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Copper(l) iodide based inorganic-organic hybrid semiconductors are considered as promising materials for various

optoelectronic applications. Here, by using imidazolium bridged benzotrizaoles as multidentate ligands, we designed and

synthesized a series of All-In-One (AIO) type Cul hybrid materials that hold both ionic and coordinate bonds at the interface

of organic and inorganic modules. Their structures range from 0D clusters to 2D extended networks built on various

molecualr (0D) and chain-like (1D) anionic inorganic motifs that are interconnected through cationic ligands via multiple Cu-

N bonds. Benifited from their unique bonding nature, all compounds exhibit high stability towards heat and moisture, and

can be well dissolved in polar aprotic solvents. They emit low energy light spanning from yellow to red color (550-625 nm).

The electronic structure, emission mechanim, and effect of different coordination modes on their photophysical properties

were studied by both experimental and theoritical methods, which have provided insight into the structure-property

relationship of these inorganic-organic semiconductors.

Introduction

Crystalline inorganic-organic hybrid semiconductor materials
have continued to attract increasing attention due to their
potential in optoelectronic applications, including but not
limited to, photovoltaics,® light-emitting diodes (LED),2*
photodetectors,> and lasing.6 These materials are made of
inorganic and organic motifs and therefore possess a wide
range of interesting properties inherited from both
components. Moreover, synergetic features result from the
interplay of two components are often observed, which are
extrinsic to each counterpart alone.”?

As an important and promising class of the inorganic-organic
hybrid materials, copper(l) halide based hybrid semiconductors
have shown substantial promise in photoluminescence (PL)
related applications due to their facile synthesis, non-toxic
nature, excellent optical properties and structural diversity.10-12
Since the first investigation on the Cuasls cubane cluster based
hybrid material in 1976,13 great effort has been made to design
and synthesize novel functional hybrid semiconductors based
on copper halides.’* Depending on the types of chemical bonds
between the inorganic and organic components, copper halide
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hybrid structures can be divided into three subgroups.
Subgroup 1 compounds are composed of neutral organic and
inorganic motifs connected through pure coordinate bonds;
Subgroup 2 compounds are made of inorganic anions and
organic cations forming pure ionic bonds. Subgroup 3
compounds, or all-in-one (AIO) structures, are essentially the
combination of Subgroup 1 and 2, with inorganic anions and
organic cations further linked by coordinate bonds.% 15 16 The
AlO structures are particularly interesting because of their
unigue bonding characteristics. Using specially designed organic
ligands containing both the cationic centre (quaternary N or P)
and active binding sites for subsequent coordination to Cu, we
have recently succeeded in obtaining a variety of different types
of AlO structures.1’-21 The integration of the coordination bonds
(from neutral structures) and ionic bonds (from ionic structures)
in a single crystal lattice allows the AIO structures to inherit all
the beneficial features from the two constituents, such as
optical tunability, enhanced chemical and thermal stability,
strong luminescence, and solution processability.* 9 2224 These
desirable features render the AlO-type structures promising
candidates for possible use in solution-processed thin-film
devices, including eco-friendly lighting phosphors,18 19 21
emitting layers of LED devices, and Iluminescent solar
concentrators (LSC).2* On the other hand, in-depth study and
understanding of the structural-property relationships in these
materials is equally important and will be crucial in guiding the
future efforts to further modify their structures and to
enhance/optimize their properties. Based on these
considerations, continued efforts in designing and investigating
new AlO-type compounds with diversified structures and
coordination modes are much needed to expand the database
of their structures and properties.
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Herein, by exploiting imidazolium derivative bridged
benzotriazoles as cationic ligands with multi-binding sites for
the first time, we have synthesized five new AIO structures,
ranging from OD clusters to 2D layers. Six different anionic
inorganic modules were identified, five of which have not been
reported previously and coordinate with cationic organic
ligands via two different coordination modes. The electronic
structures, emission mechanisms, as well as the effect of
different coordination modes on the photophysical properties
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of these compounds are investigated by both experimental and
theoretical methods. With decomposition temperatures above
210 °C, all compounds are robust towards heat, and they are
also highly resistant to moisture. All compounds emit low
energy light in the yellow-red region (550-625 nm). Notably, all
compounds are well soluble in polar aprotic solvents, making
the facile solution-based thin-film fabrication possible.
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Fig. 1 Structural plots of the title compounds. (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. Color scheme: gray: C; blue: N; cyan: Cu; purple: I. All H atoms and solvate
molecules are omitted for clarity. (f) PXRD patterns of compounds 1-5. From bottom to top: simulated 1, as made 1, simulated 2, as made 2, simulated 3, as

made 3, simulated 4, as made 4, simulated 5, and as made 5.

