex was 0.72,
indicating highly efficient LPL. This polarised emission is
attributed mainly to shear-induced macroscopic alignment of
the columnar LC domains, which preferentially orients the
emissive transition dipole moments along a single direction.
The emission of trinuclear Au(i) complexes originates from
aurophilic interactions.’® Our previous study demonstrated
that the emission transition dipole moment of aggregated
trinuclear Au(i) complexes is preferentially oriented along the
direction of aurophilic interactions.’ This implies that, in such
columnar assemblies, the transition dipole moments are
aligned predominantly along the column axis. Consequently,
uniaxial ordering of the columns leads to anisotropic emission,
with the emission intensity reaching a maximum when the
optical axis is parallel to the column alignment direction
(6 = 0°) and a minimum when it is perpendicular (6 = 90°). The
high P reflects strong orientational order in the emitting state.

Conclusions

We developed a new series of pyrazole-based cyclic trinuclear
Au(r) complexes (DTE6-R) with flexible ester-linked alkyl side
chains to systematically investigate how linker chemistry and
side-chain architecture cooperatively govern LC behaviour,
thermal stability, and photophysical properties. All DTE6-R
derivatives self-assembled into the Col, mesophase. Increasing
the degree of sidechain branching effectively suppressed crystal-
lisation and lowered the melting temperature, while incorporating
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an ester linkage markedly stabilised the columnar LC phase
at elevated temperatures. This synergistic effect dramatically
expanded the LC temperature window relative to that of the
reference complex DT6. Notably, DTE6-Hex exhibited a stable
room-temperature Col, phase and exceptionally broad meso-
phase range, with no detectable transition to an isotropic liquid
prior to thermal decomposition.

Despite these pronounced differences in phase behaviour,
the photophysical characteristics of the complexes in the
condensed state were remarkably robust across the series.
All complexes exhibited AIE and ambient-stable red-to-NIR
phosphorescence, indicating that the emissive excited state is
primarily dictated by a characteristic supramolecular aggrega-
tion motif rather than by a specific alkyl substituent or macro-
scopic phase state. In contrast, the photoluminescence
quantum yield showed a clear dependence on molecular pack-
ing density, gradually decreasing with increasing side-chain
length. Importantly, the practical functionality of these materials
was demonstrated by their macroscopic optical anisotropy: shear-
aligned DTE6-Hex displayed highly linearly polarised NIR emis-
sion with a high degree of polarisation. Materials exhibiting such
pronounced LPL behaviour are therefore promising candidates
for polarised light sources and hold significant potential for
applications in anti-counterfeiting technologies and information
encoding.

This study establishes that ester linker incorporation and
branched side-chain engineering play distinct yet complemen-
tary roles, enabling independent control over the lower and
upper temperature boundaries of the LC phase. This dual-
parameter design strategy gives rise to an unusually broad LC
mesophase window that is unprecedented for luminescent
cyclic trinuclear Au(i) complexes. The present findings provide
a versatile molecular framework for the design of thermally
robust, RTP-active, and NIR-emissive LC materials and open
new avenues toward soft photonic and optoelectronic applica-
tions based on metal-containing supramolecular systems.
Importantly, this work demonstrates that the liquid crystal-
linity and luminescence of cyclic trinuclear Au(i) complexes can
be decoupled and independently engineered—a long-standing
challenge in metal-containing soft luminescent materials.

Experimental
Materials

The Au(r) complex DT6 was synthesised according to a pre-
viously reported procedure.”® The DTE6-R (R = H, Et, or Hex)
complexes were prepared from ethyl diacetoacetate in four
synthetic steps, as outlined in Scheme S1. All solvents and
reagents were of reagent grade and used as received unless
otherwise stated. "H and "*C NMR spectra were obtained using
a JEOL ECS 400 MHz NMR spectrometer operated at 395.884
MHz for 'H and 99.545 MHz for '*C. Chemical shifts are
reported in parts per million (ppm), using the residual proton
or carbon in the NMR solvent. FTIR spectra were recorded on a
JASCO FT/IR-610 spectrometer using the KBr disk method and
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are reported in wavenumbers (cm™'). ESI-MS measurements
were carried out using a Bruker micrOTOF II mass spectro-
meter. Elemental analyses were performed using a J-Science
Micro Corder JM10 analyser.

