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Abstract

Three  new  one-dimensional  (1D)  All-In-One  (AIO)  type  CuI-based  hybrid

semiconductors  with  both  dative  and  ionic  bonds  between  the  inorganic  and  organic

components have been successfully designed and synthesized by using the ligands containing

both  cationic  center  and coordination  available  sites.  Structural  analysis  confirms that  all

compounds share the same formula of Cu4I6(L)2 (L = ligand) and are composed of 1D-Cu4I6
2-
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anionic chains that coordinate to cationic ligands. These materials demonstrate high stability

towards heat and moisture and excellent solution processability due to their unique bonding

nature. They emit low energy light ranging from green to orange color (530-590 nm). The

origin and mechanism of their emissions were studied by both experimental and theoretical

methods.  More importantly,  all  compounds can be easily fabricated into films by solution

process, a desired but rare feature for most of CuI-based hybrids built of extended networks.

Introduction

Crystalline  hybrid  metal  halide  semiconductor  materials  possess  a  wide  range  of

interesting properties  that are not only adopted from the individual  inorganic and organic

motifs,  but  also  resulted   from the  interplay  of  the  two  components.[1-4] These  hybrid

materials  are  of  great  interest  due  to  their  potential  in  clean  energy  related  applications,

including  solar  cells,[5] light-emitting  diodes,[6,  7] photocatalysis,[8,  9] and  lasing.[10]

Given different combinations of metal halides and organic ligands, their structures can vary

from low dimensional molecular (0D) clusters to extended networks (1D-3D) with different

metal coordination environments.[11-13] Octahedrally or tetrahedrally coordinated metal ions

are often observed in the case of transition metal halide hybrid materials, examples including

Ag-,[14] Mn-,[15] and Cu-based[16-18] systems. 

Copper(I) iodide-based hybrid materials are of particular interest for photoluminescence

related applications due to their well-known features including excellent optical properties,

non-toxicity,  facile  synthesis,  and  structural  diversity.[19-21] Those  composed  of  Cu(I)-

ligand  coordinate  bonds  possess  remarkable  luminescent  tunability,  originated  from their

diverse emission mechanisms, namely, metal halide-to-ligand charge transfer [(M+X)LCT]

and cluster-centered (CC) emissions.[22, 23] Therefore, their emission energies can be finely
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tuned by adjusting  the  lowest  unoccupied  molecular  orbital  (LUMO) energy level  of  the

organic ligands or altering the structure of the inorganic motifs.[19, 24] Based on the bonding

nature between the inorganic and organic motifs, the existing CuI-based hybrid materials can

be divided into three types.  In type I  structures,  both inorganic CuI modules and organic

ligands are charge-neutral  and they form coordinate bonds.[25,  26] Type II  structures are

composed of cationic ligands and anionic inorganic modules, which form pure ionic bonds.

[27-29] While applaudable progress has been made in the past decades on the design and

optimization  of  these  two  types  of  CuI-based  hybrid  materials  for  general  lighting

applications, limitations still exist. Type I compounds of extended networks can be designed

to  give  intense  photoluminescence  (PL)  and  optical  tunability,  but  they  suffer  from poor

solution  processability.  On  the  other  hand,  type  II  compounds,  which  are  more  soluble,

usually manifest limited structural tunability and large stokes shifts. To overcome the above

disadvantages, introducing both ionic bonds (as in type II compounds) and dative bonds (as in

type I compounds) between the inorganic and organic motifs gives rise to a new structure type

(Type III), denoted as AIO-type structures.[22, 30-32] Due to unique bonding characteristics,

AIO-type structures inherit all the beneficial features of type I (e.g. facile tunability, intensive

PL) and type II  (e.g.  high solution  processability,  stability),  and  thus,  demonstrate  great

promise  for  solution-processed  fabrication  of  low-cost  thin-film devices,  which  would  be

difficult for both type I and type II compounds.[4, 7, 23, 24]

