Lawrence Berkeley National Laboratory

LBL Publications

Title

Blending Ionic and Coordinate Bonds in Hybrid Semiconductor Materials: A General Approach

toward Robust and Solution-Processable Covalent/Coordinate Network Structures

Permalink

|https://escholarship.orgc/item/6dx3f607|

Journal

Journal of the American Chemical Society, 142(9)

ISSN
0002-7863

Authors

Hei, Xiuze
Liu, Wei
Zhu, Kun

Publication Date
2020-03-04

DOI
10.1021/ jacs.9b13772

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/6dx3f607
https://escholarship.org/uc/item/6dx3f607#author
https://escholarship.org
http://www.cdlib.org/

Blending ionic and coordinate bonds in hybrid semiconductor mate-
rials: A general approach toward robust and solution-processable
covalent/coordinate network structures
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ABSTRACT: Inorganic semiconductor materials are best known for their superior physical properties, as well as their structural rigidity and
stability. However, the poor solubility and solution-processability of these covalently bonded network structures has long been a serious draw-
back that limits their use in many important applications. Here, we present a unique and general approach to synthesize robust, solution-pro-
cessable, and highly luminescent hybrid materials built on periodic and infinite inorganic modules. Structure analysis confirms that all com-
pounds are composed of one-dimensional anionic chains of copper iodide (Cunla2*) coordinated to cationic organic ligands via Cu-N bonds.
The choice of ligands plays important role in the coordination mode (p'-MC or p-DC) and Cu-N bond strength. Greatly suppressed non-
radiative decay is achieved for the y>-DC structures. Record high quantum yields of 85% (A« = 360 nm) and 76% (A = 450 nm) are obtained
for an orange-emitting 1D-Cuils(Ls). Temperature dependent PL measurements suggest that both phosphorescence and thermally activated
delayed fluorescence contribute to the emission of these 1D-AIO compounds, and that the extent of non-radiative decay of the p>-DC structures
is much less than that of the p'-DC structures. More significantly, all compounds are remarkably soluble in polar aprotic solvents, distinctly
different from previously reported Cul based hybrid materials made of charge-neutral Cu,.X, (X = Cl, Br, I), which are totally insoluble in all
common solvents. The greatly enhanced solubility is a result of incorporation of ionic bonds into extended covalent/coordinate network struc-
tures, making it possible to fabricate large scale thin films by solution processes.




INTRODUCTION

Copper(I) halide based inorganic-organic hybrid semiconductors
represent an important class of crystalline materials with unique
properties, including structural variety, moisture stability, optical
tunability, and strong luminescence.”* In recent years, much atten-
tion has been paid to these materials as they show great promise for
use as rare-earth element (REE) free phosphors and emissive layers®
in energy-efficient solid-state lighting (SSL) technology.®'” The in-
organic motifs of these hybrid structures are charge-neutral Cu,ly,
which can be zero-dimensional (0D) molecular clusters, one-dimen-
sional (1D) chains, or two-dimensional (2D) layers. They form
structures of various dimensionalities (0D-3D) through coordinate

bonds with organic ligands."***

The very interesting and tunable optical properties of this material
family are a result of the interplay between the inorganic and organic
components. Their photoluminescence (PL) can be attributed to
metal-to-ligand charge transfer (MLCT), halide-to-ligand charge
transfer (XLCT), cluster centered (CC), or a combination of some
of these." The most common inorganic modules in these structures
are charge-neutral Cul monomer, Cu:l; rhomboid dimer, Cusl; tri-
mer, Cusl tetramers (cubic and staircase-like), and infinite 1D Cul
chains. High photoluminescence quantum yields (PLQYs) or equiv-
alently, internal quantum yields (IQYs) have been achieved; in some
cases approaching those of commercial products. However, one of
the major drawbacks is their low blue-light excitability due to the
need of high energy excitation source (e.g. UV light). Strong blue
excitability of a phosphor material is required for the current com-
mercial white light-emitting diode (WLED) technology as they use
a blue chip as excitation source for phosphors. Another downside is
their poor solubility and solution processability, regardless of the
type of Cuyl, inorganic module (e.g. molecular cluster, chain or
layer) and/or dimensionality of the overall structure, a common
problem to all inorganic solid materials made of covalent/coordi-
nate bonds.

To address these issues, we recently developed a synthetic approach
to form molecular structures consisting of covalently bonded cation-
anion pairs (0D-AIO structures).’® Our study demonstrated that
both stability and solubility of these molecular species are greatly im-
proved as aresult of introducing strong ionic interaction to a coordi-
nated metal and ligand. In addition, suitably chosen ligands with
low-lying LUMO energies and strong Cu-N binding energy may en-
hance their blue-light excitability significantly. In this work, we ex-
pand our investigation to compounds made of infinite inorganic an-
ionic chains (i.e. 1D-AIO structures) and benzotriazole based cati-
onic ligands (L). Eight new compounds are synthesized and their
crystal structures are determined. They are composed of four differ-
ent types of copper iodide (Cunln+2*) anionic 1D chains which bond
to organic cationic ligands via two coordination modes, namely the
mono-coordination (p'-MC) and di-coordination (y*-DC). With
decomposition temperatures above 190 °C, all compounds are
strongly resistant to heat and moisture. Photophysical measure-
ments reveal that the PL performance of the structures bearing p*-
DC mode is substantially better than those of y'-MC mode, with
doubled or higher IQY values. A detailed spectroscopic and theoret-
ical analysis has confirmed our hypothesis that more rigid bonds be-
tween the inorganic and organic components and the limited ligand

vibrations are responsible for the lower non-radiative decay constant
(Ka) and stronger luminescence of p>-DC structures. IQYs of 85%
and 76% are achieved for orange emission (Aem= 596 nm) under UV
(Aex=360 nm) and blue (Aex = 450 nm) radiation, respectively. While
higher IQYs have been reported for molecular hybrid structures un-
der UV excitation (unsuitable for the current WLED technology),"”
** the values obtained in this work are the highest among all hybrid
structures under blue-light excitation. Notably, all 1D-AIO-
Cunln2(L) compounds are very soluble in polar aprotic solvents de-
spite the infinite nature of the inorganic chains, making them a
unique material class having excellent solution processability.

EXPRIMENTAL

Materials. Cul (98 %, Alfa Aesar); NaNO; (97 %, Alfa Aesar); 1H-
benzo[d][1,2,3]triazole (99%, Alfa Aesar); 5-methyl-1H-benzotria-
zole (98%, Sigma Aldrich); S,6-dimethyl-1H-benzo[d][1,2,3]tria-
zole (99%, Sigma Aldrich); 4-Fluoro-1,2-phenylenediamine (97%,
Sigma Aldrich); 1-bromo-3-chloropropane (98%, Alfa Aesar); 1-
bromo-4-chlorobutane (99%, Alfa Aesar); 1-bromo-S-chloropen-
tane (98%, Alfa Aesar); 1-Bromo-3-chloro-2-methylpropane (98%,
TCI); N,N-dimethylethylamine(99%, Alfa Aesar); N,N-dimethyli-
sopropylamine (99%, TCI); trimethylamine(33% w/w in ethanol,
Alfa Aesar); potassium carbonate(99%, Sigma Aldrich) ; potassium
iodide( 99%, Alfa Aesar); acetone (99.5%, VWR); acetonitrile
(99.5%, VWR); ethyl ether(99%, Fisher); sodium salicylate (99%,
Merck), BaMgAlisO17:Eu*" and YAG:Ce® type 9800 (Global Tung-
sten & Powders Corp), PolyOx N750 (Dow Chemical).

