
Citation: Siddhant, K.; Prabusankar,

G.; Tsutsumi, O. Luminescent

Behavior of Liquid–Crystalline

Gold(I) Complexes Bearing a

Carbazole Moiety: Effects of

Substituent Bulkiness. Crystals 2022,

12, 810. https://doi.org/10.3390/

cryst12060810

Academic Editor: Paul R. Raithby

Received: 12 May 2022

Accepted: 7 June 2022

Published: 8 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Luminescent Behavior of Liquid–Crystalline Gold(I) Complexes
Bearing a Carbazole Moiety: Effects of Substituent Bulkiness
Kumar Siddhant 1 , Ganesan Prabusankar 2 and Osamu Tsutsumi 1,*

1 Department of Applied Chemistry, College of Life Sciences, Ritsumeikan University, Kusatsu 525-8577, Japan;
gr0451pe@ed.ritsumei.ac.jp

2 Department of Chemistry, Indian Institute of Technology Hyderabad, Kandi 502285, India;
prabu@chy.iith.ac.in

* Correspondence: tsutsumi@sk.ritsumei.ac.jp

Abstract: Organometallic materials that exhibit white luminescence in condensed phases are of
considerable interest for lighting and display applications. Herein, new carbazole-based Au(I)
complexes containing an isocyanide group and a long pentyl chain were synthesized. The com-
plex with an unsubstituted carbazole moiety exhibited a white emission at room temperature as
well as nematic liquid crystalline behavior. Color tunability from white to blue was achieved
when bulkier substituents were introduced at the 3 and 6 positions of the carbazole moiety. Fur-
thermore, all complexes possessed long phosphorescence lifetimes in the crystal state. The pro-
posed design framework provides new opportunities for practical applications using luminescent
organometallic molecules.

Keywords: white emission; liquid crystal; aggregated structure; gold(I) complex; carbazole moiety

1. Introduction

Luminescent molecules are of importance in both materials and life sciences [1–3]. In
particular, white-light-emitting organometallic materials have attracted increasing attention
owing to their potential applications in lighting devices and display media. However, the
generation of white light commonly requires the simultaneous emission of the three primary
RGB colors (red, green, and blue) or at least two complementary colors [4]. Moreover,
achieving white room temperature phosphorescence (RTP) from a single molecule is highly
challenging because the different radiation pathways involved in the emission process can
affect each other [5].

Although most luminescent organometallic molecules exhibit efficient photolumines-
cence in dilute solutions, aggregation in condensed phases (e.g., crystals and solid films)
typically results in partial or complete quenching of their luminescence. This phenomenon,
known as aggregation-caused quenching (ACQ), is common in organometallic molecules
with π-electron systems and prevents their practical use. Owing to the essential contribu-
tion of molecular aggregation to luminescence properties, aggregated structures play an
important role in luminescence behavior [5–10]. Liquid crystals (LCs) are a unique class of
soft materials that flow like liquids and possess a long-range orientational order similar
to that of crystals [7,11–14]. LCs have the potential to control the aggregated structure of
luminescent materials. Moreover, the material properties and aggregated structures of LC
molecules can be influenced by various external stimuli. The molecular skeleton of an LC
molecule generally consists of a rod-like rigid core and flexible chains, such as alkoxy and
alkyl chains. Various aggregation-induced emission (AIE)-active LC systems have been
developed [15,16].

Au(I) complexes show very interesting behavior because of their metallophilic d10–d10

interactions. The emission observed in Au(I) complexes results from an interatomic Au–Au
interaction; thus, Au(I) complexes exhibit the luminescence mainly from their aggregates
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and have been known as the AIE-active material. The Au–Au interaction as well as the
luminescence behavior can be tuned via not only modification of the chemical structure
around Au atoms but also by controlling the aggregated structures [5]. For instance,
previously synthesized Au(I) complexes with isocyanides and phenylacetylene ligands
exhibited interesting AIE properties [16]. Furthermore, our group reported a biphenyl ring
system with an LC phase, where luminescence was observed in both the crystal and LC
phases [14].

