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1 | INTRODUCTION

Abstract

Coinage bonds, a type of noncovalent interaction, occur between group 11
elements (Au, Ag, and Cu) with electron donor groups. Despite theoretical vali-
dation, empirical evidence remains limited. In this study, an aggregation-induced
emission (AIE)-active Au(I) complex, ITCPAu, which exhibits Au---I coinage
bonds, was revealed based on the single-crystal X-ray diffraction and theo-
retical calculations. Further examination of the luminescence properties of the
ITCPAu revealed multiswitchable behavior, including mechanochromism and ther-
mochromism. Nearly pure white-light emission was achieved with Commission
Internationale de L’Eclairage (CIE) 1931 chromaticity coordinates of (0.30, 0.31)
by grinding the green-emissive ITCPAu monomer crystals. Moreover, visualization
and manipulation of solid-state molecular motion (SSMM) in the yellow-emissive
ITCPAu dimer crystals, driven by the robust Au---I coinage bonds, were revealed
through a combination of crystal engineering and luminescent properties. Further-
more, to support the robust Au---I coinage bonds, a versatile carrier for small solvent
molecules in crystal lattices was developed for uptake and release. Our findings pro-
vide experimental and theoretical evidence for Au---I coinage bonds, highlighting
their ability to boost photoluminescence quantum yield (PLQY) and trigger SSMM,
emphasizing their potential in developing smart materials with stimuli-responsive
properties.

KEYWORDS
Au---I coinage bond, solid-state molecular motion, stimuli-responsive material, white-light emission

metal and an electron-rich unit and have only recently gar-
nered much interest.®] Despite sporadic reports!”'3! and

Metallophilic interactions are prevalent in complexes and
clusters of gold (Au), silver (Ag), and copper (Cu), and
have long been a focus of research due to their signifi-
cant effects on luminescence, alignment, and aggregation
behavior in molecular and cluster studies.l'~”] In contrast,
coinage interactions, also known as coinage bonds or regium
bonds, are defined as the attractive forces between a coinage

theoretical predictions!'#~1%1 of their existence, the under-
standing of coinage bonds remains limited, particularly
regarding their effects on the relationship between struc-
tures and properties. Controlling the aggregation state of
molecules and capturing the dynamics of molecular motion
via coinage bonds would represent a major advance in this
field.
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2% | WILEY

Single-crystal X-ray diffraction (XRD) is a valuable tool
for observing intercrystal transition patterns.!!’~1° For exam-
ple, Ito’s group discovered a photo-induced single-crystal
to single-crystal (SCSC) phase transition in Au(I) com-
plexes, revealing the shortening of intermolecular aurophilic
bonds.[2°1 However, detailed information about the molec-
ular structure and packing of the amorphous phase cannot
be obtained by XRD alone.[”'! On the other hand, lumines-
cence is a susceptible method that is not subject to external
interference. Changes in luminescence color or intensity
are strong indicators of changes in aggregation behavior in
response to external stimuli triggered by various noncova-
lent interactions.[”>?*! Aggregation-induced emission (AIE)
has provided a general platform and research paradigm to
study the influence of factors such as packing structure,
admixture, intermolecular interactions, and aggregate mor-
phology on the performance of macroscopic materials from
the molecular to the aggregate level.[>*?! In a notable case,
Tang and coworkers developed a pyrene-based molecule, (E)-
2-[(pyren-1-ylimino)methyl]phenol (PIP), which displayed
dim emission in the crystalline state but bright emission in
the amorphous state due to strong 7---7 interactions in the
crystalline state.[”’] The reversible on/off emission could be
finely tuned by scratching the crystalline film, allowing for
the observation of fast and spontaneous solid-state molecular
motion (SSMM) through changes in the fluorescence signals.
These studies offer valuable tools and methods for examining
the bonding in materials. They lay the groundwork for under-
standing how minor alterations in molecular structure and
intermolecular interactions can result in significant changes
in material properties, especially in luminescent materials.

