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ABSTRACT: Using cationic ligands containing both aromatic and aliphatic coordination
sites, we have synthesized and structurally characterized five new CuX-based hybrid
materials consisting of anionic inorganic motifs that are also form coordinate bonds with
the cationic organic ligands. As a result of the unique bonding nature at the
inorganic/organic interfaces, these compounds demonstrate strong resistance towards
heat and can be readily processed in the solution. They emit light in the visible region
ranging from cyan to yellow color, with the highest PLQY reaching 71%. The influence of
the different coordination modes of the ligands on their emission behavior was investigated
employing both experimental and theoretical methods, which have provided insight in
understanding structure-property relationships in these materials and guidelines for
tuning and enhancing their chemical and physical properties.

Introduction

Crystalline inorganic-organic hybrid semiconductors have continued to attract great
attention due to their potential in clean energy related applications, including, but not
limited to, solid-state lighting (SSL)'3, photovoltaics (PV)45, and luminescent solar
concentrators (LSC).57 These materials possess a wide range of interesting properties that
can be finely tuned by varying their organic and/or inorganic modules.® Intriguingly, not
only the existing properties inherent to their inorganic or organic components, but also
new properties that are extrinsic to either counterpart are often observed in these hybrid
materials, as a result of the unique bonding characteristics at their inorganic/organic
interfaces.’o™

One of the most interesting hybrid material families consists of copper(I) halides. This
material family demonstrate remarkable structural diversities and facile synthesis, coupled
with excellent luminescent properties and robustness, and have been well-recognized as
promising functional materials for light-emission related applications.'47 The Cul-based
hybrid materials can be classified into three subgroups based on the types of chemical



bonds between their inorganic and organic counterparts, namely, structures built on pure
coordinate bonds (Subgroup 1), structures made of pure ionic bonds (Subgroup 2), and
structures composed of both ionic and coordinate bonds (Subgroup 3) or All-in-one (AIO)
structures.™ 2 Among the three subgroups, the AIO structures are of particular interest
due to their interesting and unique bonding characteristics. A typical AIO structure
consists of anionic inorganic (Cumlm+n)™ modules and cationic organic ligands L** (k =1, 2),
which are further connected via dative Cu-L bonds to form an overall charge-neutral
compound. This interesting approach successfully blends the coordination bonds (as in
Subgroup 1 structures) and ionic bonds (as in Subgroup 2 structures) at the
inorganic/organic interfaces, thus providing the AIO structures with all beneficial features
from the two subgroup compounds. These include optical tunability, strong luminescence,
solution processability and framework stability.’>- 223 All of these desirable features give the
AIO compounds preference for use in solution-processed thin film devices, thus
broadening their applications.

To obtain AIO structures, ligands are designed to contain both a cationic center (e. g.
quaternary N or P atoms) to form ionic bonds with anionic inorganic modules (Cumlmn)™
, and free binding sites for subsequential coordination to Cu atoms. Depending on the
hybridization of the coordinative atoms, sp3 for aliphatic binding sites or sp> for aromatic
binding sites, the AIO compounds so formed may follow different emission mechanisms.
Ligands with aliphatic binding sites [e.g., N-monoalkylated TEDs (triethylenediamine)]
have gained attention as low-cost and efficient cationic ligands for the construction of AIO
structures with high photoluminescence quantum yields (PLQYs) and good thermal
stability.® ' 24 However, due to the lack of ligand n* states to participate in the emissive
transition and the relatively close Cu---Cu distance (< 2.80 A, twice the vdW radius of Cu
atom), their photoluminescence is typically a cluster-centered (CC) emission.” *® 25
Therefore, their emission energies are mainly determined by the inorganic modules with
limited ligand effect, making it difficult to tune the emission color. On the other hand,
Ligands with aromatic binding sites generally afford AIO structures that follow a
metal/halide-to-ligand charge transfer [(M+X)LCT] emission mechanism, which allows the
systematic regulation of emission energy by adjusting the lowest unoccupied molecular
orbital (LUMO) energies of the ligands.? But such structures usually have relatively lower
decomposition temperatures, as a result of relatively weaker coordination strength
compared to that of TED.

