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Abstract
Liquid-crystalline (LC) Au complexes with siloxane groups at the termini of flexible chains were synthesized. The effects of
the molecular and molecular aggregate structures on the luminescence behavior of the complexes were investigated. All
complexes used in this study showed LC phases. No direct effect of the siloxane group on the luminescence behavior of the
complexes in solution was observed. However, in condensed phases, different luminescence colors were observed
depending on the aggregate structure due to the effect of intermolecular interactions. Thus, the luminescence color of the Au
complexes can be controlled by the intermolecular interactions based on the structure of the molecular aggregates. The
complex with the siloxane group developed in this study showed two different luminescence colors, which can be controlled
by changing the aggregate structures induced by the phase transition.

Introduction

To be applicable in organic light-emitting devices, lumi-
nescent materials must show strong emission in condensed
phases [1]. Generally, the luminescence intensity of most
organic compounds diminishes significantly in condensed
phases because of the concentration-quenching effect or
aggregation-induced quenching [1]. However, it was
recently reported that aggregation of some types of mole-
cules in their condensed phases can actually enhance
emission behavior, resulting in strong photoluminescence.
Since luminescence from these materials is induced by
aggregation, the process was termed “aggregation-induced
emission” (AIE) [2]. The luminescence properties of AIE

materials are strongly affected by both the molecular
structures of the materials and the structures of their
molecular aggregates [3].

We previously reported that Au(I) complexes show AIE
properties; while nonaggregated Au complexes in dilute
solutions are not emissive, their aggregates are emissive
owing to intermolecular interactions, e.g., an interaction
between the Au atoms (aurophilic interaction) [4–7]. It is
expected that the luminescence properties can be tuned by
modifying the molecular aggregate structure [8–10]. It is
possible to control the aggregate structure using liquid
crystal behavior because liquid crystals exhibit fluidity and
orientational order and respond to external stimuli. We
recently developed a series of Au complexes with liquid-
crystalline (LC) features. Intense luminescence was
observed from the crystals prepared with these complexes,
and the luminescence could be controlled by adjusting the
aggregate structures by a phase transition [11–15]. For
instance, complex 1b (Fig. 1) showed a reversible color
change between blue and greenish-blue by switching
between the crystalline (Cry) and LC phases [16].
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The aggregate structures are sensitive to the molecular
structure; even when the molecules in the aggregate struc-
tures have the same core unit structure, they can show
different behaviors due to slight differences in a small part
of the molecular structure. We previously reported that a
minute change in the structure of a flexible alkyl chain of
LC Au complexes induced slight changes in the aggregated
crystal structure, resulting in large changes in the lumines-
cence color of the material [15].

In this study, we investigated the effects of the primary
molecular structure and the structure of molecular aggre-
gates on the luminescence of Au complexes. We synthe-
sized novel LC Au(I) complexes (2 in Fig. 1) in which a
siloxane group was introduced at the terminus of a flexible
chain. The siloxane group is flexible and more bulky than
an alkoxy chain; thus, it is possible to induce large changes
in the aggregate structure in both the Cry and LC phases.
The luminescence behavior of the new complexes was
compared to the luminescence characteristics of the pre-
viously reported compounds with the same core (lumines-
cence center), 1, in order to discuss the effects of molecular
and molecular aggregate structures.

Experimental procedures

Materials

Gold complexes 1 and 2 were synthesized from the corre-
sponding 4-alkoxy-4′-isocyanophenyl ligand and (tht)AuCl
(tht= tetrahydrothiophene) according to previously repor-
ted procedures with some modifications (Scheme 1) [16,
17]. The detailed synthesis procedure for 1 has already been
reported [16]. Unless otherwise stated, all solvents and
reagents were obtained from commercial suppliers and were
used without further purification. Column chromatography
was carried out with silica gel (Wakosil® C-200, 64–210
µm), and thin-layer chromatography (TLC) was performed
on silica-gel TLC plates (Merck, Silica-gel 60 F254).

1H
nuclear magnetic resonance (NMR) and 13C NMR spectra
were recorded with a JEOL ECS-400 spectrometer at 400
MHz for 1H and 100MHz for 13C using the residual 1H and
13C in the NMR solvent as an internal reference. Elemental
analyses for C, H, N, and Cl were conducted with a Micro
Corder JM10 (J-Science).