Results and discussion

Design and synthesis of AIO compounds. To obtain AIO
structures, the starting ligands must have available
coordination sites to ensure the formation of dative bonds with
Cu atoms, while maintaining their cationic nature to allow ionic
interactions with the anionic inorganic modules. The cationic
ligands used in previously reported AIO structures are mostly
synthesized by alkylation of a tertiary amine or phosphine
group, giving a terminal ammonium or phosphonium cationic
centre with sp3 hybridization.4 12.17-20, 23, 25 Here, by substitution
on the N atoms of imidazole-derivatives, four bidentate cationic
ligands with sp2? hybridized bridging imidazolium were
prepared. The molecular structures of the ligands are shown in
Figs. S1-4, along with 'H NMR data to confirm their purity.

Solvothermal reactions of these ligands with Cu(l) iodide yielded
high-quality single crystals of five new AIO-type hybrid
compounds.?5 27 The structures range from molecular (0D)
clusters to layered (2D) networks with the following formulas:
2D-Cugls(L1)2 (1), 2D-Cusls(L2)2 (2), 0D-Cusls(L2)2 (3), 1D-Cuals(Ls)2
(4), and CU4|5(L4)2 (5)

2| J. Name., 2012, 00, 1-3

Structural Description. The single-crystal X-ray analysis
confirmed direct coordinate bonds between the free bonding
sites (N atoms of benzotriazole, bta) of the cationic ligands and
the Cu atoms of the anionic motifs. The crystallographic data
are summarized in Table 1. All five structures are charge-neutral
as shown in Fig. 1 and Fig. S5. While all four ligands share similar
configurations, namely imidazolium linked two bta, six different
anionic motifs ranging from 0D dimer (Cuazls) to 1D chain (Cuglg?
) are obtained. Five of them have not been reported previously.
Given similar ligands and different inorganic modules, this set
of compounds serve as a good platform for our investigation of
their structure and property relationships as detailed below.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Top: structure of bta and bottom: illustration of pu*-MC and p2-DC
mode. Ligand coordination environments in (b) compound 1, (c) compound 2
and (d) compound 4. Color scheme: gray: C; blue: N; cyan: Cu; purple: I.
Table 1. Summary of crystal data of compounds 1-5.
Compound 2D-Cusls(L1)2 2D-Cusls(Lz2)2 0D-Cusls(Lz2)2 1D-Cuals(L3)2 Cuals(Ls)2
(1) (2) (3)° (4)“ (5)
Empirical Formula C17H15CuslaNg CisH17CuslaNsg C36H34CuslsN1s C18H17Cu2l3Nsg Cs2Ha6CusleN16
FW 1029.59 1043.61 2233.42 855.43 1790.51
Space Group Pnna P21/c P-1 P21/n P21/c
a(R) 13.6626(8) 10.3623(3) 10.3781(4) 12.9449(13) 8.6527(9)
b (A) 13.9283(8) 17.4990(6) 10.8319(5) 13.5810(13) 16.0764(17)
c (A) 13.6877(8) 14.4300(5) 15.0528(6) 13.8160(13) 38.106(4)
a(°) 90 90 71.647(2) 90 90
B (°) 90 102.578(2) 72.550(2) 91.192(4) 90.414(4)
() 90 90 74.302(2) 90 90
V(A3 2604.7(3) 2553.79(15) 1502.90(11) 2428.4(4) 5300.6(10)
4 4 4 1 4 4
T (K) 100(2) 100(2) 100(2) 100(2) 100(2)
A(A) 0.7288 0.7288 0.7288 0.7288 0.7288
R1 0.0184 0.0178 0.0224 0.0233 0.0276
wR: 0.0453 0.0400 0.0567 0.0493 0.0661

a2 molecules of Dimethylformamide (DMF) from 3, 0.12 molecules of H20 from compound 4 were removed from the formula.