Herein,  we report three new 1D-AIO structures that composed of 1D-Cu4I6 inorganic

chains,  namely,  1D-Cu4I6(bttmm)2 (1,  bttmm  =  1-(1H-benzo[d][1,2,3]triazol-1-yl)-N,N,N-

trimethylmethanaminium),  1D-Cu4I6(mmtp)2 (2,  mmtp  = 1-methyl-4-(methylthio)pyridin-1-

ium),  and  1D-Cu4I6(btmmp)2 (3,  btmmp  =  3-((1H-benzo[d][1,2,3]triazol-1-yl)methyl)-1-

methylpyridin-1-ium).  Two  different  inorganic  backbones  and  ligand  binding  modes  are
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found in these structures. The photophysical properties, emission mechanisms and electronic

structures of these compounds are examined by both experimental and theoretical methods.

All compounds remain stable up to 210 °C and emit light in the green to orange region (530-

590 nm) under UV irradiation. Notably, all compounds are highly soluble in DMSO despite

the infinite nature of the inorganic chains, making the facile thin-film fabrication possible.

Experimental Section

Materials

Copper  iodide  (98%,  Alfa  Aesar);  1H-benzo  [1,2,3]-triazole  (99%,  Alfa  Aesar);

potassium iodide (99%, Alfa Aesar); potassium carbonate (99%, TCI); acetonitrile (99.5%,

VWR);  methanol  (99%,  Alfa  Aesar);  dimethyl  sulfoxide  (99%,  Alfa  Aesar);  3-

(Chloromethyl)pyridine  hydrochloride  (98%,  TCI);  Iodomethane  (99%,  Alfa  Aesar);

Formaldehyde (37% in aqueous solution, Alfa Aesar); Thionyl chloride (99%, Alfa Aesar);

Trimethylamine (33% in ethanol, Alfa Aesar); 4-Mercaptopyridine (97%, TCI) and sodium

salicylate (99%, Merck).

Preparation of 1-(1H-benzo[d][1,2,3]triazol-1-yl)-N,N,N-trimethylmethanaminium 

iodide (bttmm)

1-(Chloromethyl)-1H-benzo[d][1,2,3]triazole  (Cl-mbt)  was  prepared  according  to  the

reported procedures.[30] In a round bottom flask, Cl-mbt (3.8 g, 25 mmol), acetone (20 ml)

and KI (5 g) were charged and stirred for 4 hours before the solution was filtered. The filtrate

was evaporated under reduced pressure and then added with trimethyl amine and acetonitrile

(100 ml). After stirring under 65 °C for 3 days, the reaction mixture was evaporated under
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reduced  pressure  and  washed  with  ethyl  ether  to  yield  light  brown  solid.  Drying  under

vacuum and recrystallized with ethanol gives white solid as final product. The yield is 57%.

Preparation of 1-methyl-4-(methylthio)pyridin-1-ium iodide (mmtp)

In a round-bottom flask, 4-Mercaptopyridine (1.12 g, 10 mmol), K2CO3 (20 mmol), and

DCM (30 ml) were added and stirred for 10 min at 0 °C. Then iodomethane (1.7 g, 12 mmol)

was added, followed by Et3N (1 ml). After stirring overnight at room temperature, the reaction

mixture  was  extracted  with  DCM, dried,  and purified by chromatography  to  give  yellow

liquid,  4-(methylthio)pyridine  (mtp).  Iodomethane  (1.13  g,  8  mmol)  and  mtp (556 mg,  5

mmol) were dissolved in MeCN (30 ml) and stirred overnight at room temperature. Then the

reaction  mixture  was  evaporated  under  reduced  pressure  and  washed  with  ethyl  ether.

Recrystallization with ethanol gives pale yellow solid as final product. The yield is 70%.

Preparation of 3-((1H-benzo[d][1,2,3]triazol-1-yl)methyl)-1-methylpyridin-1-ium iodide 

(btmmp)

3-(Chloromethyl)pyridine  hydrochloride  (1.6  g,  10  mmol),  K2CO3 (20  mmol),  were

added to a solution of benzotriazole (1.2 g, 10 mmol) in MeCN (100 ml) and were refluxed

under stirring for 1 day. After cooling to room temperature, the reaction mixture was filtered.

