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room-temperature phosphorescence in copper(i)
iodide clusters
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Based on crystalline polymorphism, we utilized a solvent-mediated crystal engineering strategy to
synthesize three polymorphic copper-iodide clusters, 1 [Cugyls(4-dpda)s], 1-Tol [Cugyls(4-dpda)s-CoHgl,
and 1-PX [Cugyls(4-dpda)s-CgHiol (4-dpda = 4-(diphenylphosphino)-N,N-dimethylaniline), respectively.
The polymorphic clusters not only exhibit significant differences in their crystal structures but also
manifest remarkable changes in their room-temperature phosphorescence (RTP), high energy (HE)/low
energy (LE) energy transfer barriers, and thermal quenching properties. Through comprehensive analysis
of the single crystal structure, spectroscopic measurements and theoretical calculation, we elucidated
the distinct mechanisms by which solvent-mediated crystal engineering enhances RTP performance.
Furthermore, based on the significantly enhanced thermochromic effect, the potential of 1-Tol as a
luminescent thermometer with dual-temperature-zone response characteristics was explored, achieving
a notable improvement in sensitivity in the low-temperature region. In contrast, 1-PX broadened the
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Introduction

Luminescent materials exhibiting room temperature phosphor-
escence (RTP) have attracted increasing attention due to their
fundamental importance and broad application prospects.’™
For OLED applications, RTP materials can achieve 100% inter-
nal quantum efficiency because they can harvest both singlet
and triplet excitons, a value much higher than that of fluor-
escent materials, which only emit through singlet excitons and
therefore can only reach a theoretical efficiency four times
lower.>® The large Stokes shift and long lifetime emission of
phosphorescence offer significant advantages in applications
such as sensing, bioimaging, light-emitting diodes, and anti-
counterfeiting technologies.” "

Copper(1) iodide clusters have gained significant attention as
luminescent materials due to their low cost, environmental
friendliness, and diverse coordination structures,'>** overcom-
ing the high cost and scarcity issues associated with noble
metal complexes such as iridium and platinum." More impor-
tantly, the d'® electronic configuration of copper(i) effectively
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response range of thermochromic sensing.

prevents the d-d excited state, significantly reducing non-
radiative deactivation pathways, thereby laying the foundation
for their applications in high-efficiency RTP materials.'®
Copper(r) iodide clusters exhibit a variety of energy transfer
modes, such as cluster-centered (CC) emission, metal-to-ligand
charge transfer (MLCT), and halogen-to-ligand charge transfer
(XLCT)."” At room temperature, the luminescence is mainly
dominated by cluster-centered emission bands with longer
wavelength, while at low temperature, these bands become weak,
and the luminescence is mainly dominated by high-energy XLCT
emission bands with shorter wavelength, resulting in the typical
thermochromic phenomenon. However, the subtle energy level
differences among multiple triplet states induce vibrational
coupling and their subsequent merging into one of the triplet
states, leading to non-radiative deactivation and thereby sup-
pressing RTP.'® Meanwhile, a critical challenge lies in the so-
called thermal quenching (TQ) effect of luminescence, which
refers to the significant loss of luminescence intensity as the
temperature increases due to accelerated non-radiative decay
processes competing with radiative transitions."**°

To enhance the RTP efficiency of copper(i) iodide clusters, a
variety of strategies have been developed, including ligand
engineering,>' > aggregation-induced emission (AIE),>>*® crystal
engineering,””>° and guest-induced phosphorescence.**!
However, the fundamental mechanism for enhancing RTP per-
formance remains poorly understood to date. It is well
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recognized that precise crystal structure determination is key to
unraveling the structure-property relationships at the molecular
level, while crystal engineering provides a systematic approach to
optimize these relationships. Polymorphic luminescent supramo-
lecular systems are particularly significant in crystal engineering,
as they often exhibit diverse photoluminescent characteristics.>**
Systematic investigations of these systems can reveal the direct
correlation between molecular structures and optical properties,
offering crucial guidance for designing highly efficient lumines-
cent materials through crystal engineering. Furthermore, in the
design and synthesis of metal clusters, solvent selection in crystal
engineering plays a critical role.*>” Solvents not only participate
in the self-assembly and crystallization processes of complexes
but also significantly influence the molecular configurations and
crystal forms of the products, directly impacting the efficiency and
stability of RTP.