Herein, we design and synthesize a series of cationic ligands with both aromatic and
aliphatic coordination sites. Reactions of these ligands with Cul led to five new AIO
compounds ranging from oD molecular species to 2D extended network. Compounds with
ligands of different coordination modes (i.e., via aliphatic N and/or aromatic N) were
identified. All compounds demonstrate good thermal stability with decomposition
temperature at 210 °C or higher. Their emission maximum ranges from 470 nm to 555 nm
with highest PLQY reaching 71%. The emission mechanisms of these compounds were
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studied by both experimental and theoretical methods. The results clearly suggest that
ligand configuration plays an important role in the emission properties of the resultant
hybrid structures. Such studies have provided insight into the better understanding of
structure-property relationships of CuX-based hybrid materials.

Results and Discussions

Structural Description. The cationic ligands were synthesized by a two-step process (Fig.
1a). First, alkylation occurred on the NH site of a N-heterocyclic ring leaving aromatic N
atom available for the subsequent coordination to Cu metal. The alkylated species was then
reacted with TED by Menshutkin reaction,?¢ yielding ammonium as a cationic center, as
well as a coordination available aliphatic N atom. The molecular structures of these ligands
are shown in Figs. S1-4 along with 1H NMR spectra to confirm their purity. All the ligands
have not been reported before. As an efficient method for obtaining high-quality single
crystals of Cul-based structures, the layered diffusion method was used to synthesize single
crystals of all five compounds suitable for single-crystal X-ray analysis.?’2® (Fig. S8) Their
structures are depicted in Figs. 1ib-fand Fig. S6. They are identified as oD-Cu,ls(L,), (1), oD-
Cuyls(L,)s (2), o0D-Cu,l4(L,), (3), 1D-Cuels(Ls)- (4) and 2D-Cu,ls(L,)- (5). Direct coordination
between anionic inorganic motifs and cationic ligands are observed in all title compounds,
thus giving overall charge neutral AIO compounds. The phase purity was confirmed by
powder X-Ray diffraction (PXRD) analysis as shown in Fig. 1g.
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Figure 1. (a) Synthetic approach used to prepare cationic ligands with free N binding sites

marked in red. X = Cl, Br, or I. Crystal structures of compounds (b) 1, (c) 2, (d) 3, (e) 4, and
(f) 5. Color scheme: cyan: Cu; purple: [; gray: C; blue: N. All H atoms, disorders and solvated
molecules are omitted for clarity. (g) PXRD patterns of all compounds.



Compounds 1 and 2 share the same type of structure, namely oD-Cu,ls> clusters
coordinated to two terminal ligands. Only the aliphatic N atoms are involved in the Cu-N
coordination. The same inorganic motif has been observed in other AIO compounds made
with TED containing ligands, indicating the structural directing effect of this specific bind
site. Their shortest Cu---Cu distances are 2.68 A and 2.57 A, respectively. As these values are
shorter than twice the vdW radius of Cu atom (2.80 A),* strong cuprophilic interactions
(the closed-shell d*°~d*° Cu'-Cu' interactions) may exist within these structures.

Table. 1 Summary of crystallographic data of compounds 1-5.

Compound oD-Cu,le(L.). | oD-CuJe(L.). | oD-Cu.ly(L.). | 1D-Cuels(Ls). | 2D-Cu,le(L,)-
(1) (2) (€)) (4) (5)
Crystal triclinic monoclinic monoclinic monoclinic monoclinic
System
E:F‘ILIII‘)IE:ICI::.I C32H4SCU416N10 C30H44CU4I6N10 C30H44CU214N10 CISHISCU3I4N5 CISHZICUZIBN4
FW 1588.36 1566.12 1179.43 942.54 765.14
Space P C2/c P2/n Pac P2/n
Group
a(A) 9.6501(11) 27.6248(9) 11.6522(13) 6.7691(6) 11.6260(12)
b (A) 10.0200(11) 9.6289(3) 9.5069(10) 19.2536(18) 14.7894(15)
c(A) 13.2071(15) 18.0001(6) 17.1437(18) 16.4625(16) 11.8173(12)
o (°) 88.007(4) 90 90 90 90
B () 71.659(4) 111.457(1) 101.437(4) 93-384(4) 100.346(4)
Y(°) 63.568(4) 90 90 90 90
V (A3) 1078.1(2) 4456.1(3) 1861.4(3) 2141.8(3) 1998.8(4)
Z 1 4 2 4 4
T (K) 100 (2) 100 (2) 100 (2) 100(2) 100(2)
A(A) 0.72880 0.72880 0.72880 0.72880 0.72880
R, 0.0267 0.0223 0.0165 0.0201 0.0254
wR, 0.0642 0.0474 0.0383 0.0518 0.0612

Note: One molecule of MeCN and the disorders in compound 2 were separately removed
for formula consistency.