Synthesis of organic ligands. All organic ligands are cationic ben-
zotriazole derivatives with different substitute groups. They were
prepared according to the reported procedures with some modifica-
tions. Typical reactions involved alkylation of one N atom in the ar-
omatic ring. The other two N atoms were left intact and were used
as free binding sites to coordinate to copper metals.

Preparation of (1H-benzo[d][1,2,3]triazol-1-yl)methanol
(btm). A mixture of 1H-benzo[d][1,2,3]triazole (bta) (3.4 g, 0.025
mol), distilled water (50 ml), and formaldehyde solution (36%, 10
ml) was first refluxed for 1.5 hours. After cooling to room tempera-
ture, the resulting white precipitate was collected by filtration,
washed with water and dried under vacuum to give btm as white solid.
The yield is 92%.

Preparation of 5-fluoro-1H-benzo[d][1,2,3]triazole (5-F-bta).
4-Fluoro-1,2-phenylenediamine (5.045 g, 40 mmol) was first dis-
solved in acetic acid in ice bath. NaNO; (3.105 g, 45 mmol) in § ml
DI water was added dropwise while stirring. The reaction mixture
was kept stirring under room temperature overnight before the solu-
tion was filtered. The solid was purified by recrystallization, giving
brown crystalline powder as S-F-bta. The yield is 85%.

Preparation of 1-(chloromethyl)-1H-benzo[d][1,2,3]triazole
(Cl-mbt). Btm (3.7 g, 0.025 mol) was first dissolved in a mixture of
CH.Cl; (60 ml) and dimethylformamide (DMF) (40 ml), and then
thionyl chloride (S ml) in methylene chloride (10 ml) was added
dropwise into the reaction mixture under magnetic stirring at room
temperature. The reaction mixture was kept stirring for 2 h, then its
pH was adjusted by saturated NaHCOj solution to 7. The organic



layer was separated and was evaporated under reduced pressure, giv-
ing white crystalline powder as Cl-mbt. The yield is 76%.

Preparation of 1-(4-chlorobutyl)-1H-benzo[d][1,2,3]triazole
(CI-bbt). To 1H-benzo[d][1,2,3]triazole (bta) (3.0 g,0.025 mol) in
acetonitrile (100 ml), K,CO; (4.1 g, 0.030 mol) and 1-bromo-4-
chlorobutane (2.9 ml, 0.025 mol) was added. The reaction mixture
was stirred for 3 days atroom temperature. Then the acetonitrile was
removed under reduced pressure, and then the residue was purified
by column chromatography, giving oil-like liquid as CI-bbt. The yield
is 70%.

Preparation of 1-(5-chloropentyl)-1H-benzo[d][1,2,3]triazole
(Cl-pebt). The synthetic procedure of Cl-pebt is similar as that of Ci-
bbt. K,CO; (4.1 g, 0.030 mol) and 1-bromo-S-chloropentane (3.3
ml, 0.025 mol) were added to a solution of bta (3.0 g, 0.025 mol) in
acetonitrile (100 ml). The reaction mixture was kept stirring for 2
days at room temperature. Crude product was obtained by removal
of acetonitrile from filtered clear solution under reduced pressure.
Then the crude product was purified by column chromatography,
giving oil-like liquid as Cl-pebt. The yield is 67%.

Preparation of 1-(3-chloropropyl)-5-fuloro-1H-
benzo[d][1,2,3]triazole (CI-5-F-pbt). The synthetic procedure of
Cl-S-F-pbt is similar as that of Cl-bbt. S-F-bta (2.74 g, 0.02 mol) was
dissolved in acetonitrile (100 ml), and then K.CO; (3.45 g, 0.025
mol) and 1-bromo-3-chlorohexane (2.5 ml, 0.025 mol) were added
to it at room temperature. The reaction mixture was kept stirring for
3 days before the solution was filtered. The filtrate was evaporated
under reduced pressure, and then purified by column chromatog-
raphy, giving oil-like liquid as CI-S-F-pbt. The yield is 65%.
Preparation of 1-(3-chloropropyl)-5-methyl-1H-
benzo[d][1,2,3]triazole (CI-5-me-pbt). The synthetic procedure
of CI-5-me-pbt is similar as that of Cl-bbt. 5-methyl-1H-benzotriazole
(3.3 g, 0.025 mol) was dissolved in acetonitrile (100 ml), and then
K,CO; (4.1 g, 0.030 mol) and 1-bromo-3-chlorohexane (2.5 ml,
0.025 mol) were added to it at room temperature. The reaction mix-
ture was kept stirring for 4 days before the solution was filtered. The
filtrate was evaporated under reduced pressure, and then purified by
column chromatography, giving oil-like liquid as CI-S-me-pbt. The
yield is 72%.

Preparation of 1-(3-chloropropyl)-5,6-dimethyl-1H-
benzo[d][1,2,3]triazole (CI-5,6-dm-pbt). The synthetic proce-
dure of CI-5,6-dm-pbt is similar as that of Cl-bbt. 5,6-dimethyl-1H-
benzo[d][1,2,3]triazole (3.7 g, 0.025 mol) was dissolved in acetoni-
trile (100 ml), K.COj5 (4.1 g, 0.030 mol) and 1-bromo-3-chlorohex-
ane (2.5 ml, 0.025 mol) were added at room temperature. The reac-
tion mixture was kept stirring for 3 days before the solution was fil-
tered. The filtrate was evaporated under reduced pressure, then pu-
rified by column chromatography, giving white solid as CI-5,6-dm-
pbt. The yield is 75%.

Preparation of 1-(3-chloro-2-methylpropyl)-1H-
benzo[d][1,2,3]triazole (Cl-mpbt). The synthetic procedure of
Cl-mpbt is similar as that of Cl-bbt. Bta (3.0 g, 0.025 mol) was dis-
solved in acetonitrile (100 ml), and then K,COs (4.1 g, 0.030 mol)
was added. 1-Bromo-3-chloro-2-methylpropane (2.9 ml, 0.025 mol)
was added dropwise atroom temperature. The reaction mixture was

kept stirring for 2 days. Then the filtrate was evaporated under re-
duced pressure after the solution was filtered. The crude product was
purified by column chromatography, giving oil-like liquid as Cl-mpbt.
The yield is 55%.