Carbazole-based luminescent materials are valuable candidates for photoelectronic de-
vices. Carbazole units are suitable building blocks for functional materials in organometallic
light-emitting diodes because of their high triplet energy and good thermal stability [17].
Herein, we developed a carbazole-based Au(I) complex with a flexible pentyl isocyanide
group. This complex shows a white emission at room temperature (rt) along with a
nematic (N) LC phase. Color tunability from white (Cbz-H) to blue (Cbz-t-Bu) was also
realized by changing the substituents at the 3 and 6 positions of the carbazole moiety.

2. Materials and Methods
2.1. Materials

Compound 1-R was prepared by following the reported procedure [18]. Complexes
Cbz-H, Cbz-Br, and Cbz-t-Bu were prepared via a one-step synthetic route using com-
pounds 1-R. The reagents and solvents used for the synthesis were obtained from commer-
cial sources and used without further purification. 1H and 13C NMR spectra were recorded
using a JEOL ECS-400 spectrometer (JEOL, Tokyo, Japan) (400 MHz for 1H and 100 MHz for
13C) in CDCl3 (Figures S1–S3 for 1H NMR, Figures S4–S6 for 13C NMR). Chemical shifts are
reported in parts per million (ppm), using the residual 1H or 13C in the NMR solvent as an
internal reference. IR spectra were obtained using the KBr disk method with a FT/IR-4100
spectrometer (JASCO, Tokyo, Japan), and all spectra are reported in wavenumbers (cm−1).
Elemental analysis (C, H, and N) was performed using a Micro Corder JM10 analyzer
(J-Science, Tokyo, Japan). Electrospray ionization mass spectrometry (ESI-MS) was carried
out using a Bruker micrOTOF II instrument (JEOL, Tokyo, Japan).

2.1.1. Synthesis of Cbz-H

Compound 1-H (0.30 g, 1.5 mmol) and (tht) AuCl (tht: tetrahydrothiophene)
(0.47 g, 1.5 mmol) were dissolved in 10 mL of CH2Cl2. Then, a methanol (10 mL) so-
lution of CH3COONa (0.61 g, 7.2 mmol) was added dropwise, and the resulting mixture
was stirred for 2 h at rt. Subsequently, 1-pentyl isocyanide (0.071 g, 0.73 mmol) in CH2Cl2
(7 mL) was added and the mixture was stirred for a further 1 h at rt. The reaction mix-
ture was then filtered through Celite and evaporated under vacuum. The crude product
was purified by silica gel column chromatography using CH2Cl2 as the mobile phase
and then recrystallized in a CH2Cl2/n-hexane mixed solvent system (1:2, v/v) to obtain
0.28 g, 0.57 mmol of the title complex as white crystal in 78% yield, mp 156 ◦C. 1H NMR
(400 MHz, CDCl3, δ): 8.06–8.04 (d, J = 7.5 Hz, 2H, ArH), 7.56–7.54 (dd, J = 7.5 Hz, 2H, ArH),
7.44 (d, J = 7.5 Hz, 2H, ArH), 7.25–7.20 (m, J = 7.5 Hz, 2H, ArH), 5.15–5.12 (s, 2H, ArNCH),
3.52–3.49 (t, 2H, NCH), 1.73 (s, J = 7.1 Hz, 2H, CH2), 1.36–1.2 (m, J = 7.1 Hz, 2H, CH2),
0.95–0.87 (t, J = 8 Hz 3H, CH3). 13C NMR (400 MHz, CDCl3, δ): 140.04 (9-C in carbazole),
125.78 (2,7-C in carbazole), 123.09 (Au–C≡N), 120.23 (3,6-C in carbazole), 119.10 (4-C
in carbazole), 114.84 (4-C in carbazole), 109.29 (1,8-C in carbazole), 77.13 (Au–C≡C),
43.83 (N–CH2), 33.44 (N–CH2 in carbazole), 28.22 (NCH2CH2), 27.56 (NCH2CH2CH2),
21.71 (CH2CH3), 13.79 (CH2CH3).

