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Tricolour luminescence in an Au(l) complex controlled by
polymorphism and mechanical stress

A rod-like Au()) complex, CP, featuring a cyclohexylpheny!
moiety and an isocyanide ligand, exhibited tricolour
luminescence attributable to polymorphism. Mechanical
stimuli, which alter the aggregated structure, can induce a
switch in its luminescence colour. Additionally, the CP Au(l)
complex displayed a liquid-crystalline (LC) phase wherein
luminescence was observed. Our study demonstrates that
the luminescence behaviour of the CP Au complex can be
effectively controlled through crystalline-to-crystalline and
crystalline-to-LC phase transitions.
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The aggregation-induced emission (AIE) behaviour of gold() complexes has been extensively reported.
In particular, Au complexes that exhibit colour tunability towards changes in aggregated structures are
becoming increasingly attractive in the field of materials science. Herein, we report CP, a rod-shaped Au
complex with a cyclohexylphenyl moiety and an isocyanide ligand. The photophysical behaviour of CP
in various states is discussed based on their primary and aggregated structures. CP emitted room-
temperature phosphorescence (RTP) with high-contrast polymorph-dependent colours of blue (CP-B),
green (CP-G), and yellow (CP-Y) depending on the recrystallisation conditions. CP-Y, which has
the shortest Au—Au distance, exhibits an efficient direct So-T, transition, leading to an enhanced RTP
quantum yield (@rtp) of 38% under So—T,, excitation. Interestingly, X-ray diffraction analysis revealed that
CP-B and CP-G exhibit identical crystal structures despite their distinct emission colours. Photophysical
and differential scanning calorimetry analyses revealed that the presence of small crystal domains, such
as those in the ground samples of CP, is responsible for the overall green emission observed in bulk
CP-G, indicating that the crystal structure and size determine the RTP colour. Moreover, CP also exhibits
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Introduction

Organic materials showing bright luminescence in solid states
have aroused increasing attention due to their potential applica-
tions in various light-emitting technologies, such as cell imaging,
chemo-sensors, biosensors, and organic light-emitting devices.
However, the luminescence of typical organic chromophores is
quenched in an aggregated state, posing a significant limitation
for practical light-emitting applications where emission in aggre-
gated states is imperative.> Over the past two decades, the pursuit
of molecules with aggregation-induced emission (AIE) properties,
characterized by a rotor-like structure that renders them non-
emissive in dilute solution but strongly emissive in aggregated or
solid states, has emerged as a vibrant area of research.’
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crystalline-to-LC or crystalline-to-crystalline phase transitions of the complexes.

The solid-state luminescence of organic materials is not
only intricately linked to their molecular structure but also to
their molecular packing and intermolecular interactions.”
Thus, deliberate modulation of aggregated structures is
crucial for tuning the luminescence properties of AIE mate-
rials. Recently, there has been a growing interest in materials
exhibiting distinct solid-state luminescence properties from
a single chromophore, capitalising on polymorphic behaviour.
Polymorphic materials encompass multiple crystalline
phases, each exhibiting a unique emission colour.® Notably,
mechanochromic luminescence (MCL) has garnered consi-
derable attention due to its broad applicability in sensors,
probes, and memory devices. In such systems, mechanical
forces (e.g., grinding and stretching) induce significant
changes in photophysical properties, primarily attributable
to changes in the aggregated structure.® Another noteworthy
approach to manipulate the aggregated structure is through
the introduction of liquid-crystalline (LC) properties. The
integration of LC properties into AIE materials imparts tun-
ability to their luminescence properties through the control of
molecular alignment via self-assembly and responsiveness to
external fields.”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Gold(1) complexes offer an attractive avenue in this pursuit,
offering not only efficient luminescence in aggregated states
but also stimuli-responsive luminescence behaviour owing to
distinctive Au-Au (aurophilic) interactions. Indeed, numerous
studies have reported various Au complexes with tuneable
luminescent colours in response to external stimuli (e.g,
mechanical force, heat, and pressure).® An Au complex featur-
ing a linear coordination geometry, reported to exhibit LC
properties, enables control of molecular alignment via external
stimuli and luminescence properties through the alternation of
Au-Au distances.’

The combination of multicolour emission in polymorphic
materials with controllable molecular alignment in LC mole-
cules provides organic materials with multifunctional applica-
tions. However, the development of luminescent materials
exhibiting both polymorphism and LC behaviour remains
rare.'® We have previously reported rod-like Au complexes
bearing biphenylethynyl and isocyanide ligands that exhibit
intense room-temperature phosphorescence (RTP) in aggre-
gates. However, the observation of high-contrast luminescence
coupled with polymorphism behavior and LC properties has
proven elusive, likely due to the rigid structure of the biphenyl
moiety.” In this study, we designed and synthesised a novel Au
complex, CP, featuring a cyclohexylphenyl moiety and isocya-
nide ligands, as shown in Fig. 1. Due to the non-rigid structure
of the cyclohexylphenyl moiety, the complex exhibited both LC
properties and crystalline polymorphism. Intriguingly, CP
yielded three distinct crystal forms with distinctive RTP colours
(blue, green, and yellow) under various recrystallisation condi-
tions. Among these polymorphs, the crystal emitting yellow
light, CP-Y, displayed a relatively high RTP quantum yield (@) of
38%—even in the presence of air. In addition, CP-B (blue-
emitting crystal) and CP-G (green-emitting crystal) shared an
identical aggregated structure despite their disparate lumines-
cence behaviours. Upon mechanical grinding of all CP crystals,
a small crystal domain emitting green light was obtained.
Moreover, luminescence was also apparent in the LC phase at
high temperature (>100 °C) and the luminescent colour
change was induced by a crystalline-to-LC phase transition.
Our results strongly suggest that the aggregated structure and
luminescence behaviour of CP can be readily controlled via
crystal-to-crystal and crystal-to-LC phase transitions.

