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memory devices,[8] spintronics,[9,10] optical 
sensors,[11] and biological probes.[12] The 
luminescence dissymmetry factor (glum) 
is used to quantify the level of CPL and 
defined as 2  ×  (Ileft  − Iright)/(Ileft  + Iright), 
where Ileft and Iright are the intensity of 
the left- and right-handed circularly polar-
ized light, respectively.[13] The theoretical 
minimum and maximum value of |glum| 
is 0 and 2, corresponding to nonpolarized 
and completely left/right-circularly polar-
ized emissions, respectively.[14] Generally, 
typical CPL-active materials consist of 
two major moieties: chiral nonlumines-
cent and achiral luminescent building 
blocks, which self-assemble into chiral 
structures. The chirality can be transferred 
from the chiral centers to the achiral com-
ponents, leading to overall CPL emis-
sion.[1] In addition, the chiral materials can 
exhibit other intriguing properties, such 
as ferroelectricity, piezoelectricity, and 
pyroelectricity.[15]

In an attempt to obtain high-performance CPL materials, 
great efforts have been made based on organic−inorganic 
hybrid metal halides combining chiral organic mole-
cules.[16,17] For example, enantiomorphic chiral hybrids R/S-
C6H15Cl2NO•SbCl5, exhibit intense emission with a photo
luminescence quantum yield (PLQY) of 71.2% and CPL activity 
with a glum of 2.5  ×  10−4.[18] We reported 1D chain-like hybrid 
manganese bromides, (R/S-3-quinuclidinol)MnBr3, having a 
high glum of 2.3 × 10−2 and a PLQY of 50.2%.[19] 0D hybrid lead-
tin bromides, (RR/SS-C6N2H16)2Pb0.968Sn0.032Br6•2H2O, was 
reported with a glum of 3.0  ×  10−3 and a remarkable PLQY of 
100%.[20] However, there are still few reported cases of highly 
efficient CPL-active hybrids, where quite a lot of them suffer 
from a low PLQY.[21,22] To consider technical applications, it is 
highly important to design and construct ideal hybrid metal 
halides with efficient left or right CPL and high PLQY.

Among the hybrid metal halides, hybrid copper halides 
have particularly attracted tremendous attentions, for they 
possess highly diverse structures,[23] magnetic properties,[24,25] 
and efficient luminescence.[26–31] The combination of the inor-
ganic copper(I) iodides with organic ligands/cations generates 
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1. Introduction

Circularly polarized luminescence (CPL) is considered to be 
a special luminescence phenomenon, which carries a lot of 
intrinsic information of chiral light-emitting material such as 
chemical composition and structural symmetry.[1,2] CPL-active 
materials show great potential applications in circularly polarized 
light-emitting diodes,[3,4] 3D displays,[5,6] photoelectric devices,[7] 
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a large variety of hybrid structures. Thousands of hybrid 
copper(I) iodides have been reported in the Cambridge Crystal-
lographic Data Centre (CCDC) database. An appropriate selec-
tion of organic components allows the target materials showing 
intriguing optical phenomena, such as high brightness,[32,33] 
CPL emission,[34–36] second harmonic generation,[36,37] thermo-
chromism,[38] and mechanochromism.[39,40]

The most extensively studied structural type is the charge-
neutral inorganic module (CunIn) coordinated with N-, P-, 
S-, Sb-, or Se-donor ligands (L), forming 0D discrete cluster, 
1D chain, 2D network, and 3D framework.[28,29] In 0D dis-
crete structures, the CunIn nanocluster takes various forms, 
including Cu2I2 rhomboid dimer,[30,32] Cu3I3 trimer,[41] Cu4I4 
staircase tetramer,[42] Cu4I4 cubane tetramer,[30,34] Cu6I6 eared 
cubane hexamer,[43] Cu6I6 staircase hexamer,[44] Cu7I7 pinwheel 
heptamer,[45] Cu7I7 heptamer,[46] Cu8I8 staircase octamer,[47] and 
Cu8I8 double-cubane octamer.[48] In Cu4I4 cubane tetramer, the 
monovalent copper ions typically adopt tetrahedral coordination 
geometry.[26] This means each [Cu4I4] building block offers four 
unsaturated Cu(I)-binding sites, which could be coordinated 
with organic ligands to construct the higher dimensional 
extended structures (Scheme 1).[28,29,49,50] The Cu4I4 cubane 
tetramers based hybrid compounds usually exhibit bright 
emission with high PLQYs, comparing with other CunIn nano
clusters.[28,29,51–53] The strong Cu−Cu interactions as a result 
of short Cu−Cu interatomic distances in these Cu4I4 cubane 
tetramers, generally lead to cluster-centered (CC) luminescence.