In this work, three polymorphic copper(i) iodide clusters,
namely, 1 [Cuyl,(4-dpda),], 1-Tol [Cuyl,(4-dpda),-C;Hg], and 1-
PX [Cu,l,(4-dpda),-CgHyg] (4-dpda = 4-(diphenylphosphino)-
N,N-dimethylaniline) were successfully constructed through
a crystal engineering strategy in acetonitrile, toluene, and
p-xylene, respectively, exhibiting significant differences in their
crystal structures. Notably, optimization via crystal engineering
significantly enhanced the RTP intensities of 1-Tol and 1-PX,
with their photoluminescence quantum yield (PLQY) reaching
12 times and 7 times that of 1, respectively. Combined single-
crystal structural analysis and spectroscopic studies revealed
that the crystal engineering in 1-Tol and 1-PX modulates the
emissive states of low energy (LE) and high energy (HE) emis-
sion, as well as their energy transfer, through distinct mechan-
isms. This effectively suppresses TQ and significantly enhances
RTP. These differences not only reflect the regulatory role of
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solvents during crystal growth but also highlight the central
importance of crystal engineering in the precise design and
structural control of materials. Furthermore, based on the
remarkable thermochromic effects achieved through crystal
engineering, we further explored the application potential of
1-Tol and 1-PX in temperature-sensing response and multicolor
display.

Results and discussion

As shown in Fig. 1a, three polymorphic cubane Cu,l,(4-dpda),
(4-dpda = 4-(diphenylphosphino)-N,N-dimethylaniline) based
crystals (1, 1-Tol, and 1-PX) were successfully synthesized
through the reaction of Cul and the ligand 4-dpda in different
solvents (acetonitrile, toluene, and p-xylene). Among these, the
crystal structure of 1 is the same as previously reported,*® but here
we mainly focus on its photophysical-structure relationship with
1-Tol, and 1-PX. PXRD results indicate that the obtained products
possess high purity and excellent crystallinity (Fig. S1). X-ray
crystallography (Tables S1-S3) reveals that the basic units of 1,
1-Tol, and 1-PX are all composed of a distorted cubic Cu,l, core
and four 4-dpda ligands. Although 1 and 1-Tol belong to the same
space group (P1), the presence of toluene solvent molecules in
1-Tol leads to significant differences in their unit cell parameters,
establishing a pseudopolymorphic relationship, which is a special
case of polymorphism.>® As described in the literature, poly-
morphism is a common phenomenon in crystals, in which the
solids formed by the same substance crystallize in different
arrangements with identical chemical composition, while further-
more, its extended form - pseudopolymorphism - can be also
recognized for the solids without a totally identical chemical
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Fig. 1 Structures and photophysical properties of 1, 1-Tol, and 1-PX at room temperature. (a) Schematic diagram of crystal engineering strategy
synthesis and single crystal structure diagram of polycrystalline copper()) iodide clusters, H is omitted for clarity. (b) The normalized emission spectra,
insets are the crystal photographs under daylight and 365 nm UV. (c) Lifetime and PLQY.
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composition, especially those formed with the same substance yet
different solvent molecules during crystallization. In contrast,
1-PX crystallizes in the space group C2/c, exhibiting a markedly
altered crystal packing arrangement (Fig. S2), confirming that it is
a polymorph of 1 and 1-Tol. Therefore, the three compounds can
be related via pseudo-polymorphism although they have different
solvent environments in the crystal lattice.