~ O~

i) (tht)AuCl, CH;COONa
i) 1-pentyl isocyanide

cpP

Fig. 1 Synthesis and molecular structure of the CP Au complex.
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Results and discussion
Synthesis and characterization of the Au complex

The molecular structure of the Au complex used in this study is
shown in Fig. 1. CP was prepared from commercially avail-
able 1-ethynyl-4-(trans-4-propylcyclohexyl)benzene in two facile
steps: complexation with tetrahydrothiophene gold(r) chloride
((tht)AuCl), and subsequent ligand exchange with 1-pentyl
isocyanide. The Au complex was successfully purified by silica
gel column chromatography, followed by recrystallisation from
a mixed solvent system of CH,Cl, and hexane. The complex was
characterised using 'H NMR, "*C NMR, infrared (IR) spectro-
scopy, high-resolution mass spectroscopy (HRMS), and ele-
mental analysis. All the analytical data (provided in the Experi-
mental section) confirmed that the desired Au complex was
obtained in high purity.

The thermal stability of the Au complex was evaluated using
thermogravimetric/differential thermal analysis (TG-DTA) at a
heating rate of 5 °C min~' in the range of 25-600 °C. The
thermal decomposition temperature (Tge.) is defined as the
temperature at which 5% weight loss occurs. As shown in
Fig. S4 (ESIt), CP decomposed at approximately 186 °C. Accord-
ing to our previous study on the Au isocyanide complex,
decomposition is initiated by the disconnection of the isocya-
nide ligand."" The calculated weight percentage of isocyanide
ligands in the total weight of CP is 19%. Thus, the first weight
loss of 18% is attributed to C-Au bond cleavage between the Au
atom and the isocyanide ligand. The 37% residual ash corre-
sponded to the calculated percentage of Au (37.9%), suggesting
that the residue remaining after heating was in the form of Au
ash. This result is also consistent with the ash percentage
obtained from the elemental analysis of CP (see the Experi-
mental section).

Photophysical properties in solution

The photophysical properties of CP were investigated in dilute
solutions (Fig. 2). An absorption band at 288 nm with a molar
extinction coefficient (¢) of 9.4 x 10 L mol ' cm ™' was

observed in CH,Cl, solution (1 x 107> mol L"), which is
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Fig. 2 Absorption and corrected photoluminescence spectra of CP in
CH,Cl, solution: black, absorption spectra (ICP] = 1 x 107> mol L™); red,
luminescence spectra ([CP] = 1.5 x 107® mol L%, /¢, = 302 nm); and blue,
excitation spectra ([CP] = 1.5 x 107® mol L™, Aem = 365 nm).
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attributable to the ligand-base m-n* transition (Fig. 2, black
line)."?

The dilute solution of CP ([CP] = 1.5 x 10~° mol L") showed
a single emission band at 365 nm (band I) under ambient
conditions. In the excitation spectrum (Fig. 2, blue line), an
excitation band was observed at wavelengths longer than those
in the absorption spectrum. This marginal red-shift observed in
the excitation band can be attributed to the formation of
aggregates in the solution that are likely to be more emissive
than the monomeric form of CP.'* The luminescence decay at
band I in the dilute solution was within the nanosecond region,
indicating that the luminescence at this band is fluorescence
(Fig. S9a, ESI}).

Similar luminescence was also obtained in a concentrated
THF solution ([CP] =1 x 10~ * mol L™"). Upon the addition of
water as a poor solvent to the THF solution, a gradual reduction
in the luminescence intensity at 365 nm was observed until the
volume fraction of water in the mixed solution (f;,) reached
60% (Fig. 3). Beyond an f,, value of 60%, two distinctive
emission bands emerged abruptly at 424 (band II) and
500 nm (band III), indicating the formation of aggregates.
Consequently, the overall luminescence intensity of CP in the
mixed solvent increased significantly (Fig. 3c), confirming the
AlE-active nature of the synthesised Au complex. The reduction
in the total luminescence intensity in the f,, > 80% range is not
indicative of the ACQ effect, but rather arises from precipitation
due to the formation of relatively large crystals.

To investigate the emission origins of bands II and III, we
initially observed the luminescence in a dilute THF/water
solution ([CP] = 1.5 x 10~® mol L") under an Ar atmosphere
(Fig. S8a, ESIt). At f,, = 0%, which initially showed only band I, a
pronounced shift towards band II was observed under Ar,
indicating that band II corresponded to monomeric phosphor-
escence. In contrast, a weak band III appeared at f,, = 80%
under Ar, indicating that the phosphorescence originated from
the aggregates.

Luminescence lifetime (tr) measurements in the solution
under Ar also supported the emission origin of these three
bands. As shown in Fig. S9 and Table S3 (ESI{), bands I and II
exhibited nanosecond-scale lifetimes in ambient air. Under
Ar, the emission lifetime of band II was significantly increased
to the microsecond scale, whereas no significant change was
observed in the lifetime of band I. This provides evidence that
the observed luminescence at band I can be attributed to
fluorescence, and that band II corresponds to phosphores-
cence. Additionally, as shown in Fig. S9a (ESI{), a rise in
the fluorescence intensity of band I was observed during the
lifetime measurement. This suggests that the fluorescence of
band I originates from an excimer.

In contrast, band III showed biexponential decay with
a microsecond-scale lifetime in both air and Ar atmospheres
(Fig. S10b and Table S3, ESIT). Because the emission from band
III arose from the aggregates, this band was negligible in dilute
solutions. We also observed luminescence in a more concen-
trated solution ([CP] = 1 x 10~° mol L™") (Fig. S8b, ESIY).
Similar results to those obtained in the dilute solution
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Fig. 3 (a) Photograph of CP in a THF/water mixed solvent (f,, = 0-90%)

under UV irradiation at 365 nm. (b) Emission spectra of CP in f,, = 0-90%
(ICP] = 1 x 10~* mol L%, Aex = 300 nm). (c) Integrated photoluminescence
intensity in different wavelength ranges: band I, 330-420 nm; band I,
420-480 nm; and band Ill, 480-700 nm.