Preparation of N-((1H-benzo[d][1,2,3]triazol-1-yl)methyl)-
N,N-dimethylethanaminium (L;, btdmem) iodide. The mixture
of Cl-mbt (3.8 g, 0.025 mol) and KI (S g) in acetone (20 ml) was
stirred for 2 h before the solution was filtered. The filtrate was evap-
orated under reduced pressure then added with acetonitrile (100 ml)
and N,N-dimethylethylamine (3.2 ml). After stirring at 60 °C for 2
days white precipitate was formed. The reaction mixture was evapo-
rated under reduced pressure, washed with ethyl ether and dried un-
der vacuum as the final product. The yield is 62%.

Preparation of N-((1H-benzo[d][1,2,3]triazol-1-yl)methyl)-
N,N-dimethylpropan-2-aminium (L,, btdmpm) iodide. Cl-mbt
(3.8 g, 0.025 mol) was fully dissolved in acetone (20 ml) and KI (§
g) was added. The mixture was stirred for 2 h at room temperature
before the solution was filtered. The filtrate was evaporated under
reduced pressure then added with acetonitrile (100 ml) and N,N-
dimethylisopropylamine (3.1 ml). The precipitate was formed after
stirring under 60 °C for 3 days. The reaction mixture was evaporated
under reduced pressure, washed with ethyl ether and dried under
vacuum as the final product. The yield is 53%.

Preparation of 4-(1H-benzo[d][1,2,3]triazol-1-yl)-N,N,N-tri-
methylbutan-1-aminium (L3, bttmb) iodide. Cl-bbt (5.2 g, 0.025
mol) was fully dissolved in acetone (100 ml) and KI ($ g) was added.
The mixture was stirred for 2 h at room temperature before the so-
lution was filtered. The filtrate was evaporated under reduced pres-
sure then added with Acetonitrile (100 ml) and trimethylamine (33
wt.% in ethanol solution 7.1 ml). The precipitate was formed after
stirring under 60 °C for 2 days. The reaction mixture was evaporated
under reduced pressure, washed with ethyl ether and dried under
vacuum as the final product. The yield is 62%.

Preparation of 5-(1H-benzo[d][1,2,3]triazol-1-yl)-N,N,N-tri-
methylpentan-1-aminium (L, bttmpe) iodide. KI (5 g) was
added into the solution of Cl-pebt (5.6 g,0.025 mol) in acetone (100
ml). The mixture was stirred for 2 h at room temperature and then
was filtered. The acetone in filtrate was evaporated under reduced
pressure then acetonitrile (100 ml) and trimethylamine (33 wt. % in
ethanol solution 7.1 ml) were added. The crude product was formed
after stirring under 60 °C for 2 days. The reaction mixture was evap-
orated under reduced pressure, washed with ethyl ether and dried
under vacuum as the final product. The yield is 52%.

Preparation of 3-(5-fluoro-1H-benzo[d][1,2,3]triazol-1-yl)-
N,N,N-trimethylpropan-1-aminium (Ls, 5-F-bttmp) iodide. The
mixture of CI-S-F-pbt (5.3 g, 0.025 mol) and KI (5 g) were added
into acetone (100 ml). The mixture was stirred for 2 h before filtra-
tion. The filtrate was evaporated under reduced pressure and then
dissolved in Acetonitrile (100 ml). Trimethylamine (33 wt.% in eth-
anol solution 7.1 ml) was added before stirring under 60 °C for 3
days. After evaporating the reaction mixture under reduced pressure
crude product was afforded as pale yellow solid. Washing with ethyl
ether and recrystallizing with ethanol gives pure product. The yield
is 80%.



Preparation of 3-(5-methyl-1H-benzo[d][1,2,3]triazol-1-yl)-
N,N,N-trimethylpropan-1-aminium (L¢, §-m-bttmp) iodide. Ls
was synthesized in a similar way as Ls. CI-S-me-pbt (5.3 g,0.025 mol)
was fully dissolved in acetone (100 ml) and KI (S g) was added. The
mixture was stirred for 2 h at room temperature before the solution
was filtered. The filtrate was evaporated under reduced pressure
then added with acetonitrile (100 ml) and trimethylamine (33 wt.%
in ethanol solution 7.1 ml). The precipitate was formed after stirring
under 60 °C for 2 days. The reaction mixture was evaporated under
reduced pressure, washed with ethyl ether and dried under vacuum
as the final product. The yield is 54%.

Preparation of 3-(5,6-dimethyl-1H-benzo[d][1,2,3]triazol-1-
yl)-N,N,N-trimethylpropan-1-aminium (L;, §,6-dm-bttmp) io-
dide. The mixture of the solution of CI-5,6-dm-pbt (5.6 g,0.025 mol)
inacetone (100 ml) and KI ($ g) stirred for 2 h at room temperature
before the solution was filtered. The filtrate was evaporated under
reduced pressure. The residue was dissolved in acetonitrile (100 ml)
and then added with trimethylamine (33 wt.% in ethanol solution
7.1 ml). The reaction mixture was stirred at 60 °C for 2 days and then
evaporated under reduced pressure to afford the crude product.
Then purified by washing with ethyl ether and dried under vacuum
as the final product. The yield is 62%.

Preparation of 3-(1H-benzo[d][1,2,3]triazol-1-yl)-N,N,N,2-
tetramethylpropan-1-aminium (Ls, bttmmp) iodide. The mix-
ture of the solution of Cl-mpbt (4.2 ¢,0.025 mol) in acetone (100 ml)
and KI (S g) stirred for 2 h at room temperature before the solution
was filtered. The filtrate was evaporated under reduced pressure.
The residue was dissolved in acetonitrile (100 ml) and then added
with trimethylamine (33 wt.% in ethanol solution 7.1 ml). The reac-
tion mixture was stirred at 60 °C for 2 days and then evaporated un-
der reduced pressure to afford the crude product. Then purified by
washing with ethyl ether and dried under vacuum as the final prod-
uct. The yield is 64%.

Single crystal growth and pure phase crystalline powder synthe-
ses of compound 1-8. Single crystals of compound 1-8 were grown
by slow diffusion method. Commercial Cul was dissolved in KI sat-
urated solution. The ligands were dissolved in methanol. The lig-
ands and Cul solutions were sandwiched by a layer of acetonitrile in
order to prevent the direct mixing of two solutions. High quality sin-
gle crystals along with pure phase crystalline powder of the hybrid

structures would generally form in a few days.

Synthesis of 1D-CuIs(L;)> (1). Acetonitrile (2 ml) was added
slowly into the solution of Cul (0.038 g, 0.2 mmol) in KI saturated
solution (2 ml) in a reaction vial. Then the ligand L; (33 mg, 0.1
mmol) in methanol (2 ml) was added slowly into the vial. Rod-
shaped single crystals along with pure phase crystalline powder
formed in 2 days and were collected by filtration. Yield is 64%.