Compound 2a

(tht)AuCl (0.23 g, 0.69 mmol) was added to a dichlor-
omethane solution (8 mL) of 7a (0.28 g, 0.84 mmol), and
the mixture was stirred at room temperature for 40 min. The
solvent was then removed under reduced pressure, and the
residue was purified by recrystallization from a dichlor-
omethane/hexane mixture. Colorless crystals (0.38 g, 0.67
mmol, 95%) were obtained as the target material 2a. 1H
NMR (400MHz, CDCl3, δ): 7.44 (dd, J= 6.9, 2.2 Hz; 2H;
2,6-H in phenyl); 6.95 (dd, J= 6.7, 2.0 Hz; 2H; 3,5-H in
phenyl); 3.99 (t, J= 6.5 Hz; 2H; OCH2); 1.81 (quin, J=
7.0 Hz; 2H; OCH2CH2); 1.46 (m; 2H; OCH2CH2CH2); 1.37
(m; 2H, SiCH2CH2); 0.54 (t, J= 8.1 Hz; 2H, SiCH2); 0.06
(s; 9H; (CH3)3SiO); and 0.04 (s; 6H; OSi(CH3)2).

13C NMR
(100MHz, CDCl3, δ): 161.3; 128.5; 115.6; 68.7; 29.5; 28.7;
23.0; 18.22; 1.97; and 0.3. Elemental analysis for
C17H29AuClNO2Si2: C, 35.95; H, 5.15; N, 2.47; and Cl,
6.24. Found: C, 35.81; H, 4.74; N, 2.55; and Cl, 6.47.

Compound 2b

Compound 2b was synthesized by following the same
procedure as that used for the synthesis of 2a with a yield of
98%. 1H NMR (400MHz, CDCl3, δ): 7.44 (dd, J= 7.0, 2.2
Hz; 2H; 2,6-H in phenyl); 6.94 (dd, J= 7.0, 2.0 Hz; 2H;
3,5-H in phenyl); 3.99 (t, J= 6.5 Hz; 2H; OCH2); 1.80
(quin, J= 7.0 Hz; 2H; OCH2CH2); 1.46 (m; 2H;
OCH2CH2CH2); 1.35 (m; 4H, SiCH2CH2); 0.51 (t, J= 8.1
Hz; 2H, SiCH2); 0.06 (s; 9H; (CH3)3SiO); and 0.04 (s; 6H;
OSi(CH3)2).

13C NMR (100MHz, CDCl3, δ): 161.6; 128.7;
115.2; 68.7; 33.5; 28.3; 23.6; 18.0; 2.5; and 0.3. Elemental
analysis for C18H31AuClNO2Si2: C, 37.15; H, 5.37; N, 2.41;
and Cl, 6.09. Found: C, 39.93; H, 4.85; N, 2.41; and Cl,
6.47.

X-ray crystallography

Single crystals of the Au complexes 2a and 2b were
obtained by slow evaporation from a mixed solvent system
(dichloromethane/hexane). The crystallographic data for
complexes 1a and 1b have been reported previously [16].
The obtained crystal was mounted on a glass fiber. The
omega scanning technique was used to collect the reflection
data using a Bruker D8 goniometer with monochromatized
MoKα radiation (λ= 0.71075 Å). The initial structure of the
unit cell was determined by a direct method using
APEX3 software (Bruker). The structural model was refined
by the full-matrix least-square method using SHELXL-
2014/6 software (Sheldrick, 2014); all additional calcula-
tions were performed using this software. Crystal data for
the new Au complexes obtained in this study were indexed
and included in the Cambridge Crystallographic Centre

Fig. 1 Chemical structures of the materials used in this study
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(CCDC) database with the following reference numbers:
1816839 and 1816838 for 2a and 2b, respectively. The
indexed database contains additional supplementary crys-
tallographic data for this paper and may be accessed without
charge at http://www.ccdc.cam.ac.uk.conts/retrieving.html.