In this work, we utilize the highly emissive nature of Cu4I4 
cubane tetramer combining with chiral ligands to develop novel 
high-performance CPL materials. A pair of chiral ligands, R/S-
3-quinuclidinol, which has large molecular size, high steric hin-
drance, and appropriate N-donor, was employed here to form 
a stable and rigid 1D chain-like structure.[19] An enantiomeric 
pair of Cu4I4 cubane tetramer-based 1D copper-iodine chains, 
formulated as Cu4I4(R/S-3-quinuclidinol)3 (abbreviated as R/S-
1), is first reported here as a new structural type (Scheme  1). 
R-1 and S-1 possess distinct chiral characteristics and a near-
unity PLQY (≈100%) at room temperature. The glum values of 
powdered samples of R-1 and S-1 are 4.3 × 10−3 and −4.1 × 10−3, 
respectively. We have found the R/S-1 Cu4I4 unit undergoes sig-
nificant structural distortion with a helical twist angle of 11° and 
deviation in the Cu-I bond length, which is significantly dif-
ferent from the achiral 0D compound. This work provides new 
design guidelines and structural insights for next-generation 
high performance hybrid materials for chiroptical applications.

2. Results and Discussion

An amount of 2 mL saturated KI aqueous solution containing 
0.5 mmol CuI (bottom layer), 1 mL mixed solution of ethanol 
and water (buffer layer), and 2 mL ethanol containing 0.5 mmol 
R/S-3-quinuclidinol (top layer) was placed in a narrow-diameter 
glass tube in order (see Figure 1). Shiny, colorless, plate-like 
crystals R/S-1 were obtained within 1 week through a slow dif-
fusion between the top layer and bottom layer at room tempera-
ture. For the synthesis part, temperature is one key factor of 
influencing the crystal growth and its packing mode. Generally, 
low temperature reduces diffusion rate and leads to the growth 
of high quality crystals. Single-crystal X-ray diffraction (SC-
XRD) analysis at 298 K reveals that R/S-1 crystallize in noncen-
trosymmetric, monoclinic P21 space group, where the detailed 
crystallographic data is shown in Table S1 (Supporting Informa-
tion). The trilobed propeller-like asymmetric unit contains one 
Cu4I4 cubane tetramer coordinated with three N atoms from 
R/S-3-quinuclidinol ligands, forming a 1D chain-like structure 
in the direction of a-axis (Figure 2). Each [Cu4I4] building block 
is connected to its neighboring cubane through a Cu-I bond 
(dCu-I = 2.69 Å) (Scheme 1 and Figure 2). The Cu−Cu distances 
are shorter than or close to the sum of the van der Waals radii 
of copper(I) (2.80 Å),[54] indicating that intramolecular cupro-
philic bonding interactions are present in R/S-1 (Table S2, 
Supporting Information).[55] It is worth noting that this new 
1D type structure is reported here for the first time, where 
usually in Cu(I) iodides the extended structures are linked via 
organic ligands. The powdered samples of R/S-1 used in the 
following characterizations were macroscopically examined by 
powder X-ray diffraction (PXRD) and then compared with the 
simulated patterns determined by SC-XRD analysis (Figure  1 
and Figure S1, Supporting Information). These 1D materials 
exhibit good stability against moisture and oxidation, where the 
PXRD of R-1 sample stored in atmosphere for 1000 h remains 
unchanged (Figure S2, Supporting Information). Interestingly, 
using the racemic ligand, Rac-3-quinuclidinol, leads to the for-
mation of a reported 0D structure Cu4I4(Rac-3-quinuclidinol)4 
(Rac-1) (Figure  1).[56] Rac-1 crystallizes in centrosymmetric, 
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Scheme 1.  New structural type in this work and reported types of hybrid 
copper(I) iodides built by Cu4I4 cubane tetramers. Cu and I atoms are 
represented by blue and green spheres, respectively. Orange dotted lines 
represent links through organic ligands. Navy blue lines represent the 
coordination bonds between Cu and I.
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monoclinic C2/c space group. The discrete asymmetric unit 
of Rac-1 contains one Cu4I4 cubane coordinated with four Rac-
3-quinuclidinol ligands (Figure S3, Supporting Information).