The  filtrate  was  evaporated  under  reduced  pressure  and  then  purified  by  column

chromatography,  giving  white  solid,  1-(Pyridin-3-ylmethyl)-1H-1,2,3-benzotriazole  (pmbt).

Iodomethane (1.13 g, 8 mmol) and  pmbt (1.05 g,  5 mmol)  were dissolved in MeCN and

stirred at room temperature overnight. After removal of MeCN under reduced pressure and

washing with ethyl ether,  the crude product was recrystallized with ethanol  to give white

powder as final product. The yield is 72%.



— 6 —

Synthesis of 1D-Cu4I6(bttmm)2 (1)

CuI (38 mg,  0.2 mmol)  was dissolved in  KI saturated  aqueous solution  (2 ml)  in  a

reaction vial. Acetonitrile (2 ml) was added as another layer followed by the slow addition of

the ligand bttmm (33 mg, 0.1 mmol) in methanol solution (2 ml). The reaction mixture was

kept undisturbed at 60 °C for 3 days. Block-like yellow single crystals, along with crystalline

powder, were collected after filtration. The yield is 70%.

Synthesis of 1D-Cu4I6(mmtp)2 (2)

A solution of CuI (57 mg, 0.3 mmol) in KI saturated aqueous solution (2 ml), MeCN (2

ml) and the solution of mmtp (27 mg, 0.1 mmol) in methanol (2 ml) were added in sequence

into a vial and placed in 60 °C oven for 3 days. Rod-like yellow crystals were collected after

filtration. The yield is 49%.

Synthesis of 1D-Cu4I6(btmmp)2 (3)

Compound 3 was synthesized in the same way as that of compound 1 using btmmp as

ligand. Needle-like yellow crystals were collected in 3 days. The yield is 65%.

Film Fabrication

Precursor solutions were made by dissolving compound  1  (100 mg) in DMSO (1 ml)

under sonication and filtered through a PTFE filter (0.45 µm) before one-step drop-casting on

precleaned glass substrates. This was followed by annealing at 110 °C in the glove box for 30

min.

Single crystal X-ray diffraction (SCXRD)
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Single  crystal  data  were  collected  using  a  D8  goniostat  equipped  with  a  Bruker

PHOTON100 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 F2 using the Bruker SHELXTL package.

[33] The structures were deposited in Cambridge Crystallographic Data Centre (CCDC) with

numbers 1943657, 1498475 and 2167563.

Powder X-ray diffraction (PXRD) analysis

Powder X-ray diffraction (PXRD) analysis was carried out on a Rigaku Ultima-IV unit

using Cu Kα1 radiation (λ = 1.5406 Å). The operation power was 40 kV/44 mA. Data were

collected in a 2θ range of 3 – 35 ° with a scan speed of 2 °/min.

Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) of samples were performed using the TA Instrument

Q5000IR thermogravimetric analyzer with nitrogen flow and sample purge rates at 10 and 25

ml/min, respectively. About 5 mg of the samples were heated from room temperature to 500

°C at a rate of 10 °C/min under the nitrogen flow.

Photoluminescence measurements 

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. Powder samples were evenly distributed and

sandwiched between two glass slides.
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Temperature  dependent  PL spectra  and time-resolved PL decays were recorded on a

home-built time-correlated single photon counting instrument. The PL signals were acquired

using an average power of 0.55 mW, with decays recorded in at least 1000 channels using a

532 nm long path filter. PL decays were individually fit with the Fluofit Picoquant software

using biexponential fit model.

Diffuse reflectance spectroscopy 

Diffuse  reflectance  spectra  were  recorded  on  a  Shimadzu  UV-3600  UV-Vis-NIR

spectrometer at room temperature. The reflectance was converted to Kubelka-Munk function,

α/S = (1-R)2/2R (α is the absorption coefficient,  R is the reflectance and  S is the scattering

coefficient.  S was  treated  as  a  constant  since  the  average  particle  size  of  samples  is

significantly larger than 5 µm).

Internal quantum yield (IQY) measurements 

IQYs were recorded  using  a  C9920-02 absolute  quantum yield  measurement  system

(Hamamatsu  Photonics)  with  a  150  W  Xenon  monochromatic  light  source  and  3.3-inch

integrating sphere. Sodium salicylate was used as the standard with a reported IQY of 60%.