Phase transition properties

The LC behavior of the complexes was observed using
polarizing optical microscopy (POM) with an Olympus
BX51 microscope equipped with a hot stage (Instec HC302
hot stage and mk1000 controller) at a heating rate of 5 °C
min−1. The thermodynamic properties of the complexes
were evaluated using differential scanning calorimetry
(DSC; SII X-DSC7000) at a scanning rate of 5 °C min−1. At
least three scans were performed to check the reproduci-
bility. To assess the thermochemical stability,
thermogravimetry-differential thermal analysis (TG/DTA)
was carried out using a Shimadzu DTG-60AH instrument at
a heating rate of 5 °C min−1. The interlayer spacing of the
Sme phase was determined using X-ray diffractometry
(XRD; Ultima IV XRD-DSC IIx, Rigaku) with a D/tex-
Ultra detector for the small-angle region and a scintillation
counter for the wide-angle region. The temperature was
controlled with a built-in DSC unit (Rigaku, ThermoPlus2,
DSC8230) at a scanning rate of 10 °C min–1.

Photophysical properties

Ultraviolet-visible absorption and steady-state photo-
luminescence spectra were recorded on a JASCO V-550
absorption spectrometer and a Hitachi F-7000 fluorescence
spectrometer with an R928 photomultiplier (Hamamatsu)
detector, respectively. The same crystals prepared for the
single-crystal X-ray structure analysis were used for the

measurements in the Cry and LC phases. The materials
were placed between a pair of quartz plates and set on a
homemade heating stage to record the spectra at a controlled
temperature. Photoluminescence quantum yields were
determined using a calibrated integrating sphere (Hitachi).
Photoluminescence lifetimes were measured with a Nd:
YAG laser (Continuum, Minilite II: λ= 355 nm; pulse
width= 4 ns (full-width-half-maximum); repetition rate=
10 Hz), and decay profiles were recorded with a streak
camera (Hamamatsu, C7700).

Results and discussion

Synthesis of Au complexes

New complexes 2a and 2b were successfully synthesized
from 4-nitrophenol in acceptable yields; the total yields of
the complexes from 4-nitrophenol were 32% for 2a and
26% for 2b. Complexes 2a and 2b were fully characterized
by 1H and 13C NMR and elemental analysis. Although the
difference between the theoretical and observed data in the
elemental analysis for 2b appears to be large, no significant
signal of impurities was observed in either the 1H NMR or
13C NMR spectrum (Figures S3 and S4 in the Electronic
Supplementary Information (ESI)). Thus, we can conclude
that the obtained complexes were fairly pure and that the
impurities do not affect the thermodynamic and photo-
physical properties of the materials.

Crystal structure of Au complexes

Single-crystal X-ray crystallography was performed for 2a
and 2b (with siloxane groups) to elucidate the structures of
the complexes. The crystal structures of 1a and 1b (without

Scheme 1 Synthesis of Au(I) complexes 2a and 2b (n= 5 and 6). a
Potassium carbonate, 18-crown-6, acetone, reflux, 22 h. b Hydrazine
monohydrate, 10% Pd/C, ethanol, 2 h, reflux. c Formic acid, toluene,
reflux, 4 h. d Pentamethyldisiloxane, Karstedt’s catalyst, dry toluene,

80 °C, 20 h. e Triphosgene, triethyl amine, dichloromethane, rt, 2 h. f
(tht)AuCl, dichloromethane, rt, 4 h. The total yields of the complexes
were 32% for 2a and 26% for 2b from 4-nitrophenol, respectively
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siloxane groups) have already been reported [16]. Key
crystallographic data are summarized in Table S1 in the ESI
for all complexes. Complex 2a crystallized in the mono-
clinic space group P21/c with four formula units per unit
cell, while complex 2b crystallized in the triclinic space
group P−1 with two formula units per unit cell. The Au
atoms were linearly coordinated by isocyanide ligands in
both 2a and 2b; thus, the core unit of this molecule had a
rod-like structure.