In compounds 3-5, both coordination available N atoms, namely aromatic N from the N-
heterocyclic ring and aliphatic N from TED, participate in the formation of dative bonds.
Compound 3 was made of same ligand as in compound 2 but with a lower Cul/L feeding
ratio. While compound 3 is a cyclic oD molecular structure made of two Cul,” monomers
and two 2—-connected ligands, compounds 4 and 5 consist of 1D anionic Cul chains that are
interconnected and charge-balanced by the ligands. The 1D-Cusls* inorganic chains in
compound 4 consist of Cusl, subunits linked together via p;-1 atoms, with the shortest
Cu---Cu distance of 2.61 A (shorter than twice the vdW radius of Cu atom). Two chains are
further connected by the V-shape ligands, thus forming a 1D tube-like structure of 4. It
crystalizes in a monoclinic P2,/c space group. In compound 5, the 1D-Cu,l¢* chains are
composed of Cu,l, rhomboids and bridging I atoms. With the longer alkyl group, L, is more
flexible compared to L;, and thus tends to be more linear and leading to the formation of
2D extended structures of 5, suggesting the fact that ligand conformation plays a role in
affecting the structure. Interestingly, while an isoreticular structure has been reported with
short Cu---Cu distance of 2.67 A using pure aliphatic 2-connected ligand,3° the shortest
Cu--Cu distance in compound 5 was found to be 3.34 A. The significant difference may
suggest the effect of introducing aromatic entity.

The Cu-N bond lengths of these compounds are found to be 2.04-2.17 A, similar to other
reported AIO and Subgroup 1 Cul hybrids.>> 2% 332 [n all structures, Cu atoms are
tetrahedrally coordinated to either iodine atoms or ligands, while the coordination number
of I atoms range from 1 to 3. The important crystallographic data are summarized in Table.
1.

DFT Calculations. To understand their electronic structures, we carried out DFT
calculations on all five compounds. The projected density of states (PDOS) of all title
compounds were calculated using Cambridge Serial Total Energy Package (CASTEP).3 The
calculation details can be found in the experimental section. For compounds 1 and 2, as
their aromatic units (N-heterocyclic rings) are far away from the anionic Cu,l¢* clusters
and spaced by alkyl chains with much higher lying energy levels, it is rational to consider
them as separated components with little-to-no interactions with other parts of the
compounds. Therefore, the contributions of N-heterocyclic rings were excluded from the
calculated results of 1 and 2 for clarity, as depicted in Fig. 2a and Figs. Sg-10. Both the
valence band maximum (VBM) and conduction band minimum (CBM) of compounds 1
and 2 are primarily populated by the atomic states from the inorganic clusters, namely, Cu
3d and I 5p for VBMs and Cu 4s, Cu 4p and I 6s for CBMs. These results clearly suggest the
typical CC emission nature of compounds 1 and 2, similar to previously reported AIO
structures made of N-monoalkylated TEDs.% 1924

Interestingly, the influence of involving aromatic systems in the Cu-N coordination has
been successfully captured by the calculations. The results of compounds 3-5, in which
aromatic N atoms are coordinated directly to their inorganic motifs, demonstrate different



characteristics compared to the cases in compounds 1-2. While the main contributions to
their VBMs also come from the inorganic anions (Cu 3d and I 5p orbitals), their CBMs are
made of C 2p and N 2p orbitals from the cationic ligands (Fig. 2b and Figs. Su1-13). The
ligands contributions are dominated by the aromatic N-heterocyclic m systems. Therefore,
their emission is largely associated with (M+X)LCT mechanism.®® 28 Additionally, the
higher energy region of the conduction band in compound 4 is also populated by atomic
states from its inorganic motif, while for that of compound 3 such contributions is
negligible. (Figs. S11-12) This may possibly be due to short Cu---Cu distance in compound 4
(2.61 A). Since the inorganic contributions overlap with the ligand contributions at the
higher energy region of conduction bands in compound 4, it may imply the existence of CC
excited state with a slightly higher energy level above the (M+X)LCT excited state, which
could be activated through the (M+X)LCT states via the thermal equilibrium between these
two excited states.3* This behavior has been observed in other CuX-based hybrid
materials.'+ 3°
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Figure 2. Calculated total density of states (TDOS) and projected density of states (PDOS)
of compounds (a) 2 and (b) 3.