Both compounds 1 and 2 are 2D extended networks composed
of 1D-Cuelg? inorganic chains and 2-connected ligands. But their
inorganic motifs have different structures. There are two
coordination available N atoms in every bta, N1 and N2 (Fig. 2a).
In compound 1, both N1 and N2 atoms are involved in the
formation of Cu-N dative bonds, giving a five-member ring with
two adjacent Cu atoms and a bridging | atom (Fig. 2b). This is
also noted as dicoordination mode (pu2-DC).18 21 |n contrast, only
N1 atoms in compound 2 are coordinated to the inorganic
motifs, giving a monocoordinated structure (u-MC). Such a
difference in the coordination mode may arise from steric
hindrance. The added methyl group on the imidazolium tends
to block the formation of N2-Cu dative bonds in compound 2
(Fig. 2c). In addition, reaction between L; and Cul under

This journal is © The Royal Society of Chemistry 20xx

different conditions yields compound 3 as OD clusters with a
formula of OD-Cuelg(L;);, adding another degree of structural
diversity to this material family.

Compound 4 is a 1D chain type structure, made of discrete
Cuyle? clusters and Ls. Interestingly, the two bta of L3 adopt
different coordination modes, differing from other compounds
in which they adopt the same coordination mode to the
inorganic motifs (Fig. 2d). This is possibly due to the reduced
symmetry of L;. While the bta further away from the methyl
group takes the u2-DC mode, the one closer to the methyl group
adopts the u1-MC mode. This behavior further confirms that the
steric effect does play a role in the coordination modes of the
resultant structures.

J. Name., 2013, 00, 1-3 | 3
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Compound 5 contains two independent components in the
single crystal lattice, namely 1D-Cu;l3(L4) and OD-Cuyls(L4)2. Both
are AIO type and have an overall neutral charge. Within the 1D
chain, each Cu atom is tetrahedrally coordinated with three |
atoms and one N atom from the ligand, and the two tetrahedra
share one triangular face via three bridging | atoms. The overall
coordination geometry of the Cu, dimer is trigonal bipyramidal.
This inorganic motif has the same structure as that reported
previously.22 In the OD cluster, the ligands are monodentate and
coordinate to a single Cu atom.

Table 2. Summary of important physical properties

4 B.G. PLmax CIE Qy?* Ta® Solubility
(eV) (nm) (%) (°€) __ (mg/mI@RT)

1 24 610 (0.54, 0.44) 21 220 100

2 2.7 560 (0.44, 0.50) 15 240 190

3 2.9 550 (0.42,0.54) 34 230 260

4 23 625 (0.56,0.43) 38 220 140

5 2.4 590 (0.51, 0.46) 64 210 240

9 hex = 360 nm; » Tq: decomposition temperature; ¢ Tested in DMSO at room
temperature.

Most of the Cu atoms are tetrahedrally coordinated to | atoms
and N atoms from the ligands in these structures, with a few
exceptions. In compounds 3 and in OD-Cualg(L4); of compound

Journal Name

5, few Cu atoms are 3-coordinated to either | atoms and/or N
atoms of the ligands. The coordination numbers of | atoms vary
from 1 to 3. The Cu-N distances in these compounds range from
2.0 to 2.1 A, similar to those of Subgroup 1 compounds
containing only dative bonds.2830 The phase purity of all
compounds was confirmed by powder X-Ray diffraction analysis
(PXRD) as shown in Fig. 1f and Fig. S6.

Photophysical Properties. All five compounds emit low energy
light centred between 550 nm and 625 nm under
photoexcitation. The emission color ranges from yellow with
Commission International del’Eclairage (CIE) chromaticity
coordinates of (0.42, 0.54) to red with CIE coordinates of (0.56,
0.43). Their room temperature photoluminescence spectra are
displayed in Fig. 3a-b and Fig. S7. The broad shape of the
emission profiles indicates their radiative excited states are of
charge transfer characteristics, similar to those observed in
many other CuX-based hybrid materials.3133 The excitation-
dependent emission spectra of all five compounds are plotted
in Fig. 3c-d and Fig. S8. The emission intensities change as a
function of excitation wavelength, while the shapes of their
emission profiles remain the same, suggesting that the
luminescence originates from a single excitation process. The
internal quantum yields (IQYs) of these compounds
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Fig. 3 (a) Normalized PL emission spectra (Aex = 360 nm) and corresponding (b) color chromaticity of all compounds. Excitation-dependent PL spectra of (c)
compound 4 and (d) compound 5. (e) Optical absorption spectra and (f) TG plots of all title compounds

were determined at room temperature under 360 nm
excitation and are listed in Table. 2 and Figs. S9-10. The optical
absorption spectra of compounds 1-5 were recorded at room

4| J. Name., 2012, 00, 1-3

temperature using diffuse reflectance spectroscopy. Their
bandgaps were estimated from the absorption edges and range
from 2.3 to 2.9 eV, as shown in Fig. 3e.