The crystal packing structures of the complexes are
shown in Fig. 2, and selected interatomic distances between
the neighboring molecules are listed in Table 1. The density
of the 2b crystal was higher than that of 2a, while the
density of 1b was lower than that of 1a (Table S1). Gen-
erally, longer alkyl chains decrease the density of a crystal.
Hence, these results indicate that complex 2b was packed
more densely in the crystal. In the 2a and 2b crystals, the
distances between two Au atoms of neighboring molecules
were 3.47 and 3.29 Å, respectively. These intermolecular
Au–Au distances were significantly shorter than the sum of
the van der Waals radii (3.6 Å) of two gold atoms [18],
indicating the presence of aurophilic interaction between the
neighboring molecules and suggesting that the molecules
formed a dimer with an antiparallel orientation. Since the
distance between the Au atoms in 2b (3.29 Å) was shorter
than those in the other complexes (3.34–3.47 Å), its aur-
ophilic interaction was the strongest. For 2a, the aurophilic
interactions expanded, and the molecules were connected
along the b-axis of the crystal lattice. As a result, 2a formed
a linear-polymer-like structure with noncovalent bonds
between each repeating unit in the crystal (Figure S5),
similar to the structure of the 1a crystals [16].

It has previously been reported that Au(I) complexes also
form aggregates by Au–π interactions, i.e., the interaction
between Au atoms and the π-electron system of the

aromatic rings [19]. This occurs when the Au–π distance is
<4.0 Å and the angle between the vector normal to the
aromatic ring and the vector passing through the centroid to
the Au atom (α) is ≤20°. In the 2a crystal, the Au atom is
located on top of a phenyl ring in the other dimer with a
distance of 3.60 Å between the Au atoms and the centroid
of the π-phenyl ring, indicating the presence of Au–π
interactions. The same intermolecular Au–π interaction was
observed in the other crystals. Considering the van der
Waals distance of all atoms, we also found several other
intermolecular interactions, viz. CH–Cl and CH–Au inter-
actions, as shown in Fig. 2 and Table 1 [20].

Thermodynamics and phase transition behavior

The thermal stability of the complexes was evaluated by
TG/DTA. The thermal decomposition temperature was
defined as the temperature at which 5% weight loss

Fig. 2 Crystal packing structures of a 1a, b 1b, c 2a, and d 2b.
Intermolecular Au–Au (orange), Au–π (blue), Au–CH (red), and
Cl–CH (black) interactions are indicated by colored lines. Atom

colors: gray= C; green=Cl; purple=N; red=O; yellow=Au; pink
= Si; light blue= centroid of phenyl ring

Table 1 Selected distances (Å) and angles (°) between neighboring
molecules in crystals

Compounds 1a 1b 2a 2b

Au–Au 3.342 3.381 3.473 3.291

Au–phenyla 3.516 3.592 3.604 3.568

C(aryl)-H–Cl 2.910 2.866 2.931 2.985

C(aryl)-H–Au – – – 3.760

αb 5.66 2.90 2.88 4.08

van der Waals radii: C(aryl), 1.80 Å [20] H, 1.20 Å [20] Au, 1.80 Å [4]
Cl, 1.80 Å [21]
a Distance between the Au atom and centroid of the phenyl ring in a
neighboring molecule
b Angle between the vector normal to the aromatic ring and that
passing through the centroid to the Au atom
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occurred. It was confirmed that these complexes were
thermally stable up to 244 °C for 2a and 261 °C for 2b
(Figure S7). The LC behavior of 1 [16] and 2 was inves-
tigated by POM and DSC (Figure S8). The phase sequences
and phase transition temperatures are shown in Table 2. As
shown in Figure S8, no significant difference between the
first and second scans in the DSC thermogram was
observed. All complexes showed typical fan-shape textures
in the POM images; therefore, we concluded that they
showed smectic (Sme) LC phases (Fig. 3). Detailed LC
phase structural analyses were performed by powder XRD
(representative data for 2b are shown in Fig. 4, S9, and
S10). Comparing the thermodynamic behaviors of 1 and 2,
it can be seen that the siloxane units decreased both the
melting point and the clearing point (LC-to-Iso phase
transition temperature) of the materials to almost the same
extent; as a result, there was no large effect of the siloxane
unit on the LC temperature range in these complexes. All
complexes showed polymorphism in the Cry phase.

While the molecular structures of complexes 1 and 2
were different from those of the typical rod-like calamitic
LC molecules, as mentioned above, the complexes formed
dimers with antiparallel orientations in the Cry phase, with

the dimers adopting a symmetric rod-like structure [16].
Therefore, we propose that the complexes formed the dimer
in the Sme phase, which acted as a mesogen unit forming
the Sme phase. Powder XRD results supported the
hypothesis that the complexes formed dimers in the LC
phases, e.g., in complex 2b, the interlayer spacing of the
Sme phase was 35.1 Å (Fig. 4), almost the same as the
length of its dimer formed by the aurophilic interaction
(35.4 Å, Fig. 4b). We conclude that the mesogen dimers
were packed into the Sme layer to form a SmeA phase in
2b, as shown schematically in Fig. 4d; similar behavior was
observed for 2a (Figure S9). The Sme phase of 2a was also
assigned as an SmeA phase due to its d spacing (30.9 Å)
and dimer length (32.4 Å).