Synthesis of 1D-Cugls(L2)2 (2). Solution of Cul (0.057 g,0.3 mmol)
in KI saturated solution (2 ml), acetonitrile (2 ml) and the solution

of ligand L (34.6 mg, 0.1 mmol) in methanol (2 ml) was added in

sequence into the vial. Block-like yellow single crystals along with

pure phase crystalline powder formed in 2 days and were collected

by filtration. Yield is 64%.

Synthesis of 1D-Cuslio(Ls)2 (3). To a glass tube with solution of Ls
(23.3 mg, 0.1 mmol) in methanol (4 ml), Cul (0.076 g, 0.2 mmol)

was added. The glass tube was kept in the 120 °C oven for 3 days
after sealing. Plate-shaped single crystals formed and were collected
by filtration. Yield is 54%.

Synthesis of 1D-Cuils(Ls4)2 (4). Cul (0.076 g, 0.2 mmol), the lig-
and L, (37.4 mg, 0.1 mmol) in methanol (4 ml) was sealed into a
glass tube. The glass tube was kept in the 120 °C oven for 3 days.
Block-shaped single crystals along with pure phase crystalline pow-
der formed and were collected by filtration. Yield is 65%.

Synthesis of 1D-Cusls(Ls): (5). To a vial with solution of Cul
(0.038 g, 0.2 mmol) in KI saturated (1 ml), acetonitrile (1 ml) was
added as another layer and then the solution of the ligand Ls (36 mg,
0.1 mmol) in methanol (1 ml) was added slowly in to the vial. Plate-
shaped single crystals along with pure phase crystalline powder
formed in 2 days and were collected by filtration. Yield is 55%.

Synthesis of 1D-Cuyls(Ls): (6). Compound 6 was synthesized in
the same way as that of § using Cul and Le. Plate-shaped single crys-
tals with pure phase crystalline powder were obtained in 2 days.
Yield is 70%.

Synthesis of 1D-Cuyls(L7): (7). Compound 7 was synthesized in
the same way as that of §, using Cul and L;. Rod-shaped single crys-
tals with pure phase crystalline powder were obtained in 2 days.
Yield is 65%.

Synthesis of 1D-Cuyls(Ls): (8). Compound 8 was synthesized in
the same way as that of 5, using Cul and Ls. Block-shaped single crys-
tals with pure phase crystalline powder were obtained in 2 days.
Yield is 60%.

Solubility experiments. All solubility measurements were done
under room temperature. 50 mg of pre-grinded fine powder sample
was first put into a clean glass vial, DMSO was then added dropwise
under sonication until all solid sample dissolves and the solution be-
came clear. The amount of DMSO added was recorded and used to
calculate the solubility.

Film fabrication. Precursor solutions of Compounds 2 and 6 (0.15
M) in DMSO were made and filtered using PTFE filter (0.45 pm)
before use. High quality thin films were fabricated by one-step spin
coating (WS-650Mz-23NPPB Spin Processor, Laurell Technologies)
of 75 pL precursor solution onto pre-cleaned glass substrates at 3000

rpm for 60 s, followed by annealing at 110 °C for 30 min.

Single crystal X-ray diffraction (SCXRD). Single crystal data of
1-8 were collected on a D8 goniostat equipped with a Bruker
PHOTONI100 CMOS detector at the Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory, using synchrotron
radiation. The structures were solved by direct methods and refined
by full-matrix least-squares on F* using the Bruker SHELXTL pack-
age. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif. The structures were deposited in Cambridge Crystallo-
graphic Data Centre (CCDC) with numbers 1943652-194655,
1946658-1943661.

Powder X-ray diffraction (PXRD) analysis. Powder X-ray diffrac-
tion (PXRD) analyses were carried out on a Rigaku Ultima-IV unit
using Cu Ka radiation (A = 1.5406 A). The data were collected at

room temperature in a 20 range of 3-40 ° with a scan speed of 2 °/min.
The operating power was 40 kV/40 mA.



Room-temperature photoluminescence measurements. Photo-
luminescence (PL) measurements were carried out on a Horiba Du-
etta fluorescence spectrophotometer. Powder samples were evenly
distributed and sandwiched between two glass slides (which do not
have emission in the visible range) for room temperature measure-
ments.

Temperature-dependent photoluminescence spectra and life-
time measurements. Pressed pellets were prepared in a 10 mm di-
ameter die with the pressure of approximately 2000 psi. Tempera-
ture dependent photoluminescence (PL) spectra and time-resolved
PL decays were recorded with a home built time-correlated single
photon counting instrument consisting of a 380 nm frequency dou-
bled femtosecond solid state laser system laser as optical excitation
source (frequency doubled Titanium sapphire laser, Maitai-Spectra
Physics, 100 fs pulse, 10 kHz repetition rate), a Janis cryostat model
V500, and an optical detection system comprised of a single photon
counting avalanche photodiode (PMD50, Picoquant Germany, 250
ps response time), a time analyzer (TimeHarp 260 nano, Picoquant
Germany) and an Ocean Optics FL65000 fiber optics spectrometer.
The PL signal emitted by the sample was collected by a 50 mm bi-
convex lens and split by a 50/50 non polarizing beam splitter cube
between the photodiode and spectrometer. PL signals were ac-
quired using an average power of 0.55 mW, with decays recorded in
atleast 1000 channels using a $32 nm longpass filter (Semrock). PL
decays were individually fit with the Fluofit Picoquant software us-
ing a biexponent fit model.

Thermogravimetric analysis. Thermogravimetric analyses (TGA)
of samples were performed using the TA Instrument QS000IR ther-
mal gravimetric analyzer with nitrogen flow and sample purge rate at
10 ml/min and 12 ml/min respectively. About 3 mg of samples were
loaded onto a platinum sample pan and heated from room tempera-
ture to 450 °C at a rate of 10 °C /min under nitrogen flow.

Diffuse reflectance spectroscopy. Optical absorption spectra were
measured at room temperature on a Shimadzu UV-3600
UV/VIS/NIR spectrometer. The reflectance data were converted to
Kubelka-Munk function, a/S = (1-R)*/2R (a is absorption coeffi-
cient, S is scattering coefficient and R is reflectance), and used to es-
timate the bandgap. The scattering coefficient (S) was treated as a
constant as the average particle size of the samples used in the meas-
urements was significantly larger than 5 ym. Samples for reflectance
measurements were prepared by evenly distributing ground powder
sample between two quartz slides.

Infrared spectroscopy. IR measurements were performed on a Ni-
colet 6700 FTIR spectrometer equipped with a liquid Na-cooled
mercury cadmium telluride MCT-A detector. The sample of com-
pound (~2 mg) was pressed onto a KBr pellet and placed into a vac-
uum cell placed at the focal point of the sample compartment of the
infrared spectrometer. The cell was connected to a vacuum line for
evacuation. All spectra were recorded under vacuum (base pressure
< 20 mTorr) in transmission mode with a frequency range of
600-4000 cm™ (4 cm™ spectral resolution).