This journal is © The Royal Society of Chemistry 20xx
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Thermogravimetric analysis (TGA) was conducted to evaluate
the thermal stability of these compounds. All but compound 3
remained stable up to 210 °C (Fig. 3f). The weight loss of
compound 3 at around 160 °C (~7%) is attributed to the loss of
the solvated DMF molecules (Calc. 6.5 %). Above this
temperature the weight losses are associated with loss of
organic cations.34 35 As depicted in Fig. S11, after heating to 200
°C, the PXRD patterns and PL spectra of compounds 1 and 2
match well with those of the as-made samples, confirming their
excellent structural stability.

Notably, all title compounds can be readily dissolved in polar
aprotic solvents such as DMSO with similar solubility as those of
other AIO compounds reported to date, despite that most of
them are extended networks.* 18 19, 21 Upon cooling or the
introduction of antisolvents, these compounds can be
recovered and regain their crystallinity. Compared to Subgroup
1 Cul-based extended structures which generally show very
poor solubility in any common solvents, 28 2936 such unique and
desirable properties of AlO-type compounds demonstrate the
distinct advantage in low-cost solution-processed high-quality
thin film fabrications, enabling their applicability in LED, LSC and
other energy-related devices.® Previous studies have suggested
that this intriguing phenomenon is a result of introducing ionic
bonds between the inorganic and organic motifs in coordinated
networks.? 1819, 25

To gain insight into the nature of photoluminescence in these
compounds, the temperature-dependent lifetime decay curves
of these compounds were collected from 78 K to 300 K. The

ARTICLE

lifetimes of these compounds show different temperature
dependences based on their structures.

For both compounds 1 and 2, which are 2D extended networks
with infinite 1D inorganic chains, lifetimes increase significantly
with decreasing temperature. (Fig. 4 and Fig. S12) Upon
decreasing temperature, their lifetimes first increase slightly
before 250 K and then increase sharply from 200 K to 100 K.
Additionally, their photoluminescence decay curves are best fit
by a biexponential decay function. (Tables S1-2) Using
compound 1 as an example, the fraction of its fast decay
constant t; rises from 27.3% at 78 K to 82.7% at 300 K, while the
fraction of the slow decay constant 1, decreases from 72.7% at
78 Kto 17.3% at 300 K. All of the data are well compatible with
the mechanism proposed by Yersin et al. 37 38 where both
phosphorescence and thermally activated delayed fluorescence
(TADF) are responsive for their emissions. Such phenomenon
has been observed in many other previously reported CuX-
based hybrid materials with small energy differences between
the lowest excited singlet state (S;) and the triplet state (T1).3%
40 As the temperature increases, a fraction of electrons can be
thermally populated from T, back to S; via reverse intersystem
crossing (RISC), and then follow a S; to So radiative transition.
(Fig. 4c) The relationship between the observed decay time (Tobs)
and absolute temperature (T) can be given as equation 1:

—_
Q
="
N

0.1

Lifetime (us)
>

0.01

Norm. Inten. (a. u.)

Compound 1
0.001

50 100 150

T(ms)

_AE(S;-Ty)
34+e  ksT
Tobs = AE(S;—Ty)
3 1 _ 1 1
(Ty) + 7(S1) e .
(c) O
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AE(S,-T,;) = 81 meV 1 \ Isc RISC/ $AE(SI'T1)
«T)=116ps T
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260 2&0 3(;0 So

Temperature (K)

Fig. 4 (a) Temperature dependent luminescence decay curves of compound 1. (b) The observed decay times of compound 1 and the fitting curve according to

eq. 1. (c) Scheme depicting the radiative processes of phosphorescence (Phos.) and TADF.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. (a) Calculated TDOS and PDOS of compound 1. (b) Zoom in image of
the conduction band region of compound 4. (c) Distribution of different
components in compound 5.