(107° mol L") were observed at f;, = 0%. However, unlike the
dilute solution, at f,, = 80%, band III is clearly visible even in the
presence of air. This indicated that CP formed more aggregates
at high concentrations. This aggregated emission was further
amplified and became predominant at f, = 80% under an inert
atmosphere, accompanied by an extended lifetime on the
microsecond scale (Fig. S10b and Table S3, ESIT). This indicates
that band III corresponds to phosphorescence originating from
aggregates, and therefore, that CP exhibits aggregation-induced
phosphorescence.

In our previous study, we demonstrated that the stability of
the crystal structures in certain gold(i) complexes depends on
crystal size, with crystal-to-crystal phase transitions occurring at
critical sizes during crystal growth.® The present study on
CP reveals phenomena similar to those of the previously
reported system, in which a crystal-to-crystal phase transition
occurs during the crystal growth process in a mixed solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Initially, crystal nuclei, corresponding to band II, are formed
upon the addition of water. At a higher water fraction (f,, >
60%), crystals grew to the critical size, triggering a crystal-to-
crystal phase transition and giving rise to band III. We attribute
bands II and III to crystals of different sizes, and their for-
mation strongly depends on water content. As shown in Fig. 3c,
the ratio of the emission intensities of bands II and III changes
as the water content increases. Bands II and III emerged
simultaneously at f, > 60%. The intensity of band II peaked
at f, = 70% and gradually decreased above this water fraction,
whereas the relative emission intensity of band III decreased
significantly after f, > 80%. This implies a decrease in the
number of small crystal nuclei (associated with the origin of
band II) due to the formation of larger crystals (associated with
the origin of band IIT) during the crystal growth process. Larger
crystals (band III) predominate at higher water contents; how-
ever, they partially precipitate after f,, > 80%. This observation
aligns with our previous research, where the crystal structures
of Au complexes as well as their luminescence properties were
contingent on crystal size."?

Luminescence properties of the complex in bulk crystals

CP exhibit intriguing luminescence properties in bulk crystals.
By controlling the recrystallisation conditions, three types of
plate-like crystals exhibiting different luminescent colours
(blue, green, and yellow) were successfully obtained. Rapid
and slow evaporation of a solvent mixture of CH,Cl, and
hexane (1:3 v/v) afforded blue-emitting CP-B and green-
emitting CP-G, respectively. CP-Y, which emits yellow light,
was obtained via slow recrystallisation from a mixture of
CH,Cl, and ethyl acetate (1:3 v/v). Recrystallisation from a
mixture of CH,Cl, and hexane (2:1 v/v) afforded a mixture of
CP-Y and CP-B crystals. As shown in Fig. 4, CP-B and CP-G
exhibited vibronic emission bands, with maxima at 423 and
500 nm, respectively, while CP-Y showed an emission band
peaked at 560 nm without a vibronic structure. In comparison
to luminescence in solution, the solid-state emissions were red-
shifted, suggesting that the luminescence arises from lower-
energy triplet excited states.'® Similar emission bands at 423
and ~500 nm were also observed in the degassed THF/water
solution, further substantiating that these emissions corre-
spond to phosphorescence.

In our previous study, we investigated the luminescence
behaviour of Au complexes with similar molecular structures.”®'>
What distinguishes CP from the previously reported complex is
the structure of the acetylide ligand: CP utilises a cyclohexylphe-
nylacetylide ligand instead of a phenylacetylide ligand. Interest-
ingly, the phenylacetylide Au complex did not exhibit any
crystalline polymorphism and emitted blue light, similar to
CP-B in its crystalline phase. The introduction of a cyclohexyl
group in CP played a crucial role in inducing crystal polymorph-
ism and a diverse range of luminescent colours. Our findings
suggest the capability of tuning the emission wavelength across
a wide range of the visible spectrum, from blue to yellow, in Au
complex systems without extending the n-conjugation system.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Photographs of crystal polymorphs of CP-B, CP-G, and CP-Y
under UV irradiation at 365 nm. (b) Excitation (dashed lines) and emission
(solid lines) spectra of the CP crystal polymorphs: CP-B (blue, Aex = 320 nm
for excitation, lem = 423 nm for emission); CP-G (green, lex = 320 nm,
Jem = 500 nm); and CP-Y (red, /o) = 320 NM, Aem = 560 nm).

As shown in Fig. 4, CP-B and CP-G exhibited similar excita-
tion spectra, with a primary excitation band at approximately
320 nm, which was also observed in the absorption spectra of
the solutions and is attributable to the S,-S, transition.”
An additional excitation band was observed at longer wave-
lengths (370-420 nm). We have previously reported that this
excitation band is due to an S,-T, direct transition that is
strictly spin-forbidden.'> However, in this type of rod-like Au
complex, an extremely efficient S,-T), direct transition occurs
due not only to the heavy atom effect but also to Au-Au
interactions formed by the aggregation of the Au complex.'?
The excitation spectra of CP-Y are distinct compared to other
polymorphs, with the maxima at 373 nm and a shoulder peak at
~320 nm. Among the three polymorphs, CP-Y showed an
efficient So-T, transition, where the luminescence quantum
yields (@) increased from 33% when excited at 320 nm (S,-S,,
transition) to 38% upon excitation at 373 nm (S,-T, transition)
(Fig. 5 and Table 1). This result is in accordance with our
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Fig. 5 Excitation (black, Aem = 423 nm; green, Aem = 560 nm) and
emission (blue, lex = 320 Nm; red: Jox = 373 nm) spectra of CP-Y in bulk
crystals at room temperature.
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Table 1 Photophysical parameters of CP crystal polymorphs®

um (nm) @ 7 (us) (s kS (sTh
CP-B 423 0.10 11 (50%) 5.2 x 10> 4.7 x 10*
27 (50%)
CP-G 500 0.23 4 (52%) 1.2 x 10 4.0 x 10°
389 (48%)
CP-Y 560 0.33 13 2.9 x 10* 4.7 x 10*
0.387
Ground 500 5x10°  1(86%) 1.6 x 10° 3.5 x 10°
16 (14%)

@ Abbreviations: YT luminescence maxima; @, luminescence quan-
tum yield; 7, luminescence lifetime; k,, rate constant for radiative
transition; kn,, rate constant for non-radiative transition.? le =
320 nm for all measurements. ° k. was estimated as @/t and k,, was
estimated as (1 — ®)/r; the weighted average of t was used to estimate
k, and k,,. ¢ Observed by direct So-T,, excitation at 373 nm.

previous work wherein direct excitation to the excited triplet
state enhanced the @ value for RTP."® This RTP enhancement
was not observed in CP-B and CP-G (Fig. S11, ESIY), indi-
cating that the S,-T, transition was less efficient for these
polymorphs.