Typical procedure for the synthesis of Au(1) complexes with
ester-linked alkyl side chains

Synthesis of DTE6-H. A methanolic solution of KOH
(1 mol L™, 0.40 mL) was added dropwise to a stirred solution
of compound 3H (83 mg, 0.37 mmol) and (tht)AuCl (80 mg,
0.25 mmol) in acetone (15 mL). After stirring for 10 min at room
temperature (25 °C), the resulting precipitate was collected by
filtration and washed with acetone. The crude product was
purified by silica gel column chromatography (eluent: CH,Cl,/
triethylamine = 30/1), followed by recrystallisation from a 1:1
mixture of CH,Cl, and acetone to afford colourless crystals
(64 mg, 0.051 mmol, 61% yield). mp 131.7-133.5 °C (from a
mixture of CH,Cl, and acetone). Found: C, 34.20; H, 4.56; N,
6.78; Ash, 46.7; M, 1260.40. Calc. for Cs3sHs,AuzNyOq: C, 34.30;
H, 4.56; N, 6.67%; M", 1260.33. v/cm ™" 2959, 2930, 2873, 1706,
1522, 1425, 1290, 1120, 780. 35 (400 MHz; CDCl;) 4.16 (2H, t, ] =
6.8 Hz, COOCH,CsHy,), 2.16 (6H, s, pyr-CH3), 1.70 (2H, quint, J =
7.1 Hz, COOCH,CH,C,H,), 1.43-1.32 (6H, m, COOC,H,C;HsCH,),
0.92 (3H, t, J = 6.8 Hz, COOCsH,,CHj). dc (100 MHz; CDCl,,)
164.0, 150.9, 77.3, 77.0, 76.7, 63.8, 28.7, 25.8, 22.6, 14.2, 14.0.

Synthesis of DTE6-Et and DTE6-Hex. These compounds were
synthesised according to the above procedure. DTE6-Et was
obtained in 26% yield as a white solid and DTE6-Hex in 29%
yield as a white viscous material.

DTE6-Et. mp 98.3-100.2 °C (from a mixture of CH,Cl, and
acetone). Found: C, 37.83; H, 5.12; N, 6.26; Ash, 43.2; M",
1344.84. Calc. for C,,HgoAuzNgOg: C, 37.51; H, 5.17; N, 6.25%;
M', 1344.43. v/em ™' 2957, 2929, 2875, 1712, 1520, 1425, 1383,
1287, 1167, 1119, 770. dy (400 MHz; CDCl;) 4.13 (6H, octet,
J = 5.4 Hz, COOCH, CH(C,H;)C4H,), 2.50 (18H, s, pyr-CH3),
1.67-1.51 (3H, m, COOCH,CH(C,H;)C4H,), 1.47-1.28 (24H, m,
COOCH,CH(CH,CH3)C;HsCHj3), 0.95-0.87 (18H, m, COOCH,-
CH(CH,CH,)C;H(CH;). ¢ (100 MHz; CDCl,): 164.2, 151.3,
109.0, 77.3, 77.2, 77.0, 76.7, 66.0, 38.8, 30.4, 28.9, 23.8, 23.0,
14.3, 14.1, 10.9.