Photophysical Study. The photophysical properties of all title compounds were
investigated using photoluminescence spectroscopy and diffuse reflectance spectroscopy
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at room temperature. The important properties are summarized in Table 2. Upon
excitation, all compounds exhibit photoluminescence with emission maximum between
470 and 555 nm. Their emission colors range from cyan with Commission International
del’Eclairage (CIE) color coordinates (x, y) of (0.22, 0.27) to yellow with CIE coordinates of
(0.42, 0.53). The emission profiles of all title compounds demonstrate single band but broad
shape with a full-width at half-maximum (FWHM) of ~120 nm. This implies that their
excited states are of charge transfer characteristics, which has been observed for many
CuX-based hybrid materials.3> The excitation-dependent PL data are plotted in Figs. 3c and
Fig. S14. Excluding compound 4, all other compounds show little change in their emission
wavelength and emission profile at different excitation energies, and only the changes in
emission intensities were observed. This indicates that their emissions originate from a
single excitation process. On the other hand, a second emission peak centered at 490 nm
was observed in compound 4 when excited at higher excitation energies. This result further
suggests that not only the (M+X)LCT, but also the CC excited state are involved in the
radiative process of compound 4. The optical absorption spectra of all five compounds were
collected at room temperature using diffuse reflectance spectroscopy (Fig. 3d). Their
bandgaps estimated from the absorption edges are 2.8, 3.0, 2.6, 2.7 and 3.4 eV, respectively,
for 1-5. The internal quantum yield (IQY) of all compounds were determined at room
temperature under 360 nm excitation and the values are listed in Table 2. The three oD
molecular species, namely compounds 1-3, demonstrate higher IQYs compared to those of
compounds 4 and 5, which consist of infinite 1D Cul anionic chains. This may be possibly
due to the restricted molecular motions and less non-radiative channels in the oD
compounds.3¢33
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Figure 3. (a) Normalized PLE (dashed) and PL (solid) spectra and (b) color chromaticity
of all five compounds. (c) Excitation-dependent PL spectra of compound 1. (d) Optical
absorption spectra and (e) TG plots of all title compounds.

Thermalgravimetric analysis (TGA) was performed to evaluate the thermal stability of all
title compounds. As shown in Fig. 3e, except compound 4, which decomposes at 210 °C, all
other compounds remain stable up to 240 °C. The relatively lower thermal resistance of
compound 4 may be attributed to the structural hindrance of the ligands, as the bulky
functional groups are connected by a rigid —-CH,- only. The weight loss between 60 to 150
°C in compound 2 (2.9%) is attributed to the loss of solvated MeCN molecules (calc. 2.7%).
Above 210 °C, the weight losses are associated with the loss of organic cations.394°
Interestingly, compounds 2 and 3, which are two different structures made of the same
cationic ligands with different coordination modes, demonstrate similar decomposition
temperatures. This suggests that the thermal stability of these compounds mainly depends
on the TED part of the ligands rather than their aromatic coordination sites. Therefore,
implementing aliphatic coordination groups which can form stronger Cu-N bonds leads to
enhanced resistance towards heat. As a result, compound 3 demonstrates 50-70 °C higher
decomposition temperature compared to some reported oD AIO clusters made of only
aromatic N-Cu bonds.” The structure of their inorganic motifs may also contribute to the
thermal stability.

Table 2. Important photophysical properties of compounds 1-5.



. | BG Aem CIE QY (%) Tp® Solubility ¢
(eV) (nm) (°C) (mg/ml)

1 2.8 535 (0.35, 0.54) 71 270 60

2 3.0 540 (0.38, 0.54) 47 240 80

3 2.6 555 (0.42, 0.53) 54 250 8o

4 2.7 512 (0.31, 0.49) 3 210 110

5 3.4 470 (0.22, 0.27) 7 260 100

3 dex = 360 nm; P Tq: decomposition temperature; ¢ Test in DMSO at room temperature.