Analysis of the data in Tables S4-S6 shows that the coordi-
nation bond lengths of 1, 1-Tol, and 1-PX are very similar. The
average Cu-P bond lengths are 2.250, 2.258, and 2.254 A,
respectively, while the average Cu-I bond lengths are 2.671,
2.690, and 2.690 A. However, the Cu-Cu distances within the
clusters exhibit significant differences, measuring 2.985 A,
2.938 A, and 3.086 A, respectively. Beyond the variations in
the Cu,l, core, the arrangement of the ligands also differs
under the regulation of crystal engineering. Using the dimethyl
groups of the phosphine ligand as a comparison criterion
(Fig. 1a), the unit cell of 1 contains no solvent molecules,
resulting in the most unconstrained coordination environment.
The four dimethyl groups adopt diverse spatial orientations,
resembling upward “antennae” and laterally pointing “double
arms.” In contrast, the unit cells of 1-Tol and 1-PX contain three
toluene solvent molecules and one p-xylene solvent molecule,
respectively, leading to a more uniform spatial arrangement of
the four dimethyl groups, resembling laterally pointing ‘“four
arms.” These results demonstrate that crystal engineering can
achieve diverse crystal structures for isomorphous clusters,
showcasing a rich diversity in Cu-Cu interactions and crystal
packing arrangements. Thermogravimetric analysis (Fig. S3)
further verifies the stability of these clusters. The first weight
loss step corresponds to the removal of toluene and p-xylene,
with weight losses matching theoretical values. Additionally, all
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three clusters begin to decompose at approximately 330 °C,
indicating their excellent thermal stability.

To gain deeper insights into the photophysical properties of
polymorphic Cu,l,(4-dpda),, we first performed UV-Vis absorption
spectroscopy on the solid-state samples. The results showed that
their absorption spectra are similar. As shown in Fig. S4a, the
main absorption bands were located in the range of 250-400 nm,
which can be attributed to n-rn* transitions of the benzene ring,
n-r* transitions of unsaturated groups, and energy transitions of
the metal cluster core.”” Subsequently, we further investigated
their photoluminescence properties at room temperature. The
excitation spectrum of 1-Tol was similar to that of 1, exhibiting a
broad peak in the range of 250-400 nm, while the excitation
spectrum of 1-PX displayed a narrower peak, primarily concen-
trated in the 300-380 nm range (Fig. S4b). This might be related
to its different crystal engineering structure as compared to 1 and
1-Tol, in which the packing in 1-PX favours the energy transitions
from the metal cluster cores. As shown in Fig. 1b, the emission
peaks of 1, 1-Tol, and 1-PX were located at 540, 570, and
605 nm, respectively, corresponding to green, yellow, and
orange luminescence. Analysis of the time-resolved decay
curves (Fig. S5) revealed that the luminescence lifetimes of
all three samples were in the microsecond (ps) range, indicat-
ing that their emissions originated from triplet excited states
and are characteristic of phosphorescence. As shown in
Fig. 1c, the luminescence lifetimes of 1, 1-Tol, and 1-PX were
2.65 ps, 8.63 ps, and 13.81 ps, respectively, with PLQY of
4.84%, 58.96%, and 36.89%. The significantly extended lumi-
nescence lifetimes and substantially enhanced PLQY of 1-Tol
and 1-PX clearly demonstrate the remarkable effectiveness of
crystal engineering in enhancing the RTP performance of
copper(i) iodide clusters. These results highlight the critical

a 1 A, =360nm — 77K b 1-Tol A,, =340nm — 7K c 1PX A, =330nm —7K
— 100K — 100K — 100K
— 120K
—_ —_ _ — 140K
= = 5 160K
s s s 100K
2 2 > s
@ @ [ 240K
2 2 2 . 260K
E = £ e —— 280K
— 300K
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)
5x107 4x10°
d - 1.0 A HE 1 e . 1 1-Tol 1-PX f ——
: v o 7
A | \ 1-Tol = 4x10 :
P . bt g 3x10
£ 06 £ 310 -
£ \ E 5! 2x10°
E 0.44 \ % 2x107 x
s ' 2
0.2+ X 1x10°
E 3 9 ax07 10
] a
z 0.0 ‘
! ] . " 4.76x10 4.57x10*
400 500 600 700 800 100 150 200 250 300 1 1-Tol 1-PX

Wavelength (nm)

Temperature (K)
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role of crystal engineering in modulating the photophysical
properties of materials.