DTE6-Hex. mp —15.1 to —11.2 °C (from a mixture of CH,Cl,
and acetone). Found: C, 42.60; H, 5.88; N, 5.58; Ash 38.7; M,
1513.87. Calc. for Cs,Ho3AU;NOg: C, 42.86; H, 6.19; N, 5.55%; Ash,
39.05; M", 1513.27. v/em ™ * 2956, 2927, 2858, 1706, 1522, 1424, 1376,
1291, 1169, 1110, 1037, 726. 5y (400 MHz; CDCl,) 4.12 (2H, d, J =
5.4 Hz, COOCH,CH(CgH,3)C4Hs), 2.24 (6H, s, pyr-CH), 1.72 (1H, m,
COOCH,CH(C¢H;3)C,4H,), 1.33-1.29 (16H, m, COOCH,CH-
(CsH,0CH3)C3HgCH3), 0.93-0.87 (6H, m, COOCH,CH(CsH;,-
CH;)C3H¢CH3). d¢ (100 MHz; CDCl;) 164.3, 151.5, 109.2, 66.6,
37.5, 32.0, 31.4, 31.1, 29.8, 28.9, 26.8, 23.2, 22.8, 14.6, 14.2.

Computation

All calculations were performed using DFT, as implemented in
the Gaussian 16 program package (Revision C.01).”" To reduce
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computational cost, simplified model complexes (DT1 and
DTE1, Fig. S21) were employed. Geometry optimisation of
monomeric species was carried out using the B3LYP hybrid
functional with the 6-311+G(d,p) basis set for C, H, N, and O
atoms and SDD basis set for Au atoms. Dimer calculations were
performed using the CAM-B3LYP-D3(BJ) functional with the
same basis sets. Optimised geometries were confirmed as true
minima by vibrational frequency analysis. Vertical excitation
energies and oscillator strengths for the ten lowest electronic
transitions were calculated using TD-DFT based on the opti-
mised ground-state geometries.

Powder X-ray diffraction

VT-PXRD measurements were performed using a Malvern
Panalytical Aeris powder diffractometer equipped with a PIX-
cellD (Medipix3-based) solid-state line detector. Cu Ko radia-
tion (1 = 1.5406 A) was used as the X-ray source. Data were
collected in the 20 range of 4-50° with a step size of 0.1086° and
a scan speed of 0.3951° s~ in continuous scan mode. Tem-
perature control was achieved using an integrated heating
stage, and samples were equilibrated at each temperature for
at least 5 min prior to data acquisition.

Small-angle X-ray scattering

SAXS measurements were performed at the BL40B2 beamline of
SPring-8 (Hyogo, Japan) using monochromatic X-ray radiation
with a wavelength of /. = 1.0 A. Measurements were carried out
at controlled temperatures of —25, 0, 15, and 40 °C using a
temperature-regulated sample stage. Samples were equilibrated
at each temperature prior to data acquisition. Scattering
profiles were recorded as a function of the magnitude of the
scattering vector, g, defined as g = (4n/J) sin 0, where 20
represents the scattering angle.

Thermodynamic properties

Phase transitions were observed by POM using an Olympus
BX51 fluorescence microscope equipped with a temperature-
controlled stage (Instec HCS302 with mK1000 controller). TGA
and differential thermal analysis were carried out using a
Shimadzu DTG-60AH analyser at a heating rate of 5.0 °C min™".
DSC measurements were conducted using an SII X-DSC7000
differential scanning calorimeter at heating and cooling rates
of 2.0 °C min~". At least three DSC scans were recorded to
ensure reproducibility.

Photophysical properties

UV-vis absorption spectra were recorded on a Jasco V-500
spectrophotometer. Steady-state photoluminescence spectra
were measured using a Hitachi F-7000 fluorescence spectro-
meter. For condensed-phase measurements, samples were
sandwiched between two quartz plates and placed on a home-
made temperature-controlled stage. Low-temperature photolu-
minescence measurements were performed using a cryostat
system (Oxford Instruments, OptistatDN-V) with liquid nitro-
gen as the cryogen.
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Photoluminescence quantum yields (¢) were determined
using a calibrated integrating sphere system (Hitachi). Photo-
luminescence decay profiles were recorded on a fluorescence
lifetime spectrometer (Hamamatsu, Quantaurus-Tau C1136-21)
with an excitation wavelength of 280 nm.
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