DFT Calculations. Electronic bandgaps and density of states (DOS)
were calculated using Cambridge Serial Total Energy Package
(CASTEP) in Materials studio.'® **?* Binding energies and vibra-
tional modes were calculated using VASP.?**! The pKa and pKb val-
ues of ligands were calculated using (B3LYP/6-31+G(d)) as imple-
mented in Gaussian 16.*** The HOMO and LUMO energies of lig-
ands were calculated using Gaussian 09 with B3LYP/6-31+G(d) ba-
sis set.>* All the calculation details can be found in Supporting Infor-
mation, sections S5 and Sé.

Internal quantum yield (IQY) measurements. IQY measure-
ments were made on C9920-02 absolute quantum yield measure-
ment system (Hamamatsu Photonics) with 150 W xenon mono-
chromatic light source and 3.3 inch integrating sphere. Samples for
internal quantum yield measurements were prepared by spreading
fine powder samples evenly on the bottom of a quartz sample holder.
Sodium salicylate (SS) and YAG:Ce* were chosen as the standards
withreported IQY values of 60% and 95% at an excitation energy of
360 nm and 450 nm, respectively. Their IQY values were measured
to be 63% and 97%, respectively and corrections were made based
on the reported data.

RESULTS AND DISCUSSION

Structure design and description. All 1D-AIO structures contain
one-dimensional anionic Cu,I.+.* chains and benzotriazole-based
cationic ligands. The inorganic and organic modules are further con-
nected by Cu-N coordinate bonds. The ionic bonds in these struc-
tures enhance their solubility and framework stability while the co-
ordination bonds play a key role in their MLCT emission process.
To construct such hybrid structures, cationic organic ligands of de-
sired LUMO energies with free and strong binding sites were de-
signed and synthesized. The cationic nature of the ligands will en-
sure the formation of ionic compounds with anionic inorganic mod-
ules, while the free binding sites enable the direct and strong coordi-
nation of N to Cu.

Table 1. Summary of crystal data of compounds 1-8.

1D-Cuils(L1): 1D-Cugls(L2): | 1D-Cuslio(Ls): 1D-Cugls(Ls), 1D-Cusls(Ls)z  1D-Cuds(Ls):  1D-Cuals(Lr)2

1D-Cuals(Ls)2

Compound ) @ ® ®) © ) ®
Ligand abbreviation btdmem btdmpm bttmb bitmpe S-F-bttmp S-m-bttmp S,6-dm-bttmp bttmmp
Coordination mode p'-MC u>-DC

Empirical Formula | CiiHiyCuw:iNs  CoHisCusLiNg | CisHaiCualsNy  C1iH2CuelsNs - CoHisCuoFIsNy - CiaHa i CualsNy CisH23CualsNy Ci3H21CualsNy
FW 713.07 917.53 1122.00 755.14 745.08 741.12 755.14 741.12
Space Group P2,/c P2i/n P-1 P2i/n P2i/n P2i/n P2i/n
a(A) 10.4474(4) 9.8380(5) 100745(4)  9.3391(5) 108072(8)  10.6544(4) 10.5764(4) 9.4891(4)




b(A) 10.2493(4) 17.9705(9) 10.3622(4) 11.1574(6) 15.8476(12) 16.2530(7) 17.2108(6) 12.6947(5)
c(A) 16.7427(6) 12.5124(7) 13.8122(5) 11.4854(6) 12.2010(9) 12.0841(5) 11.6786(4) 16.4418(6)
a(®) 90 90 103.484(2) 93.313(3) 90 90 90 90
B(®) 104.1650(10) 108.977(2) 103.345(2) 110.774(3) 109.491(3) 107.326(2) 106.7980(10) 94.924(2)
v (®) 90 90 110.523(2) 107.758(3) 90 90 90 90
V(A% 1738.27(11)  2091.88(19) 1233.41(8) 1046.98(10) 1969.9(3) 1997.61(14) 2035.12(13) 1973.29(13)
z 4 4 2 2 4 4 4 4
T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
AMA) 0.7293 0.7749 0.7288 0.7749 0.7288 0.7288 0.7288 0.72880
R 0.0184 0.0200 0.0261 0.0249 0.0330 0.0356 0.0301 0.0217
wR, 0.0435 0.0454 0.0657 0.0497 0.0792 0.0761 0.0669 0.0488

@ 3¢ o

(b)

1D-Cu,l % (type-1)

1D-Cu,l 2 (type-2)

Figure 1. (a) Structures of ligands (L; — Ls). (b) Structures of four
types of inorganic chains. Color scheme: Cu, cyan; I, purple.

The molecular structures of organic ligands (Li-Ls) are shown in Fig.
1a. These structures were confirmed by 'H NMR analysis (Figs. S1-
$8). All are benzotriazole derivatives with different substitute groups.
They were obtained by alkylation of selected tertiary amines with
substituted benzotriazole derivatives. Each ligand (L, through Ls)
leads to the formation of a 1D-AIO structure, namely 1D- Cusls(Ly1)s,
ID-Cuﬁls(Lz)z, 1D—Cung(L3)z, 1D—C11415(L4)z, lD-Cu4ls(L5)2, 1D-
Cu4ls(Ls)2 1D-Cuals(L7)> and Cusls(Ls)». Detailed procedures for
the synthesis of ligands and corresponding hybrid compounds are
described in the Experimental Section. Generally, slow diffusion of
Cul in saturated KI aqueous solution, acetonitrile and ligand in
methanol solution at room temperature led to high quality single
crystals. Selected single crystal images are displayed in Figs. S12.

Their crystal structures were determined by SCXRD method and
important crystallographic data are summarized in Table 1. The
phase purity of the powder samples was confirmed by PXRD analy-
sis (Figs. S13 and S14).

Four types of Cuuly+2* anionic chains are obtained for the 1D-AIO
structures, namely 1D-Cuils™ (type-1, compound 1), 1D-Cuylé”
(type-2, compounds 4-8), 1D-Cugls> (compound 2), and 1D-
Cuslie” (compound 3), as depicted in Fig. 1b and Figure. S11.
Within anionic inorganic chains, all copper atoms are tetrahedrally
coordinated to either four iodine atoms, or three iodine atoms and
one ligand. All tetrahedra are edge-sharing. The coordination num-
ber of iodine atoms varies from 2 to 4. Some anionic chains have the
same composition but different structure. For example, 1D-Cuale*
has two types of structures (type-1 and type-2), as illustrated in Fig.
1b. All anionic chains are coordinated to cationic ligands via Cu-N
coordination bonds so that the overall hybrid structures are charge
neutral. The Cu-N distances in these compounds are similar to typ-
ical Cu-N bond lengths found in other Cul-based hybrid structures
composed of Cu-N coordinate bonds only, ~2.0~2.2 A. As men-
tioned earlier, there are two N atoms in each ligand molecule that are
available as free binding sites to form Cu-N bonds, which gives rise
to two different coordination modes. The title structures can be clas-
sified into two sub-groups based on these two coordination modes
(See Figure. 9, $10).