To gain a better understanding of the photophysical proper-
ties of CP, we investigated the photoluminescence T and ¢ of
bulk crystal polymorphs (Table 1 and Fig. S12, ESI{). The three
polymorphs exhibit biexponential decay profiles with lifetimes
on the order of microseconds, indicating that the luminescence
from the crystals is phosphorescence. Despite displaying phos-
phorescence, the CP polymorphs exhibited considerably good
@ values of up to 38% at room temperature. Generally, it is
difficult to demonstrate phosphorescence emission with high @
under ambient conditions because the triplet excited states
tend to be deactivated by molecular oxygen and the thermal
motions of the molecules. The strong RTP of the crystal is
attributed not only to heavy atom effects but also to the
crystallisation-induced phosphorescence due to the densely
packed crystal which prevented the penetration of molecular
oxygen from quenching the triplet excited states.'® Further-
more, based on the & and 1 values, the rate constants for
radiative transition (k;) and non-radiative deactivation (k) of
the complexes in the crystal were estimated. As summarised in
Table 1, the large k. value observed for CP-Y is responsible for
its highest @ value among the studied polymorphs. CP-B and
CP-G have similar %, values, and their @ depends on k.

Furthermore, we considered whether the luminescence
observed in the crystal was thermally activated delayed fluores-
cence (TADF). We conducted temperature-dependent photo-
luminescence analyses of the crystal polymorphs (Fig. S13-
S15, ESIt). All polymorphs exhibited obvious RTP behaviour,
where the photoluminescence intensity gradually increased
with decreasing temperature; the emission maxima at 77 K
were approximately twice those at 290 K. Thus, the occurrence
of TADF can be excluded from the crystal emission. In addition,
the emission enhancement upon direct ST, excitation, which
was not observed for CP-B or CP-G at room temperature, was
observed at 77 K. The emission intensities of CP-B and CP-G
under direct S,-T,, excitation (373 nm) at 77 K were twice that
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under S,-S,, excitation (320 nm). The triplet state was stabilised
at low temperatures by a reduction in molecular motion,
leading to an efficient S,-T, transition.'” Notably, the CP-G
crystal displayed enhanced emission upon being warmed back
to room temperature (298 K) from 77 K under direct Sy-T,
excitation at 373 nm, a phenomenon not previously observed
during cooling and subsequent heating cycles. This suggests
that the cooling to 77 K induced morphological or structural
changes in CP-G that persisted upon rewarming to 298 K,
thereby enabling efficient direct S,-T, excitation at room
temperature.

The crystal polymorphs were subjected to single-crystal X-ray
diffraction (SCXRD) analysis at room temperature to clarify
their structures. Typically, polymorphic materials with distinct
luminescence properties have different aggregated structures.’
All CP polymorphs crystallized in the triclinic P-1 space group
with an anti-parallel orientation, and their Au-Au distances
were within the range of 3.7 and 4.0 A (Fig. 6a). Interestingly,
CP-B and CP-G share nearly identical crystal structures, with
similar intermolecular interactions, including an Au-Au dis-
tance of approximately 4.0 A. The occurrence of such poly-
morphic behaviour is rare, and we discuss this intriguing
phenomenon further in the following section. CP-Y possess a
distinct crystal structure with a shorter Au-Au distance than the
other polymorphs (~3.7 A), which explains the observed dif-
ference in emission colour. As previously reported, an Au
isocyanide complex with a short Au-Au distance (~3.5 A)
exhibited RTP enhancement upon excitation at the Sy,-T,
region.'”> Similarly, the densely packed structure of CP-Y
enables the efficient stabilisation of triplet excitations and S,-
T, transition compared to the other polymorphs, leading to
enhanced emission upon excitation in the S,-T, region. In
addition, the CH-Au interaction is likely contributed to the
crystal packing structure as the distance between the Au and H
atom of the phenyl group is short (~2.9 A; Fig. $3, ESIt).'®

To study the electronic transitions in the present complex,
we conducted a computational study using time-dependent
density functional theory (TD-DFT) calculations. The B3LYP
hybrid functional with the SDD and 6-311+G(d,p) basis sets for
the Au and other atoms, respectively, was employed. Calcula-
tions were performed for the dimer of the CP polymorphs,
whose structures were determined by SCXRD. The oscillator
strength (f) distribution was calculated for the transition to the
singlet excited state (Table S5, ESIT).

We selected molecular orbitals with large f values corres-
ponding to the allowed electronic transitions from the singlet
excited states (Fig. 6b for CP-B and Fig. S17-S18 for CP-G and
CP-Y, ESIt). In Fig. 6b, the excitation at 319 nm in CP-B was
attributed to the Sy-S; transition with a large f value of 0.5492.
The electron density distribution from HOMO—-1 to LUMO
reveals that this electronic transition arises from the n orbital
of the phenylethynyl ligand to the Au-Au atoms in neighbour-
ing molecules. Consequently, it was assigned to the LMMCT
transition, indicating the presence of aurophilic interactions
within the crystal structure despite the Au-Au distances
slightly exceeding the theoretical range, in accordance with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Single-crystal structure of CP polymorphs. Intermolecular
Au—Au interactions are indicated with a dashed red line. Hydrogen atoms
are omitted for clarity. Atom colour legend: grey, C; blue, N; yellow, Au.
(b) Molecular orbitals of the CP-B dimer (extracted from the crystal
structure) obtained from DFT calculation using B3LYP and 6-311+G(d.p),
except for Au atoms, for which the SDD basis set was employed.