FTIR (KBr, cm−1): 3049, 2953, 2248, 1460. ESI-MS m/z: [M + H]+ calcd for C21H21AuN2,
499.14; found, 499.11. Anal calcd for C21H21AuN2: C, 50.61; H, 4.25; Au, 39.52; N, 5.62;
found: C, 50.43; H, 4.12; N, 5.51.
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2.1.2. Synthesis of Cbz-Br

The same procedure was followed using 1-Br for the synthesis of Cbz-Br to obtain
the title complex as a white solid in 84% yield, mp 168 ◦C. 1H NMR (400 MHz, CDCl3,
δ): 8.11–8.10 (d, J = 7.5 Hz, 2H, ArH), 7.56–7.53 (dd, J = 7.5 Hz, 2H, ArH), 7.44–7.42
(d, J = 7.5 Hz, 2H, ArH), 5.09 (s, 2H, ArNCH), 3.56–3.52 (s, 2H, NCH), 1.76 (s, J = 7.1 Hz,
2H, CH2), 1.39–1.32 (m, J = 7.1 Hz, 2H, CH2), 0.92–0.89 (t, J = 8 Hz 3H, CH3). 13C NMR
(400 MHz, CDCl3, δ): 139.05 (9-C in carbazole), 129.13 (2,7–C in carbazole), 123.84 (Au–C≡N),
123.17 (3,6-C–Br in carbazole), 115.72 (4-C in carbazole), 112.34 (4-C in carbazole), 111.13
(1,8-C in carbazole), 77.11 (Au–C≡C), 40.01 (N–CH2), 33.79 (N–CH2 in carbazole), 33.41
(NCH2CH2), 27.77 (NCH2CH2CH2), 21.75 (CH2CH3), 13.80 (CH2CH3). FTIR (KBr, cm−1):
3073, 2957, 2245, 1472, 645. ESI-MS m/z: [M]+ calcd for C21H19AuBr2N2, 653.96; found,
653.46. Anal calcd for C21H19AuBr2N2: C, 38.44; H, 2.92; Au, 30.02; N, 4.27; Br, 24.35 found:
C, 38.27; H, 2.79; N, 4.21.

2.1.3. Synthesis of Cbz-t-Bu

The same procedure was followed using 1-t-Bu for the synthesis of Cbz-t-Bu to obtain
the title complex as white solid in 81% yield, mp 190 ◦C. 1H NMR (400 MHz, CDCl3,
δ): 8.04 (d, J = 7.5 Hz, 2H, ArH), 7.50–7.47 (t, J = 7.5 Hz, 2H, ArH), 7.45–7.42 (d, J = 7.5
Hz, 2H, ArH), 5.09 (s, 2H, ArNCH), 3.43–3.40 (t, 2H, NCH), 1.53 (s, J = 7.1 Hz,2H, CH2),
1.42 (s, 18H, CH3), 1.29–1.28 (m, J = 7.1 Hz, 4H, CH2), 0.87 (t, J = 8 Hz 3H, CH3). 13C NMR
(400 MHz, CDCl3, δ): 141.72 (C(CH3)3), 138.60 (9-C in carbazole), 123.42 (Au–C≡N), 122.98
(2,7-C in carbazole), 116.17 (4-C in carbazole), 114.45 (4a-C in carbazole), 108.59 (1,8-C in
carbazole), 77.12 (Au–C≡C), 43.86 (N–CH2), 34.74 (N–CH2 in carbazole), 33.41 (NCH2CH2),
32.16 (C(CH3)3), 27.61 (NCH2CH2CH2), 21.729 (CH2CH3), 13.79 (CH2CH3). FTIR (KBr,
cm−1): 3044, 2953, 2245, 1477. ESI-MS m/z: [M + H]+ calcd for C29H37AuN2, 611.27; found,
611.26. Anal calcd for C29H37AuN2: C, 57.05; H, 6.11; Au, 32.26; N, 4.59; found: C, 56.94;
H, 6.05; N, 4.37.