Figure 2. [llustration of p’-MC and p’-DC mode and representative
hybrid structures. Color scheme: Cu, cyan; I, purple; N, blue; C,
Grey.

In the first sub-group, only one N atom in each ligand molecule is
coordinated to the copper iodide chain via a mono-coordination (p'-
MC) mode. Two anionic chains, 1D-Culs’~ (type-1) and 1D-
Cuels™, adopt this mode, forming compounds 1, 2. For the second
sub-group, two N atoms of each ligand molecule are involved in Cu-
N bonding via a di-coordination (p*-DC) mode, forming a five-
member ring with two Cu atoms and a bridging I (Fig. 2). Two re-
maining anionic chains, namely 1D-Cus (type-2) and 1D-
Cusl,o’” adopt this mode, leading to compounds 3-8. The main rea-
son for the two different coordination modes may be attributed to
the length of the alkyl chain of the organic ligands. When the alkyl
chain between the benzotriazole and ammonium is too short, the
electron density of the middle nitrogen atom (N1) is reduced sub-
stantially due to the inductive effect, thus resulting in a p'-MC
structure in which there is no coordinate bond between N1 and Cu
atom. Such an effect is negligible for longer alkyl chains, therefore,
both N atoms (N1 and N2) form bonds to the two adjacent Cu at-
oms to give p>-DC structures. This is confirmed by the pK; values
calculated for different N atoms in each ligand. As shown in Fig. 3
and Table S6, for all ligands, the pKj, values are generally larger for
N1 than N2, and are the largest for N1 of L1 and L,. The very weak

Lewis basicity of these N1 atoms prevents the formation of Cu-N1
bonds, resulting in p'-MC structures (see SI for calculation details).
In addition, the two adjacent Cu atoms that are available to form 5-
member rings are too far apart in the p'-MC structures (~ 4.16A for
both 1 and 2, see Table S1).

Photophysical properties. The photophysical properties of the
1D-AIO hybrids at room temperature were characterized using UV-
vis absorption spectroscopy, as well as photoluminescence emission
spectroscopy. The important photophysical properties of these hy-
brid structures are summarized in Table 2. The optical absorption
spectra are given in Figs. S17 and S18. The high absorption coeffi-
cients suggest that they are strong energy absorbers, which are ideal
for phosphors. Their bandgaps were estimated from optical absorp-
tion data and the values are listed in Table 2. All compounds emit
low energy colors between green and red (528 to 650 nm), and all
can be excited by blue light, an important requirement for phosphors
that can be used in conjunction with a blue LED chip as in the cur-
rent commercial WLED devices. Room temperature solid state pho-
toluminescence experiments confirm that the emission profile of all
compounds is a single band type with a full width at half maximum
(FWHM) around 100 nm, similar to those observed for commercial
phosphors (Fig. 4, Figs. S19, $20).%%

®
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Figure 3. (a) Ligand structures used to calculate pKy values of N1
and N2. (b) pKs values of N1 and N2 in selected ligands of different
alkyl chain length (n = number of C atoms in alkyl linear chain).
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Figure 4. (2) IQY scaled emission spectra (solid) and excitation spectra (dotted) of 2 (red) and 7 (blue). (b) TGA plots of 1D-Cul(py) stair-
case chain (dotted black),” 0D-Cuuls(tpp)2(bttmm),'® (dotted green), compound 2 (red) and compound 7 (blue). (c) and (d) Normalized
emission spectra of compounds 2 and 7 at various temperatures (Ae= 380 nm). (e) and (f) Luminescence decay profiles of compounds 2 and

7 at various temperatures (A= 380 nm).

The PL lifetime measurements were carried out at 77 K to 293 K on
selected 1D-AIO compounds from both sub-groups (See Figs. $21-
$24). All of them exhibit strong temperature dependence, as their
average amplitude-weighted lifetime values decrease from ~16 ps at
77 K to ~2 ys at 293 K (Tables $2-S5). The PL lifetime decay curves
are best fit by a double (second order) exponential decay function,
indicating two different processes contribute to their emission. Us-
ing compound 7 as an example, the fraction of the short lifetime de-
cay constant 71 rises from 39.25% at 77 K to 69.96% at 293 K. These

data suggest that besides phosphorescence, thermally activated de-
layed fluorescence (TADF) also contributes largely to the emission
of 1D-AIO structures. Due to small energy differences between the
lowest excited singlet state (S1) and the triplet state (T1), a fraction
of electrons can undergo reverse intersystem crossing (RISC) from
Tibackto S, and then follow a radiative transition from S, to So. This
phenomenon has been observed in a number of copper-based or-
ganic-inorganic hybrid materials.' ***° The emission mechanism of
1D-AIO can be considered as a combination of both TADF and

phosphorescence.

Table 2. Important optical and stability data for compounds 1-8.

Band Emission

I1QY (%) 1QY (%) ke Kar

* Formula gap(eV) Aem (nm) color Ax=360nm  Ax=450nm (x10%s') (x10%s?) To(*C)

p!'-MC Structures

1 1D-Cuuls(L1)s 2.6 S50  Green-yellow 25 21 } - 190

2 1D-Cugls(L2)s 2.5 650 Red 29 24 142 348 193
12-DC Structures

3 1D-Cuslio(L3): 2.65 528 Green 80 64 2.56 0.64 245

4 1D-Cuals(L4)2 245 552 Green-yellow 70 64 - - 23S

S 1D-Cudls(Ls)2 22 615 Orange-red 53 44 1.88 1.67 225

6 1D-Cudls(Ls)2 245 596 Orange-red 8S 76 3.78 0.67 225

7 1D-Cudls(L7)2 2.5 570  Yellow-orange 68 65 493 2.32 235

8 1D-Cuals(Ls)2 24 SS3 Green-yellow S3 40 - - 211

Note: k. = Radiative decay rate; k. = Non-radiative decay rate.



Table 3. Estimated total radiative and non-radiative decay rates calculated from experimental IQY and teifor selected compounds at 293 K.