Another important and advantageous feature of AIO-type compounds is their solution
processability. All title compounds demonstrate good solubility in DMSO as listed in Table
2, comparable to other AIO-type materials reported to date,™ > while most Subgroup 1
CuX-based hybrid materials are insoluble in common solvents.?7-3"32 Suggested by previous
studies concerning the solvation behavior of AIO-type compounds, this intriguing
phenomenon is attributed to the introduction of ionic bonds at the inorganic/organic
interface.> 2 4 Confirmed by the "H NMR spectrum of dissolved compound 4 (Fig. Ss), the
differences compared to that of free ligand L+1 clearly suggest that the dissolved species exist as
small fragments composed of anionic CuX clusters, which remain coordinated to the
cationic ligands via dative bonds. As compounds 4 and 5 have more Cu atoms with
relatively weaker aromatic N-Cu bonds, the generation of such soluble fragments in DMSO
may be easier to occur and lead to higher solubility. Upon slow cooling or the addition of
antisolvents (e.g., MeOH), these compounds can reprecipitate out from their saturated
DMSO solutions and regain crystallinity, as depicted in Fig. S15.

To understand the emission mechanism, temperature-dependent PL spectroscopy and
lifetime measurements were carried out on selected compounds and the results are
displayed in Fig. 4 and Figs. S15-17. Compound 2, in which only the aliphatic part of the
ligand coordinates to the inorganic cluster, exhibits thermochromic behavior. Upon
increasing temperature, a small red shift of the major peak was observed, accompanied by
the emergence of a shoulder peak at around 600 nm (Fig. 4a and Fig. S16). While the shift
of the major peak can be attributed to increased localization of the excited state and
reduced structural torsion at relatively lower temperatures, the appearance of shoulder
peaks clearly suggests there is another radiative decay pathway. Accordingly, the PL decay
curves of compound 2 at various temperatures are best fit with a biexponential function
(Table S1). The decrease of the fast decay lifetimes from 5.3 ps to 1.2 ps from 78 K to 300 K,
is attributed to the phosphorescence arising from the CC excited states, and is similar to
those observed in the oD AIO-type structures made of N-monoalkylated TEDs.> ' The slow
decay lifetimes range from 22.3 ps (78 K) to 12.4 ps (300 K) with their fractions increasing



from 11.6% (78 K) to 36.1% (300 K). As this decay pathway is insensitive to excitation energy
changes (Fig. Si4), they are associated with the phosphorescence originated from
luminescent excimers. Emission from excimers is often observed in organic compounds
packed with strong m-m interactions.4>43 Upon excitation, a molecule in excited state can
approach the adjacent one in the ground state, leading to the formation of excimer and
consequential excimer luminescence. As shown in Fig. S7, strong m-m interaction is
observed between two N-heterocyclic rings from two different AIO clusters, with a
displacement angle (8) of 34 ° and vertical distance (d) of 3.3 A. These numbers are well
within the range of efficient triplet excimer generations.*

While the PL lifetimes of compound 2 show very little dependence on temperature,
compound 3, which is made up of the same ligands but involved with coordination of
aromatic nitrogen, demonstrates much longer lifetimes and strong temperature
dependence. Such differences clearly suggest the significant impact of introducing
aromatic units into coordination. The average amplitude-weighted lifetime values of
compound 3 decrease from 64.6 ps at 78 K to 13.7 ps at 300 K (Table S2). The PL decay
curves at low temperatures (i.e., 78 K and 150 K) are best fit with a monoexponential
function, indicating that the emission is purely phosphorescence, coming from the
(M+X)LCT excited state. On the other hand, another faster decay component was
identified at temperatures above 200 K. Interestingly, as the temperature increases, the
fraction of its fast decay rises from 18% at 200 K to 33% at 300 K. This phenomenon is well
suited with the thermally activated delayed fluorescence (TADF) mechanism proposed by
Yersin et al.#546 TADF has been observed in many other CuX-based hybrid materials with
small energy differences between the lowest excited singlet state (S,) and the lowest excited
triplet state (T,).474® A fraction of the electrons can be thermally populated back to S, from
T, through reverse intersystem crossing (RISC) with the energy provided by the increased
temperature, thus leading to a S, to S, radiative transition. The fact that efficient TADF only
happens at temperatures above 200 K may indicate a relatively larger energy gap in
compound 3.
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Figure 4. (a) Normalized PL spectra and (b) normalized luminescence decay curves of
compound 2 at various temperatures. (c) Normalized PL spectra and (d) normalized
luminescence decay curves of compound 3 at various temperatures.