2.2. X-ray Crystallography

A single crystal was prepared via slow evaporation in a mixed solvent system (CH2Cl2/
n-hexane). The obtained crystal was mounted on a glass fiber. The omega scanning
technique was applied to collect the reflection data using a Bruker D8 goniometer (Bruker,
Millerica, MA, USA) with monochromatized MoKα radiation (λ = 0.71075 Å). To estimate
the actual crystal structure of the synthesized materials, measurements were performed
at ambient temperature (296 K). The initial structure of the unit cell was determined via
a direct method using APEX2. The structural model was refined by the full-matrix least-
squares method using SHELXL-2014/6. All calculations were performed using the SHELXL
software [19,20]. The crystallographic data for the synthesized compounds are summarized
in the Supplementary Materials, and the indexed data were deposited in the Cambridge
Crystallographic Data Centre (CCDC) database (CCDC 2160379 for Cbz-H). These data
can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html
accessed on 21 March 2022 (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK;
Fax: +44-1223-336033; E-mail: deposit@ccdc.cam.ac.uk).

2.3. Phase Transition Behavior

LC behavior as well as the melting points of the complexes were observed via po-
larized optical microscopy (POM) using an Olympus BX51 (Tokyo, Japan) microscope
equipped with a hot stage (Instec HCS302 hot stage with an mK1000 controller). To assess
the thermochemical stability, thermogravimetric–differential thermal analysis (TG/DTA)
was carried out using a DTG-60AH instrument (Shimadzu, Kyoto, Japan) at a heating rate
of 5.0 ◦C min−1 in air. The thermodynamic parameters were determined via differential
scanning calorimetry (DSC; SII X-DSC7000, Tokyo, Japan) at a scanning rate of
3.0 ◦C min−1.

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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2.4. Photophysical Properties

UV–Vis absorption spectra were recorded on a JASCO V-550 (JASCO, Tokyo, Japan)
absorption spectrometer, and steady-state photoluminescence spectra were recorded on
a Hitachi F-7000 fluorescence spectrometer (Hitachi, Tokyo, Japan) with an R928 photo-
multiplier (Hamamatsu Photonics, Hamamatsu, Japan) as the detector. Photolumines-
cence lifetimes were measured at various excitation wavelengths using a Quantaurus-
Tau photoluminescence lifetime measurement system (C1136-21, Hamamatsu Photonics,
Hamamatsu, Japan).

3. Results and Discussion
3.1. Synthesis and Characterization of Complex Cbz-R

Complex Cbz-R were synthesized according to the synthetic route shown in Figure 1.
After purification, all complexes were characterized via 1H NMR spectroscopy, mass
spectrometry, and elemental analysis. All the analytical data (presented in the Materials
and Methods section) confirmed that the desired products were obtained.
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Figure 1. Molecular structure and synthetic route for complex Cbz-R: (i) (tht) AuCl/CH2Cl2,
CH3COONa/MeOH; (ii) 1-pentyl isocyanide.