In this study, we developed an AlE-active Au(I) complex,
ITCPAu, which exhibited intermolecular Au---I coinage
bonds that enhanced phosphorescent emissions and exhib-
ited SSMM behavior. The remarkable luminescent property
of ITCPAu in aggregate exhibited the green emission of
the monomer and the yellow emission of the dimer. The
stimuli-responsive behaviors of mechanochromism and ther-
mochromism both in the ITCPAu monomer and dimer
crystals were explored, nearly pure white-light emission
through simple grinding of ITCPAu monomer was also
achieved. The reversible photoluminescence (PL) quenching
and recovery of the dimer crystals indicated their SSMM
behavior. Furthermore, single-crystal XRD analysis revealed
a significant Au---I distance of 3.457 A within the ITCPAu
dimer, and theoretical calculations corroborated the attractive
nature of this noncovalent interaction. This work demon-
strates that robust Au---I coinage bonds not only drive SSMM
and boost photoluminescence efficiency but also enable the
development of a versatile carrier within the crystal lattice
for the uptake and release of small solvent molecules, pro-
viding a comprehensive understanding of Au---I noncovalent
interactions.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis and AIE properties of
ITCPAu

We successfully synthesized the Au(I) complex ITCPAu
with a high yield of 90% through the reaction of tris(4-

chlorophenyl)phosphine Au(I) chloride with Nal at room
temperature overnight.!’8! The structure of ITCPAu is shown
in Figure 1A, and the nuclear magnetic resonance (NMR)
spectrum confirms its high purity (Figures S1-S3). The
optical properties of ITCPAu in solution were initially
characterized using ultraviolet—visible (UV—vis) absorption
spectroscopy (Figure S4). The complex exhibited a distinct
onset absorption at 275 nm. Further investigation into its
AIE properties was conducted by examining its behavior
in a dimethyl sulfoxide (DMSO)/water mixture with vary-
ing water fractions (f,). As depicted in Figure 1B,C, the
mixture exhibited negligible PL emission at low water frac-
tions. However, when the water fraction reached 70%, the
PL at 485 nm significantly intensified. This enhancement in
PL is attributed to the aggregates of ITCPAu, as confirmed
by dynamic light scattering (DLS) measurements shown in
Figure 1D. Nanoparticles with a diameter of approximately
225 nm were observed in the DMSO/water mixtures with
a water fraction of 70%. The restriction of intramolecu-
lar motion (RIM) mechanism is responsible for the AIE
properties in the aggregate state./>?—3%]

2.2 | Polymorph ITCPAu monomer and
density functional theory results

Careful and slow crystallization from a
dichloromethane/ethanol solution produced needle-like
crystals with green PL under UV irradiation. The crystal
structure of ITCPAu in the monomer phase was determined
by the single-crystal XRD analysis (Figure 2A-C). The
polymorph ITCPAu monomer exhibited a monoclinic space
group P21/n, with a bond angle of 176.47° for the P-Au-I
moiety, indicative of a near-linear configuration consistent
with the geometry expected for an Au(I) complex.[**] The
intermolecular CH:--Cl hydrogen bond distances were mea-
sured at 2.892 A and 2.765 A, indicating weak hydrogen
bonding interactions between neighboring molecules. In the
ITCPAu monomer crystal, each molecule forms a zigzag
structure, arranged in a head-to-tail pattern.l**] The large dis-
tance (7.51 A) between the Au atoms of adjacent molecules
indicates the absence of aurophilic interactions.!®! Density
functional theory (DFT) calculations were performed based
on the crystal structure of the ITCPAu monomer to analyze
its electronic properties. As shown in Figure 2D, the highest
occupied molecular orbitals (HOMOs; —5.93 eV) of the
ITCPAu monomer are predominantly p orbitals localized
on the I atom combined with d orbitals localized on the Au
atom. The lowest unoccupied molecular orbitals (LUMOs;
—1.83 eV) are p* orbitals predominantly localized on the
tris(4-chlorophenyl)phosphine ligand moiety. Thus, the
lowest-energy absorption band observed in the stimulated
UV-vis spectra (Figure S5) is attributed to the 'LLCT and
I'MLCT transitions within the complex. The HOMO-LUMO
energy gap computed for the ITCPAu monomer is 4.1 eV,
which is in good agreement with the results from absorption
spectroscopy (4.5 eV). Electrostatic potential (ESP) analysis
was also performed on the ITCPAu monomer, as shown in
Figure 2E. The isosurfaces of the ESP indicate the highly
electron-rich nature of the I atom, revealing potential inter-
action sites with other electron-rich regions. The electron
localized function (ELF) of the ITCPAu monomer was also
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FIGURE 1 (A) Molecular structure of the iodo(tris(4-chlorophenyl)phosphine) Au(I) complex (ITCPAu). (B) Aggregation-induced emission (AIE)

behavior of ITCPAu in a dimethyl sulfoxide (DMSO)/water mixture with varying water fractions (fy,). (C) Fluorescence intensity of ITCPAu at an emission
wavelength of 485 nm as a function of f,,. The inset shows a comparative fluorescence photograph of ITCPAu in DMSO/water mixtures with 0% and 70%
water fractions, illuminated by 365 nm ultraviolet (UV) light. (D) Dynamic light scattering (DLS) plot of ITCPAu particles in a DMSO/water mixture with a

water fraction of 70%. PL, photoluminescence.