Photophysical properties

The photophysical properties of 2a and 2b were observed in
both the solution and crystal phases. The absorption, pho-
toluminescence, and excitation spectra of the complexes 2a
and 2b in dichloromethane solution are shown in Fig. 5.
Similar photophysical properties were found for 2a and 2b
in solution because both have the same luminescence cen-
ter. An absorption band was observed at ~270 nm in the
solutions. In a dilute solution (10−6 mol L−1), very weak
photoluminescence was observed at ~350 nm, and the
excitation band appeared at a wavelength close to the
absorption band. However, in the higher-concentration
solutions (10−5 mol L−1), new luminescence bands
appeared at 400–500 nm.

Very strong luminescence was observed in the crystals of
the complexes; the inset of Fig. 5 compares the absolute
intensity of the luminescence spectra in Cry with that in
solution. For the 2a crystals, the emission bands appeared
only at 400–500 nm with a spectral shape similar to those in
10−5 mol L−1 solutions, while the 2b crystal showed two
emission bands at 400–500 nm and at >500 nm. The lumi-
nescence band at 400–500 nm matched well with that in
solution; however, luminescence above 500 nm was
observed only in the crystal. Based on these results, we

Table 2 Phase sequences and transition temperatures of Au(I)
complexes

Phase transition temperature (°C)a

1a [16] Heating Cry1 100 Cry2 134 Sme 158 Iso

Cooling Cry1 83 Cry2 120 Sme 157 Iso

1b [16] Heating Cry1 59 Cry2 79 Cry3 121 SmeC 166 Iso

Cooling Cryx 110 SmeC 166 Iso

2a Heating Cry1 92 Cry2 128 SmeA 140 Iso

Cooling Cry1 91 Cry2 119 SmeA 141 Iso

2b Heating Cry1 94 Cry2 106 SmeA 140 Iso

Cooling Cryx 93 SmeA 141 Iso

Cry crystalline, Sme smectic; Iso isotropic
a Phase transition temperatures were defined as the onset temperature
of the DSC peaks in the second heating and cooling processes

Fig. 3 Polarized optical
micrographs of a 2a at 136 °C
and b 2b at 137 °C. All
micrographs were taken during
the second cooling process (rate:
5 °C min−1)
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conclude that the luminescence at 400–500 nm observed in
the concentrated solutions and in the crystals was emitted
from the aggregates of the molecules, while the lumines-
cence below 400 nm observed only in the dilute solutions
was due to monomer emission. Moreover, the materials
showed much stronger luminescence in the crystals than in
solution; thus, we can also conclude that these materials
have AIE characteristics.

The luminescence spectra of 2a and 2b crystals at room
temperature are compared in Fig. 6. It can be clearly seen
that the luminescence bands above 500 nm appeared only in

the 2b crystal (Fig. 6b) and were not observed in complex 1.
The Commission Internationale de l’Eclairage (CIE) chro-
maticity diagram allows for quantitative evaluation of the
photoluminescence color, as shown in Fig. 6c for 2a and
2b; the luminescence color of the 2a crystal was deep blue
with CIE coordinates of (0.16, 0.06), whereas that of 2b was
greenish-blue with CIE coordinates of (0.20, 0.23). The CIE
coordinates of the luminescence from complex 1 crystals
were the same as those of the 2a crystal.

The luminescence decay profiles were also measured in
room temperature crystals for all complexes (Figure S11).