PL decay curves of compound 4 are also best fit with biexponential functions, but with
some differences. The fast decay component is extremely sensitive toward temperature
changes, as it decreases from 4.81 ps at 78 K to only 52 ns at 300 K. Along with this drastic
lifetime change, significant thermal quenching of its emission intensity was observed (Fig.
S18), indicative of the CC emission nature of this decay component.4® Similar properties
have been observed in other compounds with CC emissions which is mainly attributed to
the thermally facilitated non-radiative pathway.5° The slow decay component is associated
with the (M+X)LCT, confirmed by our DFT calculations. All of these facts suggest that both
CC and (M+X)LCT excited states are responsible for the emission of compound 4 and they
may be thermally equilibrated with each other.3* 552

The emission mechanism discussed above are summarized in Fig. S19. Compound 2, with
only aliphatic N to Cu coordination, emits dominantly from 3CC excited state with small
contributions from excimers, while compound 3, in which aromatic N to Cu coordination
is also involved, demonstrates emission of both phosphorescence from 3(M+X)LCT and
TADF from '(M+X)LCT. For compound 4, due to the existence of strong Cu---Cu
interactions, both 3CC and 3(M+X)LCT are active, with the former one exhibiting thermally
facilitated non-radiative pathway. These results clearly point out that both the ligand
configuration and the Cu---Cu distances play important roles in the emission mechanisms
of CuX-based hybrid materials.
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Conclusion

In summary, a series of AIO-type Cul-based hybrid materials has been synthesized with
ligands containing both aromatic and aliphatic coordination sites. Their structures range
from oD molecular species to 2D extended network. Due to the unique interactions at their
inorganic/organic interfaces, all title compounds are thermally stable (remaining intact up
to 210 °C) and demonstrate good solubility in DMSO, making them suitable for use in
solution-processed thin film fabrications. Their emission colors range from cyan (470 nm)
to yellow (555 nm) color. The emission mechanisms and effect of ligand hybridization were
analyzed by temperature-dependent spectroscopy and theoretical DFT calculations.
Overall, this work has provided useful information of the structure-property relationships
in CuX-based hybrid materials which may benefit the further development of this
promising materials family.

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); 1-bromo-2-chloroethane (98%, Alfa Aesar); 1-
bromo-3-chloropropane (98%, Alfa Aesar); 1,4-diazabicyclo[2.2.2]octane (98%, TCI);
Potassium iodide (99%, Alfa Aesar); Potassium carbonate (99%, TCI); Acetone (99.5%,
VWR); Acetonitrile (99.5%, VWR); Ethyl ether (99%, Fisher); Copper iodide (98%, Alfa
Aesar); sodium salicylate (99%, Merck).

Preparation of L, 1. 5,6-dimethyl-iH-benzo[d][1,2,3]triazole (1.47 g, 10 mmol):was
dissolved in acetonitrile (100 ml), and then K,CO;(3.3 g, 20 mmol), 1-bromo-2-
chloroethane (1 ml, 12 mmol) were added to the reaction at room temperature. After stirred
for 3 days, the reaction was filtered, and the filtrate was evaporated under reduced pressure.
Purifying with column chromatography gives white solid as 1-(2-chloroethyl)-5,6-dimethyl-
1H-benzo([d][1,2,3]triazole (CI-dmbt). Cl-dmbt (1.05 g, 5 mmol) and KI (1.6 g, 10 mmol) were
added with 20 ml acetone and stirred for 5 h at room temperature before drying under
reduced pressure. The solid residue was wash with EtOAc, filtered to obtain filtrate. After
removal of the solvent under reduced pressure, MeCN (50 ml) and 1,4-
diazabicyclo[2.2.2]octane (0.56 g, 5 mmol) were added and stirring under 60 °C for 2 days.
The reaction mixture was evaporated under reduced pressure, washed with ethyl ether and
dried under vacuum. Recyclizing with EtOH gives the final product as white solid. The yield
of last step is 54%.
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Preparation of L, I. L, | was prepared with a similar procedure as L, I but using 1H-
benzo[1,2,3]-triazole and 1-bromo-3-chloropropane. White solid was obtained as final
product. The yield is 51%.