analyzed to identify regions of high electron localization,
as depicted in Figure 2F. The bond orders for the Au—I and
Au-P bonds are determined to be 1.0 and 0.7, respectively,
suggesting a significant degree of electron localization at the
I region.

2.3 | Au--Icoinage bond and SSMM
Unlike the needle-like polymorph of the ITCPAu
monomer, bulky crystals were obtained from a

dichloromethane/methanol solvent mixture and were ana-
lyzed as the polymorph ITCPAu dimer by single-crystal
XRD. The crystal belongs to the triclinic crystal system with
the P1 space group. As shown in Figure 3A-C, the crystals
exhibit a dimer stacking mode with two short Au---I distances
of 3.457 A. The intramolecular Au-I bond distances in the
ITCPAu dimer (2.582 A) are slightly longer than those
found in the ITCPAu monomer (2.563 A). The bond angle of
the P—Au-I moiety (170.49°) indicates a greater distortion,
suggesting a strong attraction between the Au and I atoms
in the ITCPAu dimer. The presence of the Au---I coinage
bond in the dimer was further evidenced by the yellow PL
of the crystals, with an emission wavelength of 543 nm, as
shown in Figure 3D. The absolute PL quantum yield (PLQY)
reaches up to 70.5%, which is significantly higher than the

4.9% efficiency of the green-emissive ITCPAu monomer.
The PL mechanochromism performance was investigated
using fluorescence spectroscopy. The emission was gradually
quenched upon grinding, with no shift in the emission peak.
Powder XRD (PXRD) indicates that the destruction of the
crystal structure is responsible for the yellow emission, as
demonstrated in Figure 3E. Interestingly, the quenched fluo-
rescence gradually recovers within hours, showing a certain
degree of self-recovery capability. An increase in the ambient
temperature to 70°C significantly accelerates the SSMM
process, allowing recovery to the initial state within 100 s
(Figure 3F). Additionally, the grinding and recovery cycle
can be repeated multiple times, as depicted in Figure 3G.

2.4 | Multistimuli response and white-light
emission

Upon grinding the ITCPAu monomer crystals, a notice-
able PL mechanochromism was observed, as depicted in
Figure 4A. The pristine ITCPAu crystal exhibits green lumi-
nescence with an emission peak at 504 nm. In contrast, the
ground sample demonstrates white-light emission with two
distinct peaks at 482 and 650 nm. The chromaticity coor-
dinates for this white light are (0.30, 0.31) according to the
Commission Internationale de L’Eclairage (CIE) 1931 color
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FIGURE 2 (A, B) Molecular structure and (C) molecular packing diagram of the ITCPAu monomer, shown with 50% probability ellipsoids. Hydrogen
atoms are omitted for clarity. (D) Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) distribution, (E) electrostatic
potential (ESP), and (F) electron localized function (ELF) of the ITCPAu monomer.
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FIGURE 3 (A-C) Molecular packing and structure diagram of ITCPAu dimer, shown with 50% probability ellipsoids. (D) Photoluminescence (PL)
spectra of the ITCPAu dimer in crystalline and ground states, along with an image of the solid sample of the ITCPAu dimer taken under ultraviolet (UV)
irradiation before and after mechanical grinding. (E) Powder X-ray diffraction (PXRD) patterns of the ITCPAu dimer in crystalline and amorphous states,
accompanied by corresponding scanning electron microscopy (SEM) images. (F) Fluorescence images of the ground ITCPAu dimer at different times at 70°C.
(G) Recycling of emission intensities before and after grinding and heating. Excitation wavelength: 365 nm. PLQY, photoluminescence quantum yield.
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FIGURE 4

(A) Photoluminescence (PL) spectra of the ITCPAu monomer in crystalline, ground, and fumed states, along with images of the solid

samples. (B) Variable-temperature emission spectra of the ITCPAu dimer in the range of 297-77 K. (C) Complexation energy of ITCPAu. (D) Schematic
illustration of emission from the triplet state of the ITCPAu monomer and dimer. ISC, intersystem crossing; IC, internal conversion.