Where t(T1) and t(S:1) are the radiative decay times from the S;
and T; states, respectively, kg is Boltzmann’s constant, T is
temperature, and AE(S:-T;) is the energy difference between
the two states. As shown in Fig. 4b and Fig. S12, excellent fittings
of the decay times of compounds 1 and 2 were obtained, with
coefficient of determination (R?) values of 0.997 and 0.995,
respectively. Derived from the equation, the AE(S;-Ti1) are
determined to be 0.081 eV (653 cm™?) for compound 1 and 0.070
eV (564 cm 1) for compound 2. Those numbers are comparable
to that of other reported compounds with efficient TADF
processes.*143

Compound 4, a 1D chain type structure made of desecrated
inorganic clusters, behaves differently. Though its lifetime

decay curves at various temperatures were well fitted with
biexponential indicating two different
processes contribute to its emission, the fraction of fast and
slow decay components stay insensitive toward temperature
changes (Fig. S13). A fast decay fraction of ~10% and a slow
decay fraction of 90% were observed for all tested
temperatures, suggesting the two processes are both
phosphorescence (Table S3). The two different emission
processes may arise from the interesting coordination
environment of the ligands. As mentioned above, the two bta
in each ligand adopt different coordination modes when
coordinated to the inorganic modules in compound 4, namely
u-MC and p2-DC. The differently overlapped frontier orbitals
will certainly differentiate the charge transfer rate constants as
suggested in previous studies,3® 4L 44 and thus lead to two
emission processes with different decay times.

decay function,

Interestingly, though compound 5 contains two independent
AlIO components [1D-Cuzls(L4) and OD- Cuale(Ls)2], its PL lifetimes
at different temperatures are best fit by monoexponential
functions (Fig. S14 and Table S4). The observed lifetime
decreases from 14 ps at 78 K to 4 ps at 300 K and does not align
with Boltzmann distribution. This data suggests that only one
component is responsible for the emission. As the Cu,lz dimers
are reported to have a much longer photoluminescence lifetime
(~200 ps) at 77 K,22 the emission is attributed to the OD-
Cuglg(Ly), clusters.

Electronic band structures. To understand the emission
mechanisms, density functional theory (DFT) calculations were
conducted to calculate the projected density of states (PDOS)
for all five compounds using the Cambridge Serial Total Energy
Package (CASTEP).#> As shown in Fig. 5a and Figs. S16-19,
despite that all five compounds are made of various inorganic
motifs and different dimensionalities, their PDOS clearly reveal
common features. The atomic states that contribute to the
valence band maximum (VBM) are mostly from the inorganic
components (Cu 3d and | 5p orbitals). On the other hand, their
conduction band minimum is primarily made up of the atomic
orbitals from organic ligands (C 2p and N 2p orbitals). Therefore,
the emission mechanism of all compounds can be described as
a combination of metal-to-ligand charge transfer (MLCT) and
halide-to-ligand charge transfer (XLCT), or (M+X)LCT. Such
emission mechanisms grant these materials with facile optical
tunability by altering the lowest unoccupied molecular orbital
(LUMO) energies of the used ligands, so that the emission
energies and bandgaps of afforded hybrid materials can be
systematically regulated.*® 47 The solvated DMF molecules in
compound 3 do not contribute to the frontier orbitals as shown
in Fig. S13, and thus do not contribute to the emission process.

Page 6 of 9
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Further analysis of the calculated CBM region suggests that the
ligand contribution comes from the bta that is coordinated to
inorganic motifs (Figs. S15-17). The middle imidazolium spacers
demonstrate much higher energy levels than the CBM (e.g.,
0.55 eV, 0.6 eV and 0.9 eV higher in compounds 1, 2 and 3,
respectively), and thus are not involved in the charge transfer
process and only serve as cationic centers to ensure the
formation of ionic bonds. The energy difference between bta
with different coordination modes was successfully captured by
the calculations. As depicted in Fig. 5b, the energy level of the
contribution from pl-bta is slightly higher than that of p?-bta.
This further confirms that two different radiative decay
channels can be generated in compound 4, agreeing with the
photoluminescence decay time data. In addition, it is evident
that both the lower-energy portion of the conduction band and
higher-energy portion of the valence band of compound 5 are
primarily populated by the 0D-Cuyle(L4)2 clusters as shown in Fig.
5c. This result suggests that compared to that of the 1D-Cuzls(Ls)
component, both the excitation and emission processes of the
OD-Cuale(L4)2 clusters are more energy-favourable. Therefore,
the emission of compound 5 tends to be dominated by its OD-
Cuale(L4), component, echoing with our assignment based on
the PL lifetimes.