DFT calculations

The density of states of selected compounds was calculated using the Cambridge Serial

Total  Energy Package (CASTEP) in  Materials  studio package using the  crystal  structures

obtained from single-crystal X-ray analysis. Generalized gradient approximations (GGA) with

Perdew-Burke-Ernzerhof  (PBE)  exchange  correlation  functional  (XC)  were  used  for  all

calculations.  The  plane-wave  kinetic  energy  cutoff  was  set  as  351  eV,  ultrasoft
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pseudopotentials were used for all chemical elements and the total energy tolerance was set to

be 1×10−5 eV/atom. 

Results and Discussion

All  1D-AIO  structures  contain  1D  anionic  Cu4I6
2- chains  and  cationic  ligands.  The

charged  inorganic  and  organic  motifs  are  further  connected  by  either  Cu-N  or  Cu-S

coordinate  bonds.  While  the  ionic  bonds  enhance  their  thermostability  and  solution-

processability,  the  coordinate  bonds  play  an  important  role  in  their  (M+X)LCT emission

process and optical tunability. The ligands are designed to contain cationic centers (quaternary

N atoms) and coordination active sites for subsequent Cu-N or Cu-S bond formation. The

molecular structures of organic ligands are shown in Fig. 1 and Figs. S1-S3; along with 1H

NMR data to confirm their purity. 
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Figure 1. Crystal structures of the title compounds and corresponding ligand structures, (a) 1,

(b) 2, and (c) 3. Color scheme: cyan: Cu; purple: I; gray: C; blue: N, yellow: S. All H atoms

and disorders are omitted for clarity. Active coordination sites of the ligands are marked in

red.  (d) PXRD patterns of compounds  1-3.  From bottom to top: simulated  1,  as made  1;

simulated 2, as made 2; simulated 3 and as made 3.

The layered diffusion method has proven to be efficient for obtaining high-quality single

crystals  of  CuI-based hybrid structures.[34] Single crystals  of all  three  compounds were

obtained  by this  method,  using  acetonitrile  as  a  buffer  layer  to  slow the  nucleation  rate.

Crystal images can be found in Fig. S5. The single-crystal X-ray analysis revealed that these

compounds  share  a  common  formula  of  Cu4I6(L)2,  where  L is  ligand.  The  1D  anionic

inorganic chains within the structure are charge balanced by the cationic ligands that also

form coordinative bonds with Cu atoms, as shown in Figs. 1a-c. Important crystallographic

data are summarized in Table 1. In all structures, copper atoms are tetrahedrally coordinated

to either three iodine and one ligand, or four iodine atoms, while the coordination numbers of

iodine atoms range from 2 to 3, similar to the previous reported AIO structures.[4, 7, 22, 30-
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32, 35] Despite all anionic chains having the same composition, namely Cu4I6
2-, two different

types of chains are observed. In the first type, each ligand is coordinated to only one Cu atom,

giving monocoordinated (µ1-MC) structure. Compounds 1 and  2 adopt this type (Fig. 1a-b).

For the second type, each ligand is coordinated to two adjacent Cu atoms, forming a five-

membered ring with one bridging I atom (Fig. 1c). This is also noted as a dicoordination (µ2-

DC) structure. Such structural differences are mainly due to the coordination ability of the

ligand, which can be predicted and tuned by changing the electron density of the coordination

available  atoms  via  inductive  effect.[4,  32] The  Cu-N  and  Cu-S  bond  lengths  in  these

structures  are  2.0-2.1  Å  and  2.4  Å,  respectively,  similar  to  those  of  Type  I  structures

containing only dative bonds.[36-38]

Table 1. Crystal structure data for 1–3.