. Formula i) we) me A M)
u!-MC Structures

2 1D-Cusls(L:)s 2.04 248 0.64 75.79 2421 142 348
p>-DC Structures

3 1D-Cuslio(Ls)2 3.13 5.10 1.51 45.04 54.96 2.56 0.64

5 1D-Cuals(Ls)2 2.82 3.20 113 81.96 18.04 1.88 1.67

6 1D-Cuale(Le)s 225 3.38 0.90 54.35 45.65 3.78 0.67

7 1D-Cuale(L7)s 1.38 292 0.71 30.04 69.96 493 232

Although the emission energies and PL mechanism are similar for
p'-MC and 1>-DC structures, their emission intensity and IQYs dif-
fer significantly. The p>-DC structures exhibit much higher IQYs
compared to those of p'-MC structures. As shown in Table 2, the
IQYs for p>-DC structures are typically twice as those of p'-MC
structures. The big variation in their emission efficiency is largely
due to the difference in their coordination modes. As expected, our
ab initio calculations found the p?>-DC ligand binding to be much
stronger than the p'-MC binding with a 150% increase in binding
strength. Furthermore, a vibrational mode analysis shows that the p*-
DC ligand-metal bond is stiffer since the stretching mode occurs at
a higher frequency (Table S$8). In all y>-DC structures, the rigid S-
member ring can effectively reduce the extent of non-radiative decay
due to severely limited ligand rotation and vibration. To confirm this,
we have calculated vibrational motions of C-C, C-N stretching and
C-H bending modes in compounds 1 and 3 and collected their vi-
brational spectra by infrared (IR) spectroscopy. Figure $29 shows
that compound 1 has higher intensity IR peaks than compound 3,
likely the result of less vibrational motion in compound 3 compared
to compound 1. To quantitatively assess the degree of non-radiative
decay in p'-MC and p*-DC structures, total radiative rates (k.) and
non-radiative decay rates (ki) were estimated based on Eq. (1) and
(2) below and PL lifetime and IQY data.

N=ke/ (ket kar) (1)
=1/ (kr+ knr) (2>

For a biexponential decay, Tor = AiT1 + AsTo. Ar and A; are the frac-
tional amplitudes and 71 and 1 are the different lifetime components.
1 is the quantum yield value. The estimated total radiative and non-
radiative decay rates for selected structures are summarized in Table
3. Note that the excitation wavelengths used for the IQY and PL life-
time measurements are slightly different (360 nm and 380 nm, re-
spectively). Hence, the radiative decay rates are expected to be
slightly overestimated and the non-radiative decay rates are slightly
underestimated.

It is apparent that the total non-radiative decay rate is largest for
compound 2, a p'-MC structure. It is also notable that compounds 3
and 6 (p>-DC structures), having the smallest non-radiative rates
and largest quantum yields, exhibit similar amplitudes of the short
and long lifetime components. This observation suggests that com-
pounds that exhibit similar contributions from phosphorescence
and TADF may lead to more efficient luminescence (assuming the
short lifetime component is primarily from TADF and the long life-
time component is primarily from phosphorescence). The rates in

Table 3 are total radiative and non-radiative rates meaning that they
represent contributions from the radiative components of both
emission mechanisms (phosphorescence and TADF) as well as as-
sociated internal and external conversions and loss factors.

It is also interesting to note that only p'-MC hybrid structures show
obvious thermoluminescence behavior. For compound 2, about 20
nm red shift in its emission spectra was observed by lowering the
temperature from 293 K to 77 K (Fig. 4c). This unusual thermo-sen-
sitivity may be attributed to increased structural torsion at high tem-
perature and decreased 7-w stacking between organic molecules due
to increased vibrational and rotational motions at higher tempera-
ture.** It may also arise from increased RISC at higher temperature
to a S, state slightly higher in energy than the T, state. In contrast,
very little temperature dependence was detected in the emission
spectra of the p*DC hybrid structures (Fig. 4d). This can be at-
tributed to minimal change in the material structure with tempera-
ture or Sy and T\ states are almost indistinguishable in energy.

Electronic band structures. Density Functional Theory (DFT)
calculations were conducted to calculate the density of states (DOS)
of selected structures using the Cambridge Serial Total Energy Pack-
age (CASTEP) in Materials Studio' '*'” (Fig. S, Figs. $25-S28).
Compounds from both sub-groups were investigated and the results
show that their electronic band structures are very similar. Based on
the density of states (DOS) analysis, for both types of compounds,
the atomic states that make up the conduction band minimum
(CBM) are mostly from organic ligands (C 2p and N 2p), while the
atomic states in the valence band maximum (VBM) region are
mainly from the inorganic components (Cu 3d and I Sp). These re-
sults suggest a combination of metal-to-ligand charge transfer
(MLCT) and halide-to-ligand charge transfer (XLCT) lumines-
cence mechanisms for both types of compounds, while the emission
of rare-earth element containing commercial phosphors originate
from the atomic orbitals of Ce* or Eu** .3 Therefore, the emission
wavelength of the hybrid structures is much more tunable and can
be systematically regulated by using ligands with different lowest un-
occupied molecular orbital (LUMO) energies (see Table S7). By
adding electron withdrawing group (EWG) or electron donating
group (EDG), the emission energies of compounds 5-8, which differ
only by a functional group in their ligand, can be tuned from 553 to
615 nm (See Fig. $20).

Thermal stability. The greatly enhanced thermal stability of the
1D-AIO structures is reflected from thermogravimetric (TG) analy-
sis results. The decomposition temperatures (Tp) of these com-
pounds are summarized in Table 2. These structures remain stable
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up to atleast 190 °C with some reaching 245 °C (Figs. S15 and S16),
which are notably higher than 0D-AIO structures'’. In general, the
w>-DC structures are more robust than the p'-MC structures which
can also be attributed to the difference in their coordination mode.
The trend of thermal stability of compounds 4-8, which share the
same inorganic chain 1D-Culs” (type 2), also agrees with the calcu-
lated pKs values (See Table. S6). Smaller pKy values of the N atoms
indicate higher Lewis basicity and electron density, and stronger Cu-
N bonds, leading to higher decomposition temperature. Compared
to charge-neutral 1D-Cul(L) staircase chain based structures which
generally decompose below 100 °C (Fig. 4b), the stability of both p'-
MC and p>-DC compounds is significantly enhanced, as a result of
forming both ionic and coordination bonds between the inorganic
chain and organic ligand.

100

Density of states (electrons/eV)

Energy (eV)

Figure S. Density of states (DOS) and projected density of states
(PDOS) plots for compound 2 (top) and compound 7 (bottom).
Line color scheme: dashed black: total; cyan: Cu (3d); pink: Cu (4s);
red: 1(5s); purple: I (Sp); black: C (2p); blue: N (2p).

Solubility, solution processability and thin-film fabrication. As
stated above, one of the major obstacles for crystalline materials hav-
ing covalent/coordinate network structures is their insolubility,
which makes it difficult for low-cost and large-scale manufacture
process. With ionic bonds introduced to the 1D copper iodide based
coordinate structures, we demonstrate here that outstanding solu-
bility in polar aprotic solvents such as DMSO can be achieved for all
title compounds.

Table. 4. Solubility data for compounds 1-8, common inorganic
salts and non-AIO Cul{L) extended network structures.