Fig. 4 a XRD patterns of 2b in various phases; red: Cry1 phase at 25 °
C simulated from single-crystal X-ray analysis; green: SmeA phase at
121 °C during heating; purple: SmeA phase at 117 °C during cooling;
blue: Cryx phase at 71 °C during cooling. The d spacing (Å) is

indicated in brackets. b Structural model of the dimer of 2b formed by
Au–Au intermolecular interactions. c, d Schematic illustration of the
packing of molecules in the c Cry1 and d SmeA phases

Fig. 5 Absorption, normalized photoluminescence, and excitation
spectra of complexes in dichloromethane solution and crystals for a 2a
and b 2b. Black: absorption spectra in solution (2 × 10−5 mol L−1);
green: photoluminescence in solution (λex= 269 nm; solid: 2 × 10−5

mol L−1, dotted: 2 × 10-6 mol L−1); blue: photoluminescence in Cry

(λex= 304 nm); red: excitation (solid: in Cry (λem= 428 nm); dotted: in
2 × 10−6 mol L−1 solution (λem= 352 nm for 2a and 360 nm for 2b).
(Insets) Absolute intensity of the luminescence spectra of the Cry and
solution (2 × 10−5 mol L−1)

766 K. Fujisawa et al.



The luminescence lifetimes in all complexes were on the
order of microseconds, indicating that these emissions were
phosphorescence. Complexes 1a, 1b, and 2a showed single
exponential decay profiles and had similar lifetimes (1a: 33
µs; 1b: 40 µs; and 2a: 23 µs). However, complex 2b showed
a bi-exponential decay with lifetimes of 6 µs (94%) and 12
µs (6%), implying the existence of two excited states cor-
responding to the luminescence bands at shorter and longer
wavelengths, respectively. Luminescence quantum yields
(Φ) of the complexes were also estimated for the crystals in
air at room temperature. The complexes showed Φ values of
0.04–0.26; 0.18 for 1a, 0.05 for 1b, 0.26 for 2a, and 0.04
for 2b. Generally, it is difficult to observe the phosphores-
cence at room temperature in air because the long-lived
triplet excited state can be easily deactivated by internal
motions of the molecule before emission, and the molecular
oxygen in air can efficiently quench the triplet excited state;
thus, the phosphorescence of the conventional organic
molecules can be observed at low temperature, e.g., liquid-
nitrogen temperature, under vacuum. However, the com-
plexes used in this study showed intense aggregation-
induced phosphorescence in crystals at room temperature in
air. This is highly favorable for the use of these crystals as
phosphorescence-emitting materials. In these complexes,
since the molecules containing the heavy Au atoms were
packed densely in the crystals, the internal and external
heavy-atom effects work on the molecules to enhance
intersystem crossing between the singlet and triplet states.
Thus, the triplet excited state was generated very effec-
tively. Moreover, dense packing can restrict the penetration
of molecular oxygen into the crystal. These effects resulted
in complex crystals with intense phosphorescence at room
temperature in air.

Photoluminescence properties in the LC phase

Photoluminescence spectra of 2a and 2b were also recorded
at various temperatures in the Cry, Sme, and isotropic (Iso)
phases. Figure 7 shows the temperature dependence of the
luminescence spectra for 2b as a representative example.
All complexes showed photoluminescence in the Sme
phase, but the intensity of the luminescence decreased due
to the thermal deactivation of the excited state. However,
the luminescence disappeared upon transition to the Iso
phase during heating. The disappearance of the lumines-
cence was reversible; during cooling, the luminescence was
recovered after transition back to the Sme phase. The lack
of luminescence in the Iso phase supports our hypothesis
that the emission arises from the aggregate (dimer) of the
complexes. At the phase transition temperature for the Iso
phase, dissociation of the dimer occurs, and the mesogenic
dimer vanishes; thus, the Sme-to-Iso phase transition and
the disappearance of the luminescence occurred
simultaneously.

In complex 2a, the luminescence intensity decreased
with increasing temperature after the Cry–Sme phase tran-
sition, even though the spectral shape was maintained
(Figure S12). However, in 2b, an irreversible change in the
spectral shape was induced by the phase transition (Fig. 7a).
In the first heating process, the intensity of the luminescence
peaks above 500 nm decreased monotonically with
increasing temperature, whereas the intensity of the peaks at
400–500 nm increased with the Cry–Sme phase transition
(Fig. 7c). In the Sme phase, the luminescence bands above
500 nm disappeared, and the spectral shape became similar
to that of 2a in the Cry and Sme phases. During cooling
from the Iso phase, the luminescence recovered again after

2b 

2a 

(a) (b) (c)