Conclusions

In summary, a series of AlO-type Cul based organic-inorganic
hybrid materials containing both coordinate and ionic bonds
has been synthesized. These structures range from 0D clusters
to 2D networks with a wide variety of anionic inorganic
modules, which further coordinate to cation ligands via two
different modes. The steric effect of the ligands on their
coordination mode has been successfully captured. All
compounds show high resistance to heat with decomposition
temperature over 210 °C and are well soluble in polar aprotic
solvents, as a result of their unique bonding nature. All
light (550-625 nm) under
excitation. Their emission mechanisms, electronic structures,
and effect of coordination modes on their photophysical
properties investigated both experimentally
theoretically, suggesting that different coordination modes can

compounds emit low energy

were and
yield alternative decay channels as a result of differently
overlapped orbitals. This
understanding the structure-property relationships of the AlO-
type Cul based inorganic-organic structure family.

work provides insights in

Experimental Section

Materials. 1H-benzo[1,2,3]-triazole (99%, Alfa Aesar); 5,6-
dimethyl-1H-benzo[d][1,2,3]triazole  (99%, Sigma-Aldrich);
Formaldehyde (37% in aqueous solution, Alfa Aesar); Thionyl
chloride (99%, Alfa Aesar); Imidazole (98%, TCI); 2-
Methylimidazole (98%, TCl); 4-Methylimidazole (98%, TCl);
Sodium hydroxide (97%, BDH); Potassium iodide (99%, Alfa
Aesar); Acetone (99.5%, VWR); Acetonitrile (99.5%, VWR); Ethyl

This journal is © The Royal Society of Chemistry 20xx
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ether (99%, Fisher); Copper iodide (98%, Alfa Aesar); sodium
salicylate (99%, Merck).

Preparation of 1,3-bis((1H-benzo[d][1,2,3]triazol-1-yl)methyl)-
1H-imidazol-3-ium iodide (L; 1). 1-(Chloromethyl)-1H-
benzo[d][1,2,3]-triazole (CI-mbt) was prepared according to the
reported procedures.18 In a round bottom flask, C/-mbt (1.67 g,
10 mmol), Imidazole (0.68 g, 10 mmol), NaOH (0.6 g, 15 mmol)
and DMSO (15 ml) were charged and stirred for 1 day at 100 °C.
The reaction mixture was then extracted with DCM, dried, and
purified by chromatography to give pale yellow solid as 1-((1H-
imidazol-1-yl)methyl)-1H-benzo[d][1,2,3]triazole (imbt). CI-mbt
(0.84 g, 5 mmol), acetone (20 ml) and Kl (2 g) were added to
another flask and stirred for 4 h before filtration. The filtrate
was evaporated under reduced pressure and added with
acetonitrile (100 ml) and imbt (1 g, 5 mmol). After refluxing
overnight, the reaction mixture was evaporated under reduced
pressure and washed with ethyl ether to yield pale yellow solid.
Drying under vacuum and recrystallized with ethanol gives
white solid as final product. The yield is 53%.

Preparation of 1,3-bis((1H-benzo[d][1,2,3]triazol-1-yl)methyl)-
2-methyl-1H-imidazol-3-ium iodide (L2 1). L, was prepared using
similar procedure to L; but using 2-Methylimidazole. White
solid was obtained with yield of 60%.

Preparation of 1,3-bis((1H-benzo[d][1,2,3]triazol-1-yl)methyl)-
4ethyl-1H-imidazol-3-ium iodide (L3 1). Ls was prepared using
similar procedure to L; but using 4-Methylimidazole. Pale
yellow solid was obtained with yield of 57%.

Preparation of 1,3-bis((5,6-dimethyl-1H-
benzo[d][1,2,3]triazol-1-yl)methyl)-1H-imidazol-3-ium iodide
(L4 1). Ly was prepared using similar procedure to L; but using
5,6-dimethyl-1H-benzo[d][1,2,3]triazole. White
obtained with yield of 65%.