our previous finding."" The excitation at 282 nm, attributed to
So-S,, exhibited a high f value of 0.5001. According to the
electron density distribution from the HOMO to LUMO+2, this
transition arises from the m orbital of the phenylethynyl ligand
to the Au atom within a single molecule. Thus, this transition
was assigned as a ligand-to-metal charge transfer (LMCT)
transition within the monomeric unit. Similar outcomes have
been observed for other CP polymorphs, and these calculation
results are closely aligned with the excitation observed in the
crystal. In addition, the excitation energies of the triplet excited
states were calculated from the same dimers, indicating that
the Sy-T; transitions are located at 409, 372, and 412 nm for CP-
B, CP-G, and CP-Y, respectively (Table S6, ESIT). The calculated
excitation energy for the S,-T,, transition was consistent with
the longer excitation wavelength (370-420 nm) observed in the
excitation spectra (Fig. 4b) for the CP crystal polymorphs. In the
case of the monomer, the S,-S,, transitions are located at 274
and 347 nm (Table S7, ESIt), which aligns with the absorption
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spectra of the complex in dilute solution (Fig. 2). Furthermore,
the calculations suggested that an intramolecular LMCT transi-
tion occurred in the monomer (Fig. S19, ESIt).

Mechanochromic responsive properties

Given the observed correlation between the emission colour of
CP and its crystal size during the crystal growth process, we
investigated the luminescence behaviour of microsized CP
crystals by applying mechanical stimuli (Fig. 7). SEM images
of the ground crystals are shown in Fig. S21 (ESIf). Strong
grinding of CP-B and CP-Y bulk crystals to microsized crystals
induced a substantial emission colour change to green and
bluish green, respectively. In the photoluminescence spectra,
an obvious red-shift of the emission maxima from 423 to
500 nm was observed for ground CP-B (Fig. S20a, ESIt). In
contrast, a blue-shifted emission from 560 to 469 nm was
observed in ground CP-Y (Fig. S20c, ESIt). Although the emis-
sion maxima were different, ground CP-B and CP-Y exhibited
similar broad low-intensity luminescence ranging from 350 to
700 nm. This emission colour change is typical of MCL beha-
viour and may be attributed to the alteration of the crystal
arrangement upon mechanical grinding. Conversely, CP-G did
not exhibit prominent MCL, and the emission colour remained
green upon grinding. The luminescence intensity of CP-G
decreased slightly, whereas the spectral shape was retained
relative to that of the bulk crystals (Fig. S20b, ESIt). Despite the
absence of emission spectral changes in ground CP-G, its
excitation spectrum was identical to those of ground CP-B
and CP-Y, suggesting that the luminescence originated from
the same excited state (Fig. S20d, ESIf). As summarised in
Table 1, the @ of ground crystals decreased to ~0.5%, which is
significantly lower compared to that in bulk crystals. Moreover,

I ——CP-G single crystal
I CP-G ground

—CP-B single crystal
——CP-B ground

e TS S vee—

Intensity (a.u)

A L " " A A

| ——CP-Y single crystal
| ——CP-Y ground

L L
5 10 15 20 25 30 35 40
20 (deg)

Fig. 7 Photographs of (a) CP-B, (b) CP-G, and (c) CP-Y before (left) and
after (right) mechanical grinding under 254 nm UV irradiation. (d) Experi-
mental powder XRD patterns of ground crystals (thin lines) and XRD
patterns of bulk crystals simulated from the SCXRD structures (bold lines).
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the 7 value of the ground sample became shorter. This means
that the RTP efficiency of the crystal is significantly quenched
upon mechanical grinding; that is, the destruction of the crystal
structure upon mechanical grinding promotes nonradiative
deactivation, which is in good agreement with the higher &,
value of the ground crystals.

The powder X-ray diffraction (PXRD) patterns of the CP
polymorphs after mechanical grinding and corresponding pat-
terns simulated from the SCXRD structures are shown in
Fig. 7d. The crystal size of the ground samples was determined
using the Scherrer equation. Both ground CP-B and CP-Y
exhibited a crystal size of 15 nm, while the crystal size of
ground CP-G was slightly larger at 26 nm. Upon grinding,
CP-B and CP-Y exhibited a change in crystalline structure,
which explains the origin of the MCL behaviour. Similarly,
the mechanical grinding of CP-G also induced a crystalline
structure, even though the emission colour barely changed.
Upon comparison of the PXRD patterns of the ground samples,
it is evident that both ground CP-B and CP-Y exhibit similar
PXRD patterns, which differ from that of ground CP-G. Notably,
ground CP-B and CP-Y both display an additional peak close to
the main peak at 12.6 A, along with a wider angle peak relative
to ground CP-G. These findings suggest that grinding CP bulk
crystals may lead to the formation of new crystal phases with
different structures. However, it is noteworthy that despite
these structural differences, the comparable Au-Au distances
suggest similar luminescence profiles in all ground samples.