As shown in Figure 3a and Figure S4a (Supporting Informa-
tion), the absorption spectra of the polycrystalline R-1 and S-1 
exhibit a broad shoulder at 400  nm, and three weak bands at 
315, 263, and 204 nm. The absorption peaks at 263 and 204 nm 
are identical to pure R/S-3-quinuclidinol (Figure S4b, Sup-
porting Information). This confirms that these two peaks are 
assigned to absorption by the organic components. The peaks 
at 400 and 315 nm are assigned to the inorganic components, 
which are consistent with the reported chiral hybrid copper(I) 
iodides built by Cu4I4 cubane tetramer.[34] To confirm the suc-
cessful transfer of chirality of R-1 and S-1, the circular dichroism 

(CD) measurements, which show the differential absorption 
ability of a chiral material to left-handed and right-handed CP 
light, were conducted on the polycrystalline samples at room 
temperature. Mirrored CD signals appear at approximately 
400 nm, which is in agreement with the main absorption peak 
(Figure  3b). The Cotton effect shifts absorption spectra for 
left-handed CP versus right-handed CP light, resulting in the 
characteristic dispersive feature in CD spectroscopy.[16] These 
CD responses stem from the Cotton effect of absorption bands 
of Cu4I4 cubane tetramer, influenced by the coordinated chiral 
R/S-3-quinuclidinol. This result indicates that the chirality is 
efficiently transferred to the inorganic components from the 
coordinated chiral organic ligands. An absorption anisotropy 
factor (gCD) is employed quantify the intrinsic CD, and calcu-
lated using the following equation: gCD = (Aleft − Aright)/absorb-
ance = CD [mdeg]/(32 980 ×  absorbance).[57] Aleft and Aright are 
the absorbances of left-handed and righthanded CP lights. The 
gCD values of R-1 and S-1, calculated at the absorption peak at 
400 nm, are 2.6 × 10−3 and −1.6 × 10−3, respectively (Table 1 and 
Figure S5, Supporting Information). The gCDs are on the order 
of 10−3, which are in accordance with the magnitude of previ-
ously reported chiral hybrid metal halides measured on their 
polycrystalline form.[19,58]

The optical bandgaps were determined by diffuse reflec-
tance spectroscopy measurements on polycrystalline samples 
(Figure S6, Supporting Information). Extrapolation of the 
absorbing edge to the linear part gave the bandgap values of 
2.86 and 2.90 eV for R-1 and S-1, respectively, which correspond 
with transparent and colorless crystals (Table 1 and Figure 4a). 
These bandgaps are comparable with other reported Cu4I4 
cubane-based hybrid copper(I) iodides.[28]

To further characterize the optical properties of these mate-
rials, we have conducted steady-state and time-resolved photo
luminescence (PL) measurements. The optical properties of 
R/S-1 are summarized in Table  1. R-1 and S-1 exhibit highly 
emissive yellow light emission under ultraviolet (UV) lamp 
irradiation (Figure 4a and Figure S7, Supporting Information). 
Both compounds have almost identical PL emission spectra 
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Figure 1.  a) Synthesis of 0D Cu4I4(Rac-3-quinuclidinol)4 (Rac-1) and 1D Cu4I4(R/S-3-quinuclidinol)3 (R/S-1). Insert: pictures of polycrystalline R-1 under 
daylight (upper) and ultraviolet (UV) flashlight (down). b) Experimental and simulated X-ray powder diffractograms for Rac/R-1.