Preparation of L; I. 1-(Chloromethyl)-1H-benzo[d][1,2,3]-triazole (CI-mbt) was prepared
according to the reported procedures. The reaction of Cl-mbt and 1,4-
diazabicyclo[2.2.2]octane follow the same procedure described for L, I. Final product was
obtained as white solid. The yield is 61%.

Preparation of L, I. L, I was prepared with a similar procedure as L, I but using
benzimidazole. Final product is white solid. The yield is 48%.

Synthesis of compound 1. Cul (19 mg, 0.1 mmol) was first dissolved in KI saturated
solution (1 ml) in a reaction vial. MeCN (1 ml) was added slowly as another layer, followed
by the slow addition of L, I (63 mg, 0.15 mmol) MeOH solution (1 ml). The reaction was
kept undisturbed at 60 °C for 2 days to yield block-like colourless crystals. The yield is 67%
based on Cul.

Synthesis of compound 2. Compound 2 was synthesized in the same way as that of
compound 1, using L. I as ligand. The Cul to ligand ratio is 2 to 1. Rod-like colourless crystals
were collected by filtration. The yield is 62% based on Cul.

Synthesis of compound 3. Compound 3 was synthesized in the same way as that of
compound 3, using L, I as ligand. The Cul to ligand ratio is 1 to 2. Block-like yellow crystals
were obtained. The yield is 56% based on Cul.

Synthesis of compound 4. Compound 4 was synthesized in the same way as that of
compound 1, using L; I as ligand. The Cul to ligand ratio is 3 to 1. Needle-like yellow crystals
were obtained. The yield is 52% based on Cul.

Synthesis of compound 5. Compound 5 was synthesized in the same way as that of
compound 1, using L, I as ligand. Plate-like colourless crystals were obtained by filtration.
The yield is 44% based on Cul.

Characterizations. Single Crystal X-ray Diffraction (SCXRD) were performed using a D8
goniostat equipped with a Bruker PHOTON10o0o CMOS detector at the Advanced Light
Source (ALS) using synchrotron radiation. The structures were solved by direct methods
and refined by full-matrix least-squares on F? using the Bruker SHELXTL package. The
structures were deposited in Cambridge Crystallographic Data Center (CCDC) with
numbers 2233302-2233306. Powder X-ray diffraction (PXRD) analysis was carried out on a
Rigaku Ultima-IV unit using Cu Ko, radiation (A = 1.5406 A) and a scan speed of 2 °/min.
Thermogravimetric analysis (TGA) were performed using the TA Instrument Qs000IR
thermogravimetric analyzer with nitrogen flow and sample purge rates at 10 and 25 ml/min,
respectively. Optical absorption spectra were measured at room temperature on a
Shimadzu UV-3600 UV-vis-NIR spectrometer. The reflectance data were converted to
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Kubelka-Munk function. Room temperature PL measurements were carried out on a
Horiba Duetta fluorescence spectrophotometer at room temperature. Excitation spectra
were measured and monitored at the emission wavelength of maximum intensity.
Temperature dependent PL spectra and 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. PL decays were individually fit with the
Fluofit Picoquant software. Internal quantum yield (IQY) was recorded using a C9920-02
absolute quantum yield measurement system (Hamamatsu Photonics). The density of
states of selected compounds was calculated using the Cambridge Serial Total Energy
Package (CASTEP). Generalized gradient approximations (GGA) with Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional (xc) were used for all calculations.
Ultrasoft pseudopotentials were used for all elements, the plane-wave kinetic cutoff and
the total energy tolerance was set to be 351 eV and 1 x 1075 eV/atom, respectively.
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Synopsis: A series of All-In-One type Cul based hybrid materials consisting of cationic
ligands with both aromatic and aliphatic coordination sites. Their structures range from
oD molecular species to 2D extended network. These compounds demonstrate good
thermal stability, solubility in DMSO and photoluminescence. The emission mechanisms
and effect of ligand hybridization were analyzed, providing useful information of the
structure—property relationships in CuX-based hybrid materials.
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