Fig. 6 Photoluminescence spectra of complexes in Cry at room tem-
perature. a Comparison of the luminescence spectra of 2a (red, λex=
304 nm) and 2b (blue, λex= 302 nm). Inset: photographs of crystals
taken under UV irradiation at 254 nm. b Comparison of luminescence

spectra of 1a (black, λex= 310 nm), 1b (green, λex= 310 nm), 2a (red,
λex= 304 nm), and 2b (blue, λex= 302 nm). c CIE chromaticity dia-
gram of the photoluminescence of 2a (red) and 2b (blue) crystals

Aggregation-controlled luminescence of Au complex 767



the phase transition to the Sme phase; even in the Cry
phase, the luminescence bands above 500 nm were not
completely recovered, and the Cry peaks showed the same
spectral shape as the Sme phase (Fig. 7b, d).

These results showed that complex 2b exhibited distinct
luminescence behavior compared to the other complexes.
Since luminescence bands above 500 nm were not observed
in dilute solution, these bands are thought to have been
emitted from the molecular aggregate; therefore, the lumi-
nescence behavior depended on both the primary structure
of the molecules and the structure of the molecular aggre-
gates. We previously reported that complex 1b showed
color sensitivity on the aggregate structure and that the
luminescence color can be reversibly controllable via the
phase transition between Cryx and Sme phases [16]. As
shown in Fig. 4 2b formed a tilted-layer structure in the
Cry1 phase, while the mesogenic dimers were not tilted in
the Sme phase. These different aggregate structures resulted
in the different colors. Furthermore, the molecular packing
structure in Cryx obtained by cooling from the Sme phase
was also different from that of Cry1, as indicated by the
different d001 spacings (Fig. 4), meaning that the tilting

angle was different in those crystals. Based on the structural
differences, the mode of intermolecular interaction should
also differ in these phases. Single-crystal X-ray analysis
suggested that Au–Au and Au–π interactions were present
in the Cry1 phase of 2b; in addition, the CH–Au interaction
was also observed only in this crystal. It is proposed that
these intermolecular interactions played a crucial role in the
luminescence behavior. We attribute the luminescence
bands above 500 nm to the CH–Au interactions; in the Sme
phase, these luminescence bands disappeared, meaning that
such interactions no longer occurred. After these interac-
tions disappeared when melting the Cry1 phase, they could
not be recovered in the Cryx phase (obtained by cooling
from the Sme phase); therefore, the same luminescence
spectra were observed for both Sme and Cryx phases.

Conclusion

In this study, novel LC Au complexes with siloxane groups
at the terminus of the flexible chain were synthesized, and
the effects of the molecular and molecular aggregate

Fig. 7 a, b Temperature dependence of the photoluminescence spectra
of 2b (λex= 302 nm) at steps of 10 °C from 40 (orange) to 160 °C
(pink): a first heating process and b first cooling process. The inset in b
compares normalized luminescence spectra before heating (orange
solid), in the Sme phase during the first heating process (blue solid), in

the Sme phase during the first cooling process (blue dotted), and in Cry
phase during the first cooling process (orange dotted). c, d Lumines-
cence intensity of 2b at 430 (red) and 527 nm (green) as a function of
temperature (normalized to the intensity at 40 °C): c during the first
heating process and d during the first cooling process
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structures on the luminescence behavior were discussed.
Crystals of 2a displayed deep-blue luminescence with
bands at 400–500 nm. Since this luminescence band was
not observed in a dilute solution and the luminescence
intensity was extremely enhanced by the Cry phase, the
luminescence showed AIE behavior. The same lumines-
cence spectra were obtained in the room temperature crys-
tals of complex 1; thus, there is no effect of the siloxane
group on the luminescence behavior in 2a. On the other
hand, in 2b crystals, new luminescence bands were
observed above 500 nm and were attributed to CH–Au
intermolecular interactions. The CH–Au interactions did not
occur after transition to the Sme phase due to structural
changes, resulting in the disappearance of the luminescence
bands above 500 nm. Consequently, we conclude that the
intermolecular interactions played a crucial role in the
luminescence behavior and determined the luminescence
color of such Au complexes. The luminescence color of the
Au complexes can be controlled by modifying the structure
of the molecular aggregates and, hence, the intermolecular
interactions.
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