Figure 2.  Enantiomorphic crystal structures along the a-axis (upper) and 
the view of 1D chains in the direction of a-axis (down) of S-1 (left) and 
R-1 (right). Cu, I, C, N, and O atoms are colored in violet, green, grey, 
cyan, and red, respectively. Hydrogen atoms are omitted for clarity. Black 
dotted line represents mirror plane. Inset: chemical structural formula of 
R/S-3-quinuclidinol.
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(Figure 4b) with a peak centered at 575 nm. With the Gaussian 
fitting, the full width at half-maximum (fwhm) of these emis-
sion peaks are 115 nm. The excitation spectra of these two com-
pounds are also the same, and the highest PL intensity should 
be excited with λex of 375 nm. The Stokes shift is determined 
to be 200  nm, which is similar to those of many previously 
reported Cu4I4 cubane tetramer-based halides.[28] The large 
Stokes shift is useful for avoiding the self-absorption issue. 
The PL mechanism of R/S-1 are similar to those of reported 
[Cu4I4] cluster complexes.[59] The short Cu−Cu distances inside 
the Cu4I4 clusters, such as 2.534(1) Å for R-1 and 2.5300(9) 
Å for S-1, support the existence of a “metal cluster centered” 
excited state. And the PL emission can be attributed to a tri-
plet “cluster centered” (3CC*) excited state, which involves 
iodide-to-metal charge transfer (3XMCT*) and “metal cluster 
centered” (3MCC*, d10Cu → d9s1Cu) characters.[60] Through 
double-exponentially fitting the time-resolved PL decay spectra, 
we obtained the lifetimes of 10.76 and 10.42 µs for R-1 and S-1, 
respectively (Figure 4c).

The PLQYs of the polycrystalline samples are measured to 
be near-unity, 99.9% for R-1 and 99.8% for S-1, with 365  nm 
excitation at room temperature (Table  1). As far as we know, 
there are only a few reported hybrid copper(I) iodides showing 
PLQY exceeding 99%. The 0D isolated structure Rac-1 with low 
rigidity, was reported to has a PLQY of 30%,[56] which is quite 
lower than R/S-1. The high PLQYs of R/S-1 are likely due to the 
suppression of nonradiative decay in rigid structures.[28,29,51–53,61] 
The near-unity PLQY was also observed in another reported 1D 
chain-like hybrid copper(I) iodide cluster, (4-dimethylamino-
1-ethylpyridinium)2Cu4I6, which possesses rigid environment 
inside skeleton.[61] The hydrogen bonding interactions are 
formed between oxhydryls in organic ligands from adjacent 
[Cu4I4(R/S-3-quinuclidinol)3]∞ chains (Figure S8, Supporting 
Information). The O···O distances in three H-bonds in R-1 are 
2.750 Å, 2.818 Å, and 2.844 Å, respectively. These high sterically 
hindered R/S-3-quinuclidinol ligands with strong H-bonding 
interactions, build a rigid network by self-assembly with [Cu4I4] 
building blocks. The rigid and stable trilobed propeller-like 
chain structures could restrain the molecular vibration and 
rotation, preventing energy transfer.

Based on the chiral structure and ultrabright yellow emis-
sion, strong CPL signals are realized in these new materials. 
R-1 and S-1 exhibit mirror-image profiles in their CPL emis-
sion spectra, measured on single crystal and powdered form 
(Figure S9a, Supporting Information, and Figure 5a). R-1 and 
S-1 show the left-handed signal and right-handed CPL signal, 
respectively. CPL spectra are consistent with the regular PL 
spectra regarding the emission width and the peak position 
(Figure  3b). The glum values of single crystals of R-1 and S-1 
at their maximum emission wavelength are +1.48  ×  10−1 and 
−1.42 × 10−1, respectively (Figure S9b, Supporting Information). 
In addition to our case, the high glum values on the order of 10−1 
were also observed in single crystals of other compounds.[19,21,62] 
Such high glums were induced by the effect of linear polarized 
light (LPL) and birefringence or a circular Bragg phenomenon, 
which cannot be ignored in the CPL measurements using 
single crystals with large anisotropy.[62,63] LPL effect could mag-
nify the detected CPL intensity. Because of this, a change of ori-
entation, size, or shape of single crystals will lead to the varia-
tion in direction and intensity of detected CPL signals.

To avoid the anisotropy of single crystals, we ground the 
samples of R/S-1 more than 15 min, and obtained their 
powdered form. The glum values of powdered R-1 and S-1 
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Figure 3.  a) Circular dichroism (CD) spectra of polycrystalline R/S-1, 
matching well with the absorbance spectra peak. b) Absorbance spectra 
of polycrystalline R/S-1.