Synthesis of 2D-Cugls(L1)2 (1). Cul (28.5 mg, 0.15 mmol), L; 1 (23
mg, 0.05 mmol) and MeCN (4 ml) were sealed into a glass tube.
The glass tube was kept in the 120 °C oven for 3 days and slowly
cooled down to room temperature with rate of 5 °C/h. Block
yellow single crystals along with pure phase crystalline powder
were collected by filtration.

Synthesis of 2D-Cugls(L2)2 (2). Compound 2 was synthesized in
the same way as that of 1, using Cul and L I. Block yellow single

solid was

crystals with pure phase powdery samples were collected.
Synthesis of OD-CUGlg(Lz)z'(DMF)z (3).
synthesized using similar procedure to 2 but using mixture of
MeCN (2 ml) and DMF (1 ml) as solvents. White block crystals
were obtained by filtration.

Synthesis of 1D-Cugls(Ls)2 (4). Cul (38 mg, 0.2 mmol), L3 1 (47 mg,
0.1 mmol), KI saturated aqueous solution (1 ml), water (1 ml)
and MeOH (1 ml) were sealed in a glass tube, which was kept in
100 °C oven for 2 days before slowly cooling to room
temperature (5 °C/h). Orange block crystals were obtained by
filtration.

Synthesis of Cuylg(L4)2 (5). Compound 5 was synthesized using
similar procedure to 4 but using EtOH (3 ml) as solvent. Yellow
needle single crystals were collected by filtration.

Synthesis of powder samples. Crystalline powder samples of all
title compounds can be readily synthesized by reflux. Using the
same solvent system and Cul/L feeding ratios as in the single

Compound 3 was
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crystal growth, pure phase powdery samples can be obtained
by filtration after refluxing overnight.

Single crystal X-ray diffraction (SCXRD). Single crystal data
were collected using a D8 goniostat equipped with a Bruker
PHOTON100 CMOS detector at the Advanced Light Source
(ALS), Berkeley National Laboratory,
synchrotron radiation. The structures were solved by direct
methods and refined by full-matrix least-squares on F2 using the
Bruker SHELXTL package.*®

Powder crystal X-ray diffraction (PXRD). X-ray
diffraction (PXRD) was carried out on a Rigaku Ultima-IV unit
using Cu Ka; radiation (A = 1.5406 A), with a 28 range of 3-35 °
and a scan rate of 2 °/min.

Thermogravimetric analysis (TGA). Q5000IR
thermogravimetric analyser was used with nitrogen flow and
sample purge rate of 10 and 25 ml/min, respectively. About 5
mg of samples were heated from room temperature to 500 °C
at a rate of 10 °/min.

Photoluminescence measurements. Room temperature PL
measurements were carried out on a Horiba Duetta
fluorescence spectrophotometer. Temperature dependent
time-resolved PL decays were recorded on a home-built time-
correlated single photon counting instrument, with decays
recorded in at least 1000 channels using a 410 nm long path
filter.

Diffuse reflectance spectroscopy. Optical absorption of all
compounds was recorded on a Shimadzu UV-3600 UV-Vis-NIR
spectrometer at room temperature. The reflectance was
converted to Kubelka-Munk function, a/S = (1-R)2/2R.

Internal quantum yield (IQY) measurements. |QYs were
determined using a €9920-02 absolute quantum yield
measurement system (Hamamatsu Photonics). Sodium
salicylate was used as the standard with a reported 1QY of 60%.
Solubility measurements. The solubility measurements were
carried out at room temperature. About 50 mg of sample (fine
powder) was loaded into a vail. DMSO was then added dropwise
under sonication until the solution became clear and all solid
dissolved. The amount of DMSO was recorded to calculate the
solubility.

DFT calculations. The density of states of all compounds was
calculated using the Cambridge Serial Total Energy Package with
the crystal structures obtained from SCXRD. Generalized
gradient approximations (GGA) with Perdew-Burke-Ernzerhof
(PBE) exchange correlation functional (xc) were used for all
calculations. The plane-wave kinetic energy cut-off was set as
351 eV and the total energy tolerance was set to be 1 x 107>
eV/atom.
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