Complex Cbz-H furnished single crystals suitable for X-ray crystallography via a slow
evaporation technique using the mixed solvent system; however, suitable single crystals
were not obtained for other complexes. To determine the molecular structure of Cbz-H,
single-crystal X-ray diffraction (XRD) was performed at room temperature. The obtained
crystal structure is shown in Figure 2. The corresponding crystallographic data and key
structural parameters are summarized in Tables S1 and S2, respectively. According to
the crystal structure, Cbz-H belongs to the triclinic space group Pı̄. The C1–Au–C2 bond
angle is ~180◦ [21], and molecular packing gives a Au–Au bond distance of 6.4 Å, which
suggests the absence of aurophilic interactions between the molecules. We have previously
reported the structure of a similar Au(I) complex that has less-hindered 4-ethynylbiphenyl
and alkyl isocyanide ligands [14]. This complex also crystallized in triclinic space group
Pı̄, and the C1–Au–C2 bond angles were the same as in Cbz-H, i.e., ~180◦; however, the
intermolecular Au–Au distance was 3.46 Å, which confirms the presence of intermolecular
aurophilic interactions in the crystal. The longer intermolecular distance between Au atoms
in Cbz-H is due to the bulkier carbazolylmethyl unit. Additionally, the face of the carbazole
moiety is orthogonal to the C1–Au–C2 axis. We consider that this orthogonal structure of
the bulky carbazole moiety resulted in the longer intermolecular Au–Au distance in the
Cbz-H complex.
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Figure 2. Molecular structure (a) and molecular packing structure (b) of complex Cbz-H determined
via single-crystal X-ray diffraction at rt (gray, C; blue, N; yellow, Au; white, H).

3.2. Thermal Behavior of Complex Cbz-R

The thermal stability of complex Cbz-R was analyzed using TG/DTA measurements
(Figure S7). The thermal decomposition temperature (Tdec) is defined as the temperature
at which 5% weight loss occurs [22,23]. The TG/DTA thermograms show that all of the
synthesized complexes are thermally stable up to 170–220 ◦C. The 12–15% weight loss
observed near Tdec can be attributed to the loss of the isocyanide moieties. The second
weight loss may be due to the removal of the propargyl moiety. The amount of residual ash
obtained at 600 ◦C corresponds to the percentage of gold(I) in the complex.

The thermodynamic behavior was evaluated using DSC and POM techniques. The
DSC thermogram of Cbz-H suggests LC behavior during heating (Figure S8). To further
investigate this behavior, POM images were collected to examine the optical texture of
Cbz-H (Figure 3). A schlieren texture was obtained at 93 ◦C, which confirmed that the
observed phase for Cbz-H is the N phase [14,16]. In the DSC thermogram, a small endother-
mic peak was observed at 73 ◦C during the heating process, and an isotropic phase was
achieved at 118 ◦C. The N phase was observed between these temperatures. However, in
the cooling process of the DSC thermograms, no exothermic peak was observed. Through
POM observation, we confirmed that the phase transition from the isotropic liquid to the
amorphous solid occurred at ~80 ◦C, and that once Cbz-H was melted, the complex did
not exhibit crystalline and LC phases.
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In contrast, no LC phases were observed for complexes Cbz-Br and Cbz-t-Bu at any
temperature. In Cbz-Br and Cbz-t-Bu, the substituents attached at the 3 and 6 positions
of the carbazole moiety are bulkier than H atoms (i.e., Br atoms or t-butyl groups). As the
steric hindrance of these bulky substituents disturbs the LC alignment, only Cbz-H shows
an LC phase [24–26].

3.3. Solution and Solid-State Photoluminescence Properties of Complex Cbz-R

The UV–vis absorption spectra of compounds Cbz-H, Cbz-Br, and Cbz-t-Bu were
recorded in dilute CH2Cl2 solution. Cbz-H (2.1× 10−5 mol L−1), Cbz-Br (4.3 × 10−5 mol L−1),
and Cbz-t-Bu (3.3 × 10−5 mol L−1) exhibited absorption bands at 293, 310, and 297 nm,
respectively (Figure 4a), which may be attributable to a metal-to-ligand charge transfer
(MLCT) transition or a ligand-based π–π* transition [5,27,28]. All complexes also showed
smaller absorption peaks with a vibronic structure at 340–360 nm. This small absorption
band is known as the n–π* transition of the carbazole unit. Additionally, it has also been
reported that the absorption band at this wavelength originated from the transition from
the alkynyl-to-isocyanide ligand-to-ligand charge transfer [29]. Thus, we can consider that
both transitions are overlapped in this absorption band.
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Figure 4. (a) UV–Vis absorption spectra of complex Cbz-R in CH2Cl2 solution: [Cbz-H],
2.1 × 10−5 mol L−1; [Cbz-Br], 4.3 × 10−5 mol L−1; [Cbz-t-Bu], 3.3 × 10−5 mol L−1. (b) Normalized
emission spectra of complex Cbz-R in CH2Cl2 solution: [Cbz-H], 2.1 × 10−5 mol L−1, λex = 293 nm;
[Cbz-Br], 4.3 × 10−5 mol L−1, λex = 300 nm; [Cbz-t-Bu], 3.3 × 10−5 mol L−1, λex = 297 nm.