Table 1.  Summary of the optical properties of R/S-1.

Compounds R-1 S-1

λex [nm] 375

λem [nm] 575

fwhm [nm] 115

Stokes shift [nm] 200

PLQY [%] 99.9 99.8

Bandgap [eV] 2.86 2.90

Lifetime [µs] 10.76 10.42

gCD [×10−3] 2.6 −1.6

glum [×10−3] 4.3 −4.1
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calculated from the mirror-image CPL spectra at maximum 
emission wavelength are +4.3  ×  10−3 and −4.1  ×  10−3, respec-
tively, which are at the same level as those of other reported 
CPL-active chiral hybrid copper(I) iodides (Figure  5a).[34–36] 
The CPL was also measured on the powdered S-1 after 90° 
clockwise rotation, and gave a glum of −4.0 × 10−3 (Figure 5b). 
The CPL intensity and glum value obtained at rotation angles 
of 90° are almost identical to the data at 0°. It can be seen 
that there is no significant change in spectral shape with rota-
tion angle, indicating they are anisotropy artifact free. The 
CPL signals stem from intrinsic chirality of inorganic parts, 

induced by the direct connection of the chiral ligands to the 
inorganic cubanes through coordination bonds.[19] There are 
six different Cu−Cu distances between the two neighboring 
Cu atoms in the distorted tetrahedral Cu4

4+ unit (Table S2 and 
Figure S10, Supporting Information). Therefore, these four Cu 
atoms can be viewed as a new chiral tetrahedral unit. In addi-
tion, the CPL spectra are determined by the electric and mag-
netic transition dipoles, which are influenced by the degree of 
helical twist in Cu4I4 cubane.[64] In our case, the helical twist 
angle (θ) of R/S-1 are approximately 11.6°, which is higher 
than the value of 5° in previously reported chiral analogues 
and different from Rac-1 (nearly 0°) (Figure 6).[34] In addi-
tion to the θ difference, the Cu-I bond length also varies to a 
larger degree in R/S-1 (Figure 6). These observations further 
validate the chiral nature of the as-synthesized 1D materials, 
in sharp contrast to the Rac-1 structure. Both of the skeleton 
and chiral ligands are critical for design and construction of 
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Figure 4.  a) Optical microscopic pictures of plate-like crystals of R/S-1 
under daylight and ultraviolet (UV) flashlight (330–385 nm). b) Normal-
ized excitation and emission spectra. c) Time-resolved photolumines-
cence (PL) decay spectra.

Figure 5. C.  ircularly polarized luminescence (CPL) emission spectra (a), 
and glum versus wavelength curves (b) of powdered R/S-1. The curves of 
R-1 and S-1 are shown in orange and blue, respectively. The green dotted 
lines represent the curves of sample after 90° clockwise rotation.
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high performance CPL materials. On one hand, Cu4I4 cubane 
tetramer possesses highly emissive nature. On the other hand, 
the chiral R/S-3-quinuclidinol ligands, which show large 
molecular size and high steric hindrance, are helpful to sta-
bilize the structures. The inorganic part achieves “intrinsic” 
chirality for its helical twist in Cu4I4 cubane, induced by the 
direct connection of chiral ligands, leading to new chiroptical 
properties. This combination of skeleton together with R/S-
quinuclidinol generates highly efficient CPL materials.

3. Conclusion

In conclusion, we report here a novel enantiomeric pair of 
Cu4I4 cubane-based 1D chain-like hybrid copper(I) iodides, R/S-
1, demonstrating ultrabright yellow emissions with chiroptical 
properties, such as CD and CPL. These materials exhibit both 
high PLQY to near unity and long-term stability, originating 
from the rigid structure that suppresses the nonradiative decay. 
The direct coordination of the chiral ligands and Cu4I4 cubane 
successfully transfer the chiral properties to the inorganic parts, 
leading to effective CPL emissions. To the best of our knowl-
edge, it is reported here for the first time that CPL-active hybrid 
copper(I) iodides with near-unity PLQY. Our work on highly 
emissive and stable hybrid copper(I) iodides paves the way 
toward the design and construction of high-performance CPL 
materials.