We indexed the PXRD patterns of bulk CP-B and CP-G based
on the SCXRD data to identify whether there were subtle
differences in the crystal structure that could contribute to
the differences in emission colours (Fig. S16, ESIt). However,
we found similar d(hkl) values for both polymorphs, indicating
that the structures were nearly identical and that the difference
in emission colour was not caused by the different aggregated
structures. Considering the presence of green-emitting CPground
with different crystal structures, it is possible that green-
emitting CP-G contains small crystal domains of the CPgouna
polymorph, which has a different emission colour than CP-B.
Consequently, energy transfer from the main crystal lattice
(CP-B) to the small-crystal-domain CPgouna leads to an overall
green emission in CP-G, even though it has the same crystal
structure as CP-B. Theoretically, in a Forster resonant energy
transfer (FRET) system, the donor moiety absorbs incident light
and transfers the energy to a smaller quantity of emitter
luminophores.*® This is in accordance with the observed lumi-
nescence spectrum in CP-G, where the excitation spectrum
mainly consists of the donor characteristics of CP-B as the
main crystal lattice at ~320 nm, whereas the emission spec-
trum arises from CPgouna as an emitter at ~500 nm, resulting
in an increased Stokes shift of the overall spectrum. A similar
phenomenon in which a small crystal domain caused a change
in overall crystal emission has been reported previously in a
mechanochromic Au complex’* and in a doped organic
crystal.”’ The biexponential lifetime observed in CP-G can
provide evidence for the presence of a CPgouna crystal domain
within the bulk CP-G crystal. The shorter lifetime of 4 us is
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likely attributable to the CPgouna crystal domain, while the
longer lifetime of 389 us is attributed to FRET from the bulk
CP-G crystal. It is generally known that the observed @ of a
FRET system depends largely on the & of the emitters.>* The
reason is that CP-G exhibits higher @ (23%) than CP-B (10%) as
a donor moiety might be due to the highly emissive CPgounda
crystal domain which acts as emitter in CP-G. The low quantum
yield of CPgouna Obtained through mechanical grinding is
attributed to poor crystal quality, such as disorder, distortion,
and inclination, which promote nonradiative deactivation.
In contrast, CPgoung Within the bulk CP-G crystal formed under
slow recrystallisation and exhibits more efficient luminescence,
likely because the densely packed crystal structure prevented
oxygen penetration and emission quenching. The formation of
a small crystal domain (CPgouna) Was also observed in THF/
water mixed solvents with high water content, identified as
band III in Fig. 3. Presently, the crystal structure of CPgound
remains unclear; however, it is postulated that aurophilic
interactions with shorter Au-Au distances, compared to those
present in the main CP-B crystal, are involved. These interac-
tions are believed to contribute to the higher RTP quantum
yields observed for CP-G.

Thermal phase transition behaviour

The thermal phase transition behaviour of CP was observed by
differential scanning calorimetry (DSC) and polarised optical
microscopy (POM). The DSC thermograms of all the bulk
crystal polymorphs (Fig. S5, ESIT) exhibited small endothermic
peaks at approximately 40 °C during the first heating process.
However, the optical texture of the crystal was retained at this
temperature, as observed using POM. Therefore, it can be
concluded that the phase transition at 40 °C corresponds to a
crystal-to-crystal phase transition, which also support the poly-
morphism behaviour observed in the bulk crystal. At high
temperatures, CP exhibited an enantiotropic nematic (N) LC
phase, as indicated by intense exothermic and endothermic
peaks appearing during both heating and cooling. A nematic
LC phase was assigned based on the optical texture observed by
POM, where a schlieren texture was observed at approximately
122 °C (Fig. 8b). This N phase was retained until the Ty of the
complex. In general, the molecular skeleton of LCs contains a
rigid core and flexible alkyl or alkoxy chains. The less rigid
structure of the cyclohexyl group is likely to act as a flexible unit
to aid the LC phase formation. Upon cooling from the molten
states of the bulk crystals, an N-to-crystal phase transition
occurs without any observed subsequent crystal-to-crystal
phase transitions. This indicates that the original crystal (Cr,)
is metastable, and does not recover after its transition to the
N phase.

During the first cooling process in CP-G, multiple exother-
mic peaks were observed following the N-to-crystal phase
transition, which was not seen in other CP polymorphs. Follow-
ing our previous hypothesis that CP-G bulk crystal contains
small crystal domains similar to CPgrouna, We also investigated
the phase transition of CPgouna (Fig. S6, ESIT). Unlike the bulk
crystals, the crystal-to-crystal phase transition was not observed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) DSC thermograms of CP-G and CPgrouna during the first scan

and (b) POM image of CP showing the N phase, observed at 125 °C. The
red and blue curves indicate the heating and cooling cycles, respectively.
The dashed rectangles represent the region where the peaks are similar
between CP-G and CPgound-

in CPgrouna during the first heating, indicating that the original
state Of CPgouna 1S more stable, similar to the Cr, phase
observed in CP crystals. In addition, cooling the molten
CPgrouna sample resulted in multiple unidentified crystal-to-
crystal phase transitions (Fig. 8a), resembling those observed in
bulk CP-G. Similarly, during the third scan, the phase transi-
tion of CPgrouna closely matched that of bulk CP-G (Fig. S5b and
S6, ESIt), namely, a broad endothermic peak at approximately
120 °C and exothermic peaks at ~100 °C. These support the
presence of CPgouna Within bulk CP-G. The appearance of
multiple peaks in CPgoung after subsequent scans is attributed
to crystal defects. These defects or changes in molecular
orientation provide nucleation sites for the formation of differ-
ent crystal phases, resulting in multiple crystal-to-crystal phase
transitions during cooling.*

To study the effect of the phase transition on the lumines-
cence behaviour, we investigated the photoluminescence spec-
tra of CP polymorphs in the LC phase (Fig. S22-S29, ESIY).
All CP polymorphs showed a decrease in the absolute lumines-
cence intensity upon heating due to the thermal deactivation of
excited states. Temperature-dependent luminescence intensity
plots for CP-B, CP-G, and CP-Y, are shown in Fig. S24, S27, and
S29 (ESIY), respectively. Initially, all polymorphs show a gradual
decrease in emission intensity, which was rapidly quenched
after reaching the crystal-to-crystal phase transition tempera-
ture at 40 °C. Subsequently, the emission intensity continued
to decrease until the LC phase temperature was reached.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