All complexes showed monomeric-type emissions with a vibronic structure at ~350 nm
in dilute solutions (Figure 4b). Similar spectral shapes were observed at this wavelength
in all complexes; however, in Cbz-t-Bu and Cbz-Br, the vibronic bands were slightly
broadened. The emission peaks of Cbz-H and Cbz-t-Bu were observed at 375 and 380 nm,
respectively, whereas that of Cbz-Br was slightly red-shifted to approximately 400 nm.
Although the luminescence behaviors of all complexes were comparable in the dilute
solution, significant differences were observed in the solid state.

The emission spectra of the complexes were obtained in the crystal state (Figure 5a).
Each complex exhibited a peak in the region of 370–400 nm, which is similar to the emission
peak in the solution state and can be considered a monomeric-type fluorescence emission.
Furthermore, Cbz-Br and Cbz-t-Bu exhibited additional emission peaks at approximately
430 and 450 nm. Thus, the emission of these complexes in the crystal state is more structured
than that in the crystal state and extends into the blue region. Furthermore, Cbz-Br
exhibits a brighter blue emission than Cbz-t-Bu owing to the heavy-atom effect [30]. In
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contrast, the emission of Cbz-H covers the entire spectral range, including a prominent
peak at approximately 550 nm due to crystallization-induced phosphorescence [31–33].
Consequently, Cbz-H shows a white emission. As shown by the CIE plot (Figure 5b),
Cbz-H, Cbz-Br, and Cbz-t-Bu show white, bluish-white, and bluish emissions, respectively.
Thus, color tunability from white to blue was successfully achieved by changing the
substituents at the 3 and 6 positions of the carbazole moiety. The color tunability of these
complexes can be attributed to the introduction of bulky substituents, which inhibits free
rotation of the luminophore.
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To further clarify the photophysical properties of these complexes, the lifetimes and
luminescence quantum yields were measured in the crystal state at room temperature
(Figures S13–S15, Table S3). The decay profiles were well-fitted using a biexponential
function. In all complexes, it was confirmed that the emission band at <400 nm was flu-
orescence due to the S1–S0 transition. In Cbz-H, the emission at 450 nm decayed on a
nanosecond timescale, indicating that the emission bands in this wavelength region can
be also assigned to fluorescence emitted from a higher excited state (Sn). In contrast, the
emission at 550 nm contains a component with a lifetime of the microsecond timescale,
suggesting that a part of this band can be attributed to phosphorescence. Interestingly,
in Cbz-Br, emissions at 450 nm and 550 nm decayed on a microsecond timescale, and
both emission bands can be attributed to phosphorescence due to the heavy-atom ef-
fects of the Br atoms. In Cbz-t-Bu, contrary to Cbz-H, phosphorescence was observed at
450 nm; however, fluorescence mainly contributed to the emission at 550 nm. In the
Cbz-t-Bu crystal, we consider that phosphorescence from monomers of the complex was
observed at 450 nm, and that fluorescence from the aggregates, i.e., excimer-type fluores-
cence, was observed at ~550 nm.