1D-Cu4I6(bttmm)2 (1) 1D-Cu4I6(mmtp)2 (2) 1D-Cu4I6(btmmp)2 (3)

Empirical formula C10H15Cu2I3N4 C7H10Cu2I3NS C13H13Cu2I3N4

Mr 699.04 648.00 733.05

Space group Triclinic, P-1 Triclinic, P-1 Monoclinic, P21/c

a, Å 9.2349(4) 7.8476(3) 9.5419(3)

b, Å 9.8411(4) 9.6097(4) 15.4282(4)

c, Å 10.4688(4) 10.2249(4) 12.5930(4)

α, deg 82.882(2) 103.287(2) 90

β, deg 85.189(2) 93.300(2) 96.718(2)

γ, deg 64.311(2) 110.978(2) 90

V, Å3 850.29(6) 692.36(5) 1841.14(10)

Z 2 2 4

Dcalcd, g cm–3 2.730 3.108 2.645

μ(MoK), mm–1 7.228 12.375 7.788

F(000), e 640 584 1344

hkl range ±15, ±16, ±17 ±13, ±16, ±17 ±14, ±23, ±18

θ range , deg 2.468 ≤ θ ≤ 35.070 2.258 ≤ θ ≤ 42.936 2.150 ≤ θ ≤ 34.138
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Refl. measured 8258 6941 7024

Refl. unique 7906 5668 6378

Rint 0.0227 0.0226 0.0530

Param. refined 175 129 201

R(F) / wR(F2)a (I >

2 σ(I))
0.0170 / 0.0402 0.0281 / 0.0567 0.0244 / 0.0635

R(F) / wR(F2)a (all

data)
0.0182 / 0.0406 0.0408 / 0.0610 0.0270 / 0.0652

GoF (F2)b 1.206 1.069 1.084

Δρfin (max / min), e

Å–3
0.628 / -2.264 0.986 / -1.546 1.454 / -1.574

a R(F) = ||Fo|–|Fc||/Σ|Fo|, wR(F2) = [w(Fo
2–Fc

2)2/w(Fo
2)2]1/2, w = [σ2(Fo

2)+(AP)2+BP]–1, where 
P = (Max(Fo

2, 0)+2Fc
2)/3; b GoF = [w(Fo

2–Fc
2)2/(nobs–nparam)]1/2

The photophysical properties of all three title compounds were investigated using PL

spectroscopy  and  UV-Vis  absorption  spectroscopy  at  room  temperature.  The  important

photophysical properties are summarized in Table 2. All three compounds emit low energy

lights at wavelengths between 530 and 590 nm, and the emission color ranges from green

with Commission International del’Eclairage (CIE) color coordinates (x, y) of (0.37, 0.56) to

orange with CIE color coordinates of (0.48, 0.51) (Figs. 2a-c). All compounds can be excited

with blue light (450 nm), an important requirement for phosphors that can be used in current

commercial WLED devices with blue LED chips.[39, 40] A single band feature was observed

for all compounds, with an average full-width at half-maximum (FWHM) of ~100 nm, which

has been observed for many CuX-based hybrid materials.[41, 42] The internal quantum yields

(IQYs)  of  all  three  compounds  were  determined  at  room  temperature  under  360  nm

excitation, and are listed in Table 2. The optical bandgaps of the compounds range from 2.3 to

2.6 eV, estimated from their absorption edges as shown in Fig. 2d. The compounds exhibit

strong absorption suggesting that they are efficient energy absorbers, ideal for phosphors.
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Compound Bandgap
 (eV)

λem

(nm)
CIE IQY a

(%)
Td b

(°C)
Solubility c

(mg/ml)
Cu4I6(bttmm)2 (1) 2.6 530 (0.37, 0.56) 41 210 200

Cu4I6(mmtp)2 (2) 2.4 550 (0.46, 0.52) 21 215 140

Cu4I6(btmmp)2 (3) 2.5 590 (0.48, 0.47) 52 240 90

Table 2. Summary of important physical properties of compounds 1-3.

a λex = 360 nm; b Td: Decomposition temperature; c Tested in DMSO at room temperature.