Solubility in
Compound Formula DMSO Ref.
(mg/ml@25°C)
u'-MC 1D-AIO Structures
1 Cualg(L1)2 210
This work
2 Cusls(La)> 350

p>-DC 1D-AIO Structures

3 Cuslio(Ls)2 90
4 Cule(Ls) 80
5 Cuals(Ls)2 140
6 Cuile(Ls)s 80 Thiswork
7 Cuils(Ly)s 70
8 Cuals(Ls)> 90
Common Inorganic Salts
Calcium nitrate Ca(NOs): 300
Cuprous iodide Cul 10@30°C
Lead chloride PbCl, 100
Lead nitrate Pb(NO:s). 200 45
Lithium nitrate LiNOs 100
Potassium nitrate KNO;s 120
Sodium nitrate NaNOs3 200
Non-AIO Cul(L) Extended Network Structures
1D-Cul(py) - <10 7
1D-Cul(3-pc) - <10 7
1D-Cuyls(bbtpe). - Insoluble 12
2D-Cuala(2,5-dmpz) - Insoluble 44
2D-Cusls(bpp)» - Insoluble 6
3D-Cuils(en), - Insoluble 6

py = pyridine; 3-pc = 3-picoline; bbtpe = 1,5-bis(1H-
benzo[d][1,2,3]triazol-1-yl)pentane; 2,5-dmpz = 2,5-dimethylpyra-
zines; bpp = 1,3-bis(4-pyridyl)propane); en = ethylenediamine.

)
J e

Scheme 1. Scheme illustrating the structure similarity and solubility
difference of charge-neutral 1D-Cul(L) (left, insoluble) and 1D-
AIO-Cunln2(L)2 (right, soluble) compounds.

\
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Figure 6. (a) Optical images of compounds 2 (left column) and 6 (right column). From top to bottom: crystal image under day light; Image

of powder samples under day light; Image of powder samples under 365 nm UV light. (b) Optical image of 200 mg of selected compounds
dissolved in 3 ml DMSO under daylight (top) and 365 nm UV light (bottom). From left to right: Compounds 2, 6, PbCly and 1D-Cu4ls(bbtpe)-.
(bbtpe =1,5-bis(1H-benzo[d][1,2,3]triazol-1-yI)pentane ). (c) Selected 1D-AIO samples coated on soft fabric: under daylight (top) and 365
nm UV light (bottom). (d) PXRD patterns of thin films. From bottom to top: simulated 6, film of 6, simulated 2, film of 2. Inset: optical images
of thin film samples under daylight (left) and 365 nm UV light (right). (¢) AFM image and (f) sample thickness profile of a thin film of com-

pound 6.

All hybrid network structures based on charge-neutral Cu,ln re-
ported to date are known to be insoluble, either in organic or inor-
ganic solvents. For example, the 1D-Cul(L) staircase chain com-
pounds are composed of 1D-Cul inorganic module similar to those
in the 1D-AIO structures. All Cu atoms are coordinated to N atoms
via dative bonds in both structures. The only difference is that both
inorganic chain and organic ligand are charge-neutral in 1D-Cul(L)
staircase chain structures, while both components are ionic in 1D-
Cunlniz2(L)2 AIO structures (Scheme 1).7 All 1D-Cul{L) staircase
chain structures, as well as all other 2D- and 3D-Cul(L) hybrid
structures show very poor solubility in any common organic and in-
organic solvents, including polar aprotic solvents. Taken 1D-
Cul(py)” and 1D-CuLs(bbtpe),'? as examples, they are barely solu-
ble in DMSO (Fig. 6b). Similarly, the 2D-Cu.L(2,5-dmpz) made of
1D Cul stair-case chains and bridging ligands* and 3D-Cusls(en):
built on 4-connected Cusls clusters and 2-connected ligands® show
negligible solubility in DMSO (Table 4). In contrary, all 1D-AIO
compounds exhibit remarkably high solubility in DMSO and other
polar aprotic solvents, comparable with those of common ionic
salts* (See Fig. 6b and Table 4), outperformed the current commer-
cial phosphors.

For example, about 350 mg of sample 2 can be completely dissolved
in 1 ml DMSO within § minutes at room temperature under ultra-
sonication. Upon dissolution, it lost luminescence completely (Fig.
6b). The same behavior was observed for all other 1D-AIO-
Cunl2(L)2 compounds. All compounds can be recovered/recrys-
tallized from the solution either by adding anti-solvent such as meth-
anol or by slowly cooling the saturated DMSO solution (preheated
to 60 °C) to room temperature. It is interesting to note that their
dissolution behavior may be similar to that of hybrid perovskite
structures. The strong interaction between DMSO and both PbI,*
# and Cul* have been reported. In DMSO solution of hybrid perov-
skite, with the presence of excess iodide ions provided by MAL sol-
uble Pbls, Pbly and higher coordinated plumbate species are gen-
erated from Pbl, complexation***° and then form a trinuclear plum-
bate (MA*).[(Pbl;).PbL]-(DMSO),,* increasing the solubility of
perovskites over PblL. Similarly, all title 1D-AIO compounds
demonstrate much higher solubility in DMSO compared to Cul,
possibly attributed to the formation of Cul-L-DMSO complexes as
suggested by NMR analysis. While the soluble trinuclear clusters of
the lead-based hybrid perovskites remain emissive in the solution,
the emission is lost completely for the solution phase of 1D-AIO hy-
brid structures, likely due to the dissociation of Cu-N bonds, which

11



eliminates the MLCT and XLCT charge transfer in these com-
pounds.

High quality thin films can be prepared by directly drop-casting or
spin-coating of the 1D-AIO/DMSO solutions. As shown in Fig. 6d,
film samples of compounds 2 and 6 were prepared by one-step spin
coating of each compound dissolved in DMSO. Both luminescence
and crystallinity of the film samples were restored after annealing at
110 °C (Fig. 6d). The film sample of compound 6 was analyzed by
atomic force microscopy (AFM) with tapping mode. The results
show that a continuous film with a thickness of ~200 nm was
achieved. (Fig. 6e-f). This remarkably high solution processability
can greatly simplifies the devices fabrication process currently used
for REE based commercial phosphors.

CONCLUSION

In summary, we have designed and synthesized a series of 1D-AIO
type of inorganic-organic hybrid structures composed of Cuplns2™
anionic 1D chains and cationic ligands of benzotriazole derivatives.
These structures can be divided into two sub-groups based on their
coordination modes. Both sub-groups show high resistance to heat
and moisture, and exhibit remarkably high solubility as well as solu-
tion processability as a result of incorporation of ionic and coordi-
nate bonds at the interface of organic and inorganic modules. High
quality thin films were fabricated directly by drop-casting or spin-
coating and characterized by AFM. All compounds show strong
blue-light excitability, and compounds having y>-DC mode exhibit
significant reduction of non-radiative luminescence decay, as aresult
of forming more rigid bonds between the inorganic and organic
components which limits vibrational motions of the ligands, thereby
leading to greatly enhanced photoluminescence and a record-high
IQY for blue light excited yellow-orange emission. The AIO ap-
proach may serve as a general and powerful tool for the design of
high performance and easily solution processable hybrid materials
including but not limited to copper halide based systems that bring
promise to low-cost and large-scale device fabrication for energy-re-
lated applications.
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