To elucidate the RTP mechanism of polymorphic Cu,l,(4-
dpda),, temperature-dependent photoluminescence (PL) mea-
surements were conducted (Fig. 2a—c). Upon cooling from 300 K
to 77 K, the original room-temperature emission bands initially
intensified before gradually diminishing and eventually disap-
pearing. Concurrently, a new emission band emerged at
~450 nm, characteristic of the dual-emission feature observed
in copper(1) iodide clusters, where the room-temperature and low-
temperature emissions correspond to the low energy (LE) and
high energy (HE) bands, respectively. The temperature-dependent
PL spectra of ligand 4-dpda (Fig. S6) show a stable blue emission
peak at ~450 nm, with intensity decreasing monotonically as
temperature rises. This distinct thermal response differs sharply
from that of copper(i) iodide clusters, excluding ligand-centered
phosphorescence mechanisms. Together with the LE emission
characteristics of the clusters, the observed RTP is attributed to
the *CC excited state.

Although 1 and 1-Tol crystallize in the same space group of
the triclinic system with similar packing arrangements, the
PLQY of 1-Tol is significantly enhanced, reaching 12 times
that of 1. The room-temperature emission of the copper(i)
iodide cluster is closely related to energy transfer within the
cluster center, which is influenced by cuprophilic interactions.
In 1-Tol, the shorter Cu—-Cu distance enhances this interaction,
stabilizing the energy transition and lowering the energy level
of the LE emissive state,** thereby causing its emission peak to
red-shift from 540 nm (as in 1) to 570 nm. Additionally, the
crystal packing enhances lattice rigidity, suppressing non-
radiative triplet exciton transitions at room temperature,
thereby significantly improving RTP.

To verify the mechanism of crystal engineering effect in
1-Tol, we heated 1-Tol powder in a vacuum oven at 120 °C for
5 days to remove the toluene solvent, obtaining the desolvated
sample 1-Tol-hong. High-resolution XPS results (Fig. S8)
showed that Cu remained in the monovalent state. The PXRD
pattern (Fig. S9a) revealed broader and fewer diffraction peaks,
indicating transformed crystal packing. TG analysis (Fig. S9b)
confirmed removal of the solvent. As shown in Fig. S10, under
365 nm UV excitation, 1-Tol-hong emitted yellow-green light
with a 15 nm blue-shifted emission peak and PLQY reduced to
8.60% compared with 1-Tol. This indicates that the removal
of toluene not only decreased the compactness of the Cuyl,
core, leading to an elevated LE emissive state energy level and
blue-shifted emission, but also significantly weakened crystal
rigidity, resulting in a marked reduction in RTP efficiency.
Subsequently, we conducted a series of photoluminescence
tests on 1-Tol-hong under variable-temperature conditions
(Fig. S11 and S12). Comparative analysis revealed that the
luminescence properties of 1-Tol-hong changed significantly,
becoming more similar to those of 1. Owing to the similar
solid-state chemical environments of different copper(i) iodide
clusters, their excited-state distortion levels show consistency in
the LE band. Among the polymorphic copper(i) iodide clusters,
1-PX exhibits the largest Cu-Cu distance but the lowest LE
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energy level. Due to significant structural differences between
1-PX and the other two copper() iodide clusters, the degree of
excited-state distortion varies, making it hard to directly com-
pare the strength of cuprophilic interactions based solely on
Cu-Cu distances, while the substantial enhancement of RTP in
1-PX is a direct outcome of the crystal engineering effect. These
findings highlight the dual role of crystal engineering: it not only
modulates the self-assembly process to significantly enhance
cuprophilic interactions but also actively participates in the
crystallization process, markedly improving crystal rigidity and
effectively reducing non-radiative transitions, thereby greatly
enhancing RTP efficiency.

To gain deeper insights into the mechanism of RTP
enhancement, the temperature-dependent luminescence prop-
erties of the three samples were systematically investigated. As
shown in Fig. 2d, the HE positions are similar, all located near
450 nm in the blue region, and align well with the PL spectrum
of 4-dpda (Fig. S6), suggesting that HE can be attributed to
XLCT or MLCT. Furthermore, analysis of the luminescence
decay curves reveals millisecond-scale lifetimes for both 1-Tol
and 1-PX at low temperatures (Fig. S7), confirming that their
HE originates from *X/MLCT.