Figure 2.  (a)  Normalized  PL excitation  spectra.  (b)  Normalized  PL emission spectra;  (c)

Color chromaticity.  (d) Optical  absorption spectra.  (e) TG plots of compounds  1-3.  Color

scheme: Red:  1; Blue:  2 and Black:  3. All emission spectra were measured at an excitation

wavelength of 360 nm and the excitation spectra were collected at the wavelength of their

emission maximum.
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Thermogravimetric analysis (TGA) was performed to evaluate their thermal stability. All

compounds remain stable up to at least 210 °C (Fig. 2e).  Based on the previous studies of the

thermal decomposition behavior of ionic CuX hybrid structures,[43, 44] the weight losses of

48% (210-550 °C)  for  1,  38% (215-500 °C)  for  2 and  42% (240-550 °C)  for  3 can  be

attributed to the loss of [bttmm]I (calc. 45%), [mmtp]I (calc. 41%) and [btmmp]I (calc. 48%),

respectively. Compared to charge-neutral 1D-CuI(L) structures which generally decompose

below 150 °C,[19, 45] the AIO-type compounds are much more robust, as a result of having

both  coordinate  and ionic  bonds  between  the  organic  and inorganic  components.  Such a

stability  enhancement  was  also  observed  in  other  CuX-based  AIO-type  hybrid  structures

reported previously.[4, 23, 35] In addition, it has been proven that with higher connectivity,

the ligands can form stronger bonds with the inorganic motifs, yielding hybrids with high

thermal resistance.[35, 46] Therefore, with a µ2-DC binding mode, compound 3 demonstrates

a higher decompostion temperature than both compounds 1 and 2 with µ1-MC binding mode.
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Figure 3. (a) PL emission spectra of compound 1 at various temperature (λem = 380 nm). (b)

Temperature dependent luminescence decay curves of compound 1. (c) The observed decay

times of compound 1 (blue dots) and the fitting curve (red line) according to equation (1). (d)

Energy diagram of compound 1 indicating TADF and phosphorescence. (e) and (f) Calculated

total density of states (DOS) and projected density of states (PDOS) of compounds 1 and 3,

respectively.

To gain insight  into the emission mechanisms,  compound  1 was selected  to perform

temperature  dependent  PL  spectrosscopy  and  lifetime  measurements.  The  PL lifetime  of

compound  1 exhibits  strong  temperature  dependence,  as  its  average  amplitude-weighted

lifetime decreased from ~16 µs at 77 K to ~3 µs at 298 K (Table S1). All the PL lifetime

decay curves at various temperatures are best fitted using a biexponential function, indicating

two  different  decay  pathways  are  involved  in  its  emission  process.  Upon  increasing

temperature, the fraction of short lifetime decay rises from 19% (5.76 µs) at 77 K to 48%

(1.08 µs) at  293 K, while the fraction of longer lifetime decay decreases from 81% (18.81 µs)
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at 77 K to 52% (3.99 µs) at 298 K. These data reveal the fact that besides the phosphorescence

(emission of longer lifetime), thermally activited delayed fluorescence (TADF, emission of

shorter  lifetime))  also plays  an  important  role  in  the  emission  of  these  compounds.  This

phenomenon  has  been  observed  in  many  other  previously  reported  Cu-based  inorganic-

organic hybrid materials[30, 32, 47] and small organic molecules.[48, 49] TADF often occurs

in compounds with small energy differences between the lowest excited singlet state (S1) and

the lowest excited triplet state (T1). With the thermal energy provided by the envioronment, a

fraction of electrons can undergo reverse intersystem crossing (RISC) from T1 back to S1, and

then follow a radiative transition from S1 to S0 as TADF process. The correlation between the

observed decay time (τobs) and absolute temperature (T) can be given as follows according to

the literature:[49, 50]

τ obs=
3+e

−Δ E (S1−T1 )

kB T

3
τ (T 1)

+
1

τ (S1)
× e

−Δ E (S 1−T1)

kBT

where  kB is the Boltzmann constant, τ(T1) and τ(S1) are the decay times of T1 and S1 states

respectively, and ΔE (S1-T1) is the energy difference between the two states. As shown in Fig.

3c, an excellent fit for the observed decay time of compound 1 is obtained. The fitted τ(T1)

value is 16 µs, similar to the experimental data of 19 µs at 77 K, comfirming the good fitting.