4. Experimental Section
Materials and General Considerations: All the reagents and solvents, 

including copper(I) iodide (99%, Macklin), potassium Iodide (99%, 
Aladdin), ethanol (99%, Rhawn), (R)-3-quinuclidinol (98%, Macklin), and 
(S)-3-quinuclidinol (97%, Macklin), were purchased from commercial 
sources and used without any further purification or modification.

Materials Synthesis: The single crystal samples of Cu4I4(R/S/Rac-3-
quinuclidinol)3 were prepared by a slow diffusion in a narrow-diameter 
glass tube (Φ  = 15  mm). A saturated KI aqueous solution (2  mL) 
containing Cu(I)I (0.5  mmol, 95.2  mg) was placed in bottom layer 
of tube (bottom layer), then a mixture of ethanol (0.5  mL) and water 
(0.5 mL) was carefully placed on the bottom layer (buffer layer), finally 
an ethanol (2 mL) of R/S/Rac-3-quinuclidinol (0.5 mmol, 63.6 mg) was 
placed on the top (top layer). After standing for 1 week, the colorless, 
plate-like crystals were collected from mother liquid, followed by washing 
with a large amount of water.

X-Ray Crystallographic Analysis: Single-crystal X-ray diffraction 
data for all the compounds were recorded on a Bruker D8 VENTURE 
diffractometer with graphite monochromated Mo Kα radiation (λ  = 
0.71073 Å). A single crystal was mounted on a thin Kapton film using 

Nujol and kept at 298 K. The data collection and reduction were carried 
out using the Bruker APEX3 program for all compounds. The structures 
were solved by SHELXT methods with the Olex2 program,[65,66] and 
all non-hydrogen atoms were refined anisotropically by least-squares 
technique on weighted F2 using SHELXL.[67] Anisotropic thermal 
parameters were assigned to all non-hydrogen atoms. The hydrogen 
atoms attached to C and N atoms were placed in idealized positions. 
CCDC 2222115 and 2222116 contain the supplementary crystallographic 
data for Cu4I4(R-3-quinuclidinol)3 and Cu4I4(S-3-quinuclidinol)3, 
respectively. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre (CCDC) via www.ccdc.cam.
ac.uk/data_request/cif. Structural diagrams were prepared using VESTA 
software. Powder X-ray diffraction patterns were collected at room 
temperature for polycrystalline samples in 0.02° steps on a SmartLab 
X-ray Diffractometer with Cu Kα radiation (λ = 1.54056 Å).

Optical Characterizations: The steady-state PL spectra were acquired 
at room temperature using a HORIBA FluoroMax+ instrument 
(HORIBA Scientific) under an excitation wavelength (λex) of 375 nm. 
The UV–Vis–NIR absorbance spectra were recorded at room 
temperature on a UV-3600i Plus spectrophotometer (SHIMADZU) 
with BaSO4 as the reference material. CD spectra for polycrystalline 
samples were acquired using a CD spectrometer (Chirascan, 
Applied Photophysics) at room temperature. Polycrystalline samples 
were carefully packed in the sample chamber without gaps. The 
measurement was started from 450 to 300  nm with a step of 1  nm. 
The wavelength and bandwidth of monochromator were 280.0 and 
1.0  nm, respectively. Time-per-point of sampling was 0.5 s. PLQYs 
were examined at room temperature by using the integrating sphere 
on a XP-EQE-Adv instrument (XI PU GUANG DIAN) (λex = 365 nm). 
For the PL decay measurement, the signal was dispersed by a 
320  mm monochromator (iHR320 from Horiba, Ltd.) combined 
with suitable filters and detected based on the time-correlated 
single photon counting technique (λex  = 375  nm). The CPL spectra 
for powdered samples, which were ground for 15 min, were recorded 
on a CPL spectrometer (CPL-300, JASCO) (λex  = 375  nm). The CPL 
measurement was conducted using a continuous scanning mode with 
a scanning speed of 2 nm min−1. No. of accumulations was 5.
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Figure 6.  Diagrammatic sketch of helical twist angles (θ) and Cu-I bond 
lengths in Cu4I4 cubane in R/S-1 and Rac-1.
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