An isosbestic point was observed in the overlapping region
of the two energy bands (HE and LE) of 1, 1-Tol, and 1-PX.
Using this point as the boundary, the emission spectra on both
sides were integrated, and the activation energy data were
calculated using the Arrhenius equation.*” As shown in Fig.
S13, the calculated activation energies for 1, 1-Tol, and 1-PX are
600, 859, and 410 J, respectively. The lower activation energy
barriers of 1-PX and 1 suggest that the transition from HE to LE
is more favorable. However, complete quenching of the HE
emission band occurs only above 220 K for 1-PX and 290 K for
1, whereas the HE emission band of 1-Tol is fully quenched
above 160 K. Analysis of the lifetime measurements reveals that
the HE lifetime of 1-Tol decreases with increasing temperature,
consistent with typical phosphorescence behavior. In contrast,
the HE emission states of 1 and 1-PX exhibit an increase in
lifetime with rising temperature within the range of 77-140 K.
Based on these findings, we propose that the relatively
low energy barriers in 1 and 1-PX result in partial excitons re-
transitioning back to the HE level during the energy transfer
process from HE to LE. These re-transitioned excitons subse-
quently decay radiatively to the ground state, leading to an
extended HE lifetime and a slower quenching of the HE
emission state. Furthermore, the incomplete energy transfer
results in a relatively modest increase in the intensity of the
LE band.

To investigate the dynamic evolution of PLQY with tempera-
ture, we integrated the emission spectra of 1, 1-Tol, and 1-PX in
the wavelength range of 400-800 nm, based on the positive
correlation between spectral integral area and PLQY, yielding
the results shown in Fig. 2e. At 77 K, the luminescence
intensities follow the order 1-PX > 1-Tol > 1, indicating that
structural modifications in the copper(i) iodide clusters signifi-
cantly affect both LE and HE emissions. The integral value of
1-Tol increases continuously from 77 to 220 K, suggesting
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efficient energy transfer from HE excitons to the LE emission
band. Consequently, at 300 K, 1-Tol achieves the highest PLQY
(58.96%), which is 12 times that of 1. In contrast, for 1-PX,
incomplete energy transfer leads to a weaker enhancement of
LE emission compared to the reduction in HE emission. As a
result, its integral value decreases gradually from 77 to 160 K
and only begins to recover slowly above 160 K. Thus, at 300 K,
1-PX exhibits a relatively lower PLQY of 36.89%. However, due
to its stronger LE emission (approximately four times that of 1),
its PLQY still shows significant improvement compared to 1.
Subsequently, the non-radiative decay rate (k,;) at room
temperature was calculated using following equation:>®

knr:litp (1)

T

where @ is the PLQY, 7 is the average photoluminescence
lifetime. As shown in Fig. 2f, the k,, values of 1-Tol and 1-PX
are one order of magnitude lower than that of 1, demonstrating
that the crystal engineering strategy effectively suppresses TQ
of the copper(i) iodide clusters, thereby enhancing RTP.
Theoretical calculations were conducted for 1, 1-Tol, and 1-
PX using density functional theory (DFT). The spatial distribu-
tions of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) were visualized
using Multiwfn*® in combination with the VMD program. As
illustrated in Fig. 3a, the HOMO of the three polymorphic
Cuyl,(4-dpda), clusters is predominantly localized on the Cu,l,
core, while the LUMO is distributed over the aromatic rings of
the ligands. The energy gap between the HOMO and LUMO
aligns with the trend observed in the experimentally determined
excitation energies (1-PX > 1-Tol > 1). Notably, the LUMO of 1
and 1-Tol is primarily concentrated on a single ligand, whereas
for 1-PX, it is distributed across two ligands. This results in a
significant enhancement in charge transfer efficiency for 1-PX,
leading to the strongest HE emission. These findings underscore

LUMO

HOMO
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the profound impact of crystal packing modes on the distribu-
tion of molecular orbitals and energy level transitions.