The luminescence spectral shape altered upon the crystal-to-
crystal phase transition: for CP-B, the broad shoulder peak at
500-600 nm disappeared above 40 °C (Fig. S22, ESIY); for CP-Y,
the emission at 560 nm rapidly quenched while the emission at
424 nm persisted, resulting in a pronounced blue shift in the
emission maxima (Fig. S28a, ESIT). These results indicate that
the longer wavelength emission band originated from the
original Cr; phase, and the crystal-to-crystal phase transition
altered the luminescence. In contrast, CP-G exhibited no sig-
nificant change in its emission spectral shape upon undergoing
the crystal-to-crystal phase transition. Instead, heating to the N
phase temperature led to a broadening emission band, where
the ratio between shorter-wavelength emission (~420 nm) and
the main emission at 500 nm became nearly equal (Fig. S25,
ESIT). It is noteworthy that in CP-Y, the emission at 560 nm
remained observable at 50 °C despite this temperature corres-
ponding to the Cr, phase. Prolonging the holding time at 50 °C
to approximately 20 min led to a reduction in the relative
emission intensity at 560 nm (Fig. S28c, ESIt). This implies
that some crystals did not immediately transition from Cr, to
Cr, at 50 °C, which is considered to also be applicable to other
CP polymorphs. Notably, the difference in the luminescence
spectrum of CP-Y at room temperature in Fig. S28 (ESIt)
compared to Fig. 5 is attributed to the lower quality of the
crystal used in the temperature-dependent luminescence
measurement. Even in high-quality crystals, CP-Y exhibited a
shorter wavelength peak at 423 nm under excitation at 320 nm
(Fig. 5). In high-quality crystals, this shorter wavelength peak is
significantly lower compared to the main emission at 560 nm.

After cooling the molten sample to room temperature, all
polymorphs retained only 25% of their luminescence intensity,
which is attributed to less-ordered crystals. Moreover, in both
CP-B and CP-Y the emission maxima of the frozen crystal (Cr,)
were red-shifted by 39 nm, and the shoulder peak at longer
wavelengths was recovered (Fig. S23b and S28d, ESIY).
In contrast, cooling molten CP-G to room temperature recovers
its green emission (~500 nm) (Fig. S26, ESIt). Because the
crystal-to-LC phase transition temperature is close to the Tge. of
CP, the LC temperature (130 °C) was maintained for less than
5 min before the cooling process. Due to this short holding
time, a small number of CP-G crystals might persist and not
completely transition to the LC phase, resulting in continued
observation of the green emission band at 500 nm even after
cooling. These results suggest that the temperature-induced
phase transition of CP polymorphs can significantly alter their
luminescence behaviour.

To gain deeper insights into the thermal behaviour of
the luminescence process, Arrhenius-type plots were utilised
(Fig. S30, ESIt). The estimation of activation energy (E,) for
thermal quenching associated with the phase transitions of CP
crystals was derived from the slope of these plots. Note that
plots close to the phase transition temperature, with a signifi-
cant margin of error, were excluded from subsequent analyses.
For CP-B and CP-G, the initial slope observed during heating the
sample up to 40 °C indicated E, values of 5.5 and 13 kJ mol *,
respectively. Between 40 and 50 °C, discrete changes in the plot
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were observed for both polymorphs. Beyond 50 °C, the E, values
of CP-B and CP-G increased to 13 and 24 kJ mol ", respectively,
until the phase transition to the LC phase. This rise in E,
between 40 and 50 °C is attributable to the crystal-to-crystal
phase transition, aligning closely with the DSC results. These
results indicate that alteration in the crystal packing structure
affects the rate of thermal deactivation of the excited states. CP-Y
exhibited similar behaviour under both S,-S,, and direct Sy-T,
excitation (Fig. S30c and d, ESI). In contrast, during cooling, a
decline in the logarithm of luminescence intensity was observed
in the N phase for all samples, while it remained constant in the
crystal phase until approximately 80 °C (Fig. S30e-g, ESIT).
We hypothesise that the transient decrease in the N phase is
linked to the instability of the LC phase at temperatures close to
their N-to-crystal phase transition. Subsequently, the crystals
gradually grew from the N phase below the phase transition
temperature. However, immediately after the phase transition
temperature, a biphasic region exists until ~80 °C because the
cooling rate (2 °C s~ ') was too rapid for crystal growth, resulting
in a constant region in log intensity. The crystal domains grow
during the cooling process via Ostwald ripening. Below 80 °C,
there is a gradual increase in log emission intensity along with a
change in spectral shape. These results further support the
dependence of luminescence properties on polymorphism.

Conclusions

In summary, the CP Au complex exhibited multicolour RTP in the
bulk crystal, which was attributed to its polymorphic behaviour.
Three types of crystals with high-contrast luminescent colours were
obtained by controlling the recrystallisation conditions. CP exhib-
ited a strong RTP with ®gyp of up to 38%. The SCXRD results
revealed that CP-Y exhibited a shorter Au-Au distance, which can
explain the observed distinct luminescent colour. In contrast, CP-B
and CP-G have longer Au-Au distances and identical crystal
structures, despite exhibiting distinct luminescence properties.
This type of polymorphism is rare, and our study revealed that
the presence of a small CPgoung crystal domain was responsible for
the overall green emission observed in CP-G. The FRET process
occurs from the main crystal domain to CPgoung @S an emitter.
A switch in luminescent colour in CP can also be induced by
mechanical stimuli due to alternation of the aggregated structure.
Moreover, CP exhibited an N phase at higher temperatures, where
luminescence was also observed. Our study demonstrates that the
luminescence behaviour of CP Au complexes can be effectively
controlled through crystal-to-crystal and crystal-to-LC phase transi-
tions. Thus, we expect that this LC Au complex has great potential
as a colour-controllable emitting material for applications in
various optoelectronic devices.

Experimental
Materials

The Au complex CP was synthesised in two facile steps, as
shown in Fig. 1. All solvents and reagents were of reagent grade,
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commercially available, and used without further purification
unless otherwise noted. "H and **C NMR spectra were recorded
using a JEOL ECS-400 spectrometer (‘H: 400 MHz and “*C:
100 MHz) in CDCl;. Chemical shifts are reported in parts per
million (ppm), with residual protons or carbon atoms in the
NMR solvent as an internal reference. IR spectra were obtained
using the KBr disk method with a JASCO FT/IR-4100 spectro-
meter, and all spectra were reported as wavenumbers (cm ™).
HRMS was performed on a JEOL JMS-700 spectrometer. Ele-
mental analysis was conducted using a MICRO CORDER JM10
apparatus (J-SCIENCE).