As shown in Table S3, the complexes had luminescence quantum yields (Φ) of
0.34–2.3% in the crystal state, even at room temperature in air. The excitation spectra
of the crystals (Figure S9) revealed an excitation band at shorter wavelengths (320–340 nm),
which is assigned to the S0–Sn transition. The excitation spectra of all complexes showed an
additional band at longer wavelengths (380–430 nm). We previously reported that similar
Au(I) complexes with ethynyl and isocyanide ligands showed an efficient direct S0–Tn
transition owing to aggregation; that is, the S0–Tn transition is enhanced by not only the
heavy-atom effect but also the aggregation of Au(I) complexes. Thus, we conclude that the
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longer-wavelength band in the excitation spectra can be assigned to a spin-forbidden direct
S0–Tn transition. Because the spin-forbidden transition occurs efficiently, the complexes
show intense RTP in crystals under ambient conditions [14,34].

The photoluminescence of Cbz-H in the LC phase was also examined to determine
the effects of the phase structure on luminescence behavior (Figure S10). The emission
intensity levels were recorded at various temperatures. The emission intensity gradually
decreased upon heating from rt to the LC phase, which indicates that a nonradiative decay
was promoted by thermal motion of the Au(I) complex [14,16,22]. The emission intensity
was recovered in the cooling process; however, it still remained lower than that of the
original crystal before heating. This behavior is attributed to the crystal size dependence of
the aggregation-enhanced spin-forbidden transition [14,34].

To obtain further insight into the luminescence properties, photophysical studies were
performed in a mixed water–tetrahydrofuran (THF) system with various volume fractions
of water. As all compounds showed good solubility in THF and very poor solubility
in water, increasing the volume fraction of water induced aggregation. As shown in
Figure S11, when the water concentration increased, the luminescence intensity decreased
because of molecular aggregation. These results demonstrate that complexes of Cbz-R
exhibit ACQ behavior [7]. In the case of Cbz-H, the same spectral shape was observed in
the mixed solvent with a high water fraction as that in pure THF; namely, the spectral shape
of aggregates in the mixed solvent was different from those in the crystal and LC, as shown
in Figure S10. The results suggest that Cbz-H formed aggregates with different aggregate
structures from the crystal, and that the luminescence behavior of this complex is sensitive
to its aggregated structure, although no change in the spectral shape was observed via
crystal-to-LC phase transition.

4. Conclusions

Color tunability was observed for carbazole-based Au(I) complexes, with a color
change from white to blue occurring as the steric bulkiness of the carbazole moiety in-
creased. Furthermore, all complexes showed phosphorescence in the crystal state. Notably,
complex Cbz-H showed an N phase along with a white emission at room temperature.
However, no LC phases were observed for Cbz-Br and Cbz-t-Bu. These findings suggest a
new approach for designing luminescent materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst12060810/s1: Figure S1: 1H NMR spectra of complex Cbz-H. Figure S2: 1H NMR
spectra of complex Cbz-Br. Figure S3: 1H NMR spectra of complex Cbz-t-Bu. Figure S4: 13C NMR
spectra of complex Cbz-H. Figure S5: 13C NMR spectra of complex Cbz-Br. Figure S6: 13C NMR
spectra of complex Cbz-t-Bu. Table S1: Crystallographic data of complex Cbz-H. Table S2: Optimized
bond parameters for Cbz-H. Figure S7: TG/DTA thermograms of complex Cbz-R. Figure S8: DSC
thermogram of complex Cbz-H. Table S3: Photoluminescence decay parameters of complex Cbz-R.
Figure S9: Excitation spectra of complex Cbz-R in solid state. Figure S10: Solid-state emission spectra
of complex Cbz-H after first heating and cooling. Figure S11: Emission spectra of complex Cbz-R
in THF–water mixture. Figure S12: Emission spectra of complex Cbz-R in CH2Cl2 before and after
degassing. Figures S13–S15: Photoluminescence decay profile of complex Cbz-R.
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