Based on the synergistic analysis of experimental and theoretical
calculations, the luminescence mechanism illustrated in Fig. 3b
was proposed. For the three compounds, the emission at low
temperature is dominated by the HE state. However, along with
the temperature rise, the HE excitons begin energy transition to
populate the LE emission. The crystal packing in the compounds
undergoes an alteration in the energy barrier, which further affects
energy transition rate and inhibits thermal quenching, thereby
achieving balance of the two key processes. For 1-Tol, the improve-
ment in RTP performance is mainly attributed to the strengthened
cuprophilic interactions and enhanced structural rigidity achieved
through crystal engineering, which effectively boosts HE emission.
Additionally, the appropriate energy barrier design facilitates effi-
cient energy transfer. In contrast, 1-PX achieves a substantial
optimization of charge transition efficiency by modulating the
crystal packing mode via crystal engineering, leading to a signifi-
cant enhancement in HE emission. Both factors effectively sup-
pressed thermal quenching, thereby ultimately realizing a
significant enhancement in RTP.

Owing to the pronounced spectral variations observed in
copper(r) iodide clusters during temperature changes, we inves-
tigated their potential application as temperature sensors
(Fig. S14-S16). The temperature sensing of 1 and 1-Tol is divided
into dual modes. Taking 1-Tol as an example, in the low-
temperature response region (100-160 K), the logarithmic value of
the intensity ratio between its LE and HE emissions shows a linear
response to temperature changes. A linear equation with R* =
0.99279 was obtained by fitting the scatter plot. In the high-
temperature response region (260-380 K), the spectrum exhibits a
single LE emission peak. Fitting the intensity of this peak with
temperature yields a linear equation with R*> = 0.99788, indicating
that the emission intensity decreases by an average of 0.616% per
1 K. Notably, 1-Tol demonstrates the highest sensitivity in the low-
temperature region, with the logarithmic value showing a linear
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Fig. 3 Theoretical calculation and mechanism. (a) DFT-calculated HOMO and LUMO molecular orbitals of 1, 1-Tol, and 1-PX. (b) Schematic diagram of

luminescence mechanism.
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response that increases by an average of 1.744% per 1 K, approxi-
mately 2.6 times that of 1 and 2.5 times that of 1-PX (Fig. 4a and b).
Additionally, 1-PX and 1-Tol respectively broaden the temperature
response ranges in the low-temperature and high-temperature
regions. In particular, 1-Tol exhibits a high-temperature response
range twice that of 1. These results indicate that crystal engineering
significantly alters their thermochromic properties.

Moreover, due to the similar position of the HE emission
peak, the redshift of the LE emission peak enhances the
thermochromic effect of the copper(i) iodide clusters, making
the color differences more pronounced and easily recognizable
during temperature changes. As shown in Fig. 4c, within the
temperature range of 77 K to 300 K, 1 undergoes a color change
from blue to cyan to green, primarily within the cool light
region. In contrast, 1-Tol exhibits a transition from deep blue to
sky blue to yellow, completed within the 100-140 K temperature
range, making it suitable as a colorimetric thermometer for this
interval. 1-PX displays the widest thermochromic range, cover-
ing a color progression from blue to cyan to yellow to orange.
This highlights the potential for use as a “temperature pig-
ment” and for multicolor display applications.

Conclusions

In summary, we successfully prepared three polymorphic
copper(1) iodide clusters, 1, 1-Tol and 1-PX, manifesting

significantly enhanced RTP performance through a crystal
engineering strategy. They exhibit notable structural differ-
ences, primarily reflected in the strength of cuprophilic inter-
actions and variations in crystal packing modes. By combining
single-crystal structure analysis, spectroscopic measurements,
and theoretical calculations, we elucidated the distinct HE/LE
energy transfer and thermal quenching variations underlying
the enhanced RTP in 1-Tol and 1-PX. This study highlights the
flexibility and adaptability of crystal engineering in tuning
material properties, providing an excellent platform for under-
standing and optimizing RTP performance. Furthermore, lever-
aging the significantly enhanced thermochromic effect
achieved through crystal engineering, we explored the potential
applications of 1-Tol and 1-PX in temperature sensing and
multicolor display. The results demonstrate that the materials
exhibit remarkable improvements in RTP sensitivity and
response range, laying a solid foundation for their practical
use in intelligent optical devices.
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