Synthesis of complex CP

Ethynyl-4-(¢trans-4-propylcyclohexyl)benzene (86 mg, 0.38 mmol)
and (tht)AuCl (0.12 g, 0.42 mmol) were dissolved in CH,Cl,
(7 mL), and a freshly prepared solution of CH;COONa (0.26 g,
1.9 mmol) in MeOH (4 mL) was added to the solution at room
temperature with stirring. After stirring at room temperature
for 2 h, the precipitate was collected by filtration and washed
with MeOH, H,O, and CH,Cl,. The obtained yellow solid
was suspended in CH,Cl, (15 mL), and 1-pentyl isocyanide
(0.047 mL, 0.42 mmol) was added dropwise to the resultant
suspension at room temperature. The reaction mixture was
stirred at room temperature for 2 h, and then subjected to
Celite®™ filtration, followed by the removal of solvent from the
filtrate using a rotary evaporator. The resultant white solid was
purified by silica-gel column chromatography (eluent: CH,Cl,),
followed by recrystallization from a mixture of CH,Cl, and
n-hexane (1:2 v/v), yielding colourless plate crystals of CP in
39% yield (75 mg, 0.14 mmol) in two steps. mp 122 °C. "H NMR
(CDCl;, d): 7.39 (dd, J = 6.3, 1.8 Hz; 2H; 2,6-H in phenyl), 7.08
(dd, J = 6.3, 1.6 Hz; 2H; 3,5-H in phenyl), 3.61 (t, J = 5.6 Hz; 2H;
C=NCH,), 2.41 (m, 1H; 1-H in cyclohexyl), 1.83 (m, 6H;
C=NCH,CH,, and 2,3,5,6-H in cyclohexyl (equatorial)),
1.50-1.16 (m, 11H; 4-H in cyclohexyl, 1-CH, in propyl,
C=NCH,CH,(CH,),, and 2,3,5,6-H in cyclohexyl (axial)),
1.09-0.89 (m, 5H; 2-CH, in propyl, C=N(CH,),CH;), 0.87 (t, ] =
7.2 Hz; 3H; CH; in propyl). "*C NMR (CDCl;, 6): 146.95, 132.429,
126.561, 121.920, 120.569, 103.741, 44.530, 44.051, 39.797,
37.072, 34.231, 33.604, 28.368, 27.851, 21.805, 20.110, 14.515,
13.844. FTIR (KBr, v): 3033, 2952, 2923, 2251 cm . HRMS (ESI,
m/z): calculated for C,3Hz;,AuNNa (M + Na)', 542.2093; found,
542.2090. Anal. caled for C,3H3,AuN: C, 53.18; H, 6.21; N, 2.70;
Au, 37.92. Found: C, 53.02; H, 5.91; N, 2.69; Ash, 38.1.

X-ray crystallography

Single crystals of the Au complex were obtained by slow
evaporation from mixed solvents (1:3 v/v mixture of CH,Cl,
and n-hexane for CP-B and CP-G, and 1 : 3 v/v mixture of CH,Cl,
and ethyl acetate for CP-Y). The reflection data were collected
using the omega scanning technique with a Bruker D8 goni-
ometer. Monochromatic Mo Ko radiation (1 = 0.71075 A) was
used to analyse the complexes and all measurements were
performed at ambient temperature (293 K). The initial structure
of the unit cell was determined using APEX2 using direct
methods. The structural model was refined by a full-matrix
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least-squares method using SHELXL. The crystal structure data
for CP are provided in the ESI.{ The indexed data of CP complex
were deposited in the Cambridge Crystallographic Data Centre
(CCDC) database under reference number 2327717 (CP-B),
CCDC 2327718 (CP-G), and CCDC 2327741 (CP-Y). The indexed
database contains additional supplementary crystallogra-
phic data for this study and may be accessed without charge
at https://www.ccde.cam.ac.uk/conts/retrieving.html (accessed
on 2024).

PXRD measurements were operated using the X’ Pert PRO
system (PANalytical) at 45 kV and 40 mA with Cu Ko radiation
(4 =1.5405 A).

Thermal properties

The phase transition properties of the Au complex were
observed by POM using an Olympus BX51 microscope
equipped with a temperature-controlled stage (Instec HCS302
microscope hot and cold stages, and an mK1000 temperature
controller). To assess thermal stability, TG-DTA was carried out
using a DTG-60AH analyser (Shimadzu) at a heating rate of
5.0 °C min~'. The thermodynamic parameters were determined
using DSC (SII X-DSC7000) at heating and cooling rates of
1.0 °C min . At least three scans were conducted to check
reproducibility.

Photophysical properties

The UV-Vis absorption spectra were recorded using a JASCO
V-550 absorption spectrophotometer. Steady-state photolumi-
nescence spectra were recorded using a Hitachi F-7500 fluores-
cence spectrophotometer. Photoluminescence quantum yields
were estimated using a calibrated integration sphere system
(Hitachi). Photoluminescence decay profiles were recorded
using a Hamamatsu Quantaurus-Tau photoluminescence life-
time measurement system (C1136-21).

Computation

All calculations were performed using DFT with the B3LYP
hybrid functional and 6-311+G(d,p) (for C, H, and N atoms) and
SDD (for Au atoms) basis sets in the Gaussian 16 (revision C.01)
program package.>* Single point calculations were conducted
for the dimers using the conformation obtained from the
crystal structure. The optimised geometry of the monomer
was determined using DFT calculations at the same level of
theory. The stationary points were characterised by frequency
calculations to confirm the correct number of imaginary fre-
quencies; it was confirmed that the minimum energy structures
had no imaginary frequencies. The vertical excitation energies
and oscillator strengths were estimated for the ten lowest
transitions for the ground state equilibrium geometries using
TD-DFT at the same level of theory.
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