The ΔE (S1-T1) of compound 1 was estimated to be 0.056 eV, similar to that of other reported

compounds  exhibiting  efficient  TADF process.[42,  49,  51] Such small  energy splitting  is

essential to boost the efficient TADF at ambient temperatures. In addition, only very small

blue shift of the emission spectra of compound  1 was observed by increasing temperature

from 77 K to 298 K, which can be attributed to the indistinguishishable energy of S1 and T1.
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Density functional theory (DFT) calculations were conducted to calculate the projected

density of states (PDOS) for all three compounds using the Cambridge Serial Total Energy

Package  (CASTEP)  in  Material  Studio.[52] As  shown  in  Fig.  3e-f  and  Figs.  S6-S8,  all

compounds  share  similar  features.  The  atomic  states  that  contribute  to  the  valence  band

maximum (VBM) are mostly from inorganic components (Cu 3d and I 5p orbitals), while the

atomic  states  in  the  conduction  band  minimum  (CBM)  are  primarily  from  the  organic

component  (C  2p,  N  2p  and/or  S  3p  orbitals).  This  indicates  the  fact  that  the  emission

mechanism of  all  three compounds  can be attributed  to  a  combination  of  metal-to-ligand

charge  transfer  (MLCT)  and  halide-to-ligand  charge  transfer  (XLCT),  or  (M+X)LCT.

Compared to the rare-earth element containing commercial phosphors, whose emissions come

from the atomic orbitals of Ce3+ or Eu3+,[53, 54] the AIO-type hybrid materials demonstrate a

much larger extent of bandgap tunability  and their  emission energy can be systematically

altered by using ligands with desired lowest unoccupied molecular orbital (LUMO) energies.

The calculated bandgaps of all  three compounds are well in trend with their experimental

optical bandgap values, but have relatively smaller values. This is because the calculation

used  generalized  gradient  approximation  (GGA)  functional,  which  is  well  known  to

underestimate the bandgaps.[55]

Figure 4. (a) PXRD patterns of compound 1 in different forms. The optical images of the thin

film under (b) ambient light and (c) 365 nm UV light.

Another important advantage of AIO compounds lies in their solution-processability. It

is well recognized that solution-processed semiconductors have become a new paradigm in

optoelectronic  device  industries.[56,  57] Compared  to  the  conventional  inorganic

semiconductors  which  require  high  cost  for  device  manufacture,  solution-processible
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materials have the distinct advantage because  high-quality thin films can be fabricated by

simple and cost-effective methods, including spin coating, blade coating, inkjet printing and

other existing printing technologies.[58, 59] All title compounds exhibit outstanding solubility

in polar aprotic solvents such as DMSO, despite the extended nature of their 1D inorganic

chains,  while most of the Type I CuI-based extended structures (1D-3D) show very poor

solubility in any common solvents.[10, 36, 37] Previous studies on the solvation behavior of

the  AIO-type  compounds  have  suggested  that  this  intriguing  phenomenon  is  a  result  of

introducing ionic bonds between the inorganic and organic motifs.[4, 32, 35] As a preliminary

test, we prepared thin film samples of the AIO compounds by direct drop-casting of the AIO/

DMSO solutions on glass substrates (Fig. 4a, c). After annealing at 110 °C for 30 min, both

the crystallinity and luminescence of the film samples were restored. As shown in Fig. 4b, the

PXRD pattern  of the film sample matches  well  with that  of  the powder sample.  The PL

spectrum of the film sample remains nearly identical to that of the polycrystalline sample,

with a slight peak broadening (Fig. S9).

Conclusion

In summary, three new AIO-type organic-inorganic hybrid materials made of 1D-Cu4I6
2-

anionic chains and cationic ligands were synthesized. Two different types of inorganic chains

and ligand coordination modes were identified. All compounds remain stable up to at least

210 °C. They emit green to orange colors (530-590 nm) under UV (360 nm) irradiation and

can  be  well  excited  by  blue  light  (450  nm).  The  emission  mechanism was  studied  both

experimentally  and  theoretically.  All  three  compounds  exhibit  remarkable  solution

processability  due  to  their  unique  bonding nature,  as  a  result  of  introducing  ionic  bonds

between the inorganic and organic motifs. 
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