spaces.[?>! The PXRD pattern of the pristine sample, shown
in Figure S6, displays a well-ordered crystalline structure
characterized by sharp peaks, indicative of the intactness of
the monomer crystals. Conversely, the absence of these peaks
in the PXRD pattern of the ground powders suggests a dis-
ruption of the original crystalline structure. The PL emission
peak observed at 650 nm may be attributed to the formation
of Au---Au interactions that could potentially occur during
the grinding process, thus serving as the underlying cause
for this observed spectral change.[*®*7] Moreover, the ground
white-light emissive samples did not revert to their initial
state. After exposure to solvent vapor, they exhibited a sig-
nificant yellow emission, suggesting the formation of the
ITCPAu dimer species. Beyond the PL mechanochromic
and solvatochromic properties of the ITCPAu monomer, the
ITCPAu dimer also demonstrates a temperature-responsive
PL emission (Figure 4B). Upon cooling, the yellow PL grad-
ually diminishes, and by the time the temperature reaches
77 K, the yellow PL has entirely disappeared, replaced by
green PL emission. This transition underscores the essen-
tial role of thermal activation in the emission of yellow
PL, suggesting a temperature-induced change in the elec-
tronic states or molecular conformation that affects the PL
emission properties.’®3°] To further verify the emission
properties, we performed an analysis of the excitation spec-
tra for the two luminescent crystal types, as shown in Figure
S7. The excitation peak for the yellow emission was iden-
tified at 330 nm, whereas the green emission was excited

at 350 nm. This observation suggests that the yellow emis-
sion necessitates a higher energy input for excitation. We
then measured the PL decay curves of the ITCPAu monomer
and dimer crystals. Their lifetime profiles were similar, with
their individual emissions evaluated to be on the microsec-
ond scale. This indicates that both the green and yellow
emissions can be ascribed to phosphorescence, as depicted
in Figure S8. Notably, the lifetimes of the yellow emission
peaks are about ten times shorter than those of the green
emission peaks, with lifetimes of 3.7 ms for 472 nm and
0.36 ms for 543 nm, respectively. The lifetime of the ground-
state ITCPAu dimer at 650 nm was also determined to be
18.3 ms, confirming its phosphorescent properties (Figure
S9). The complexation energy of the present dimer is up to
—23.47 kcal/mol according to the calculation results based
on crystal structure, as shown in Figure 4C, indicative of
a more robust dimer structure.[*’! The ITCPAu monomer
has a permanent dipole moment (PDM) of 7.8544 Debye,
attributed to the strong electronegativity of the iodine atom.
In contrast, the dimer’s PDM is close to zero, indicating
that the formation of the dimer is driven by dipole—dipole
interactions. The greater polarizability of the dimer sug-
gests that the intermolecular interactions within the dimer
are stronger (Table S1). Here, we can see that the strong
Au---I coinage interactions play a pivotal role in stabilizing
the dimer and thus enhancing the yellow luminescence of
the material, as demonstrated by the luminescence diagram in
Figure 4D.
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nescence (PL) spectra of the ITCPAu dimer(s) in pristine and heated states, and the corresponding images of the solid sample taken under ultraviolet (UV)

irradiation.

2.5 |
release

Small solvent molecule uptake and

It should be noted that another yellow-emissive crystals
exhibit one-dimensional (1D) pores, named as ITCPAu
dimer(s), filled with a mixture of chloroform and n-hexane in
a 1:2 volume ratio in Figure 5A. The crystal structure analy-
sis elucidates the formation of these pores, providing insights
into the unique architecture of the material. Figure 5B,C
reveals the formation of the ITCPAu dimer with an Au---I
distance of 3.59 A. This confirms the hypothesis that Au---I
coinage bonds serve as the primary force shaping the yellow-
emissive crystalline phase. Thermogravimetric (TG) curves
showed a rapid weight loss of about 5% at approximately
106°C-125°C for the dimer(s), signifying the release of the
entrapped solvents (Figure 5D). This stability was maintained
until the decomposition of the material beyond 268°C. This
could also be monitored by fluorescence changes, as shown
in Figure SE. After heating, the PL spectrum became broader
due to the increased flexibility of the ITCPAu dimer frame-
work following the escape of solvent molecules. Based on
these observations, we can conclude that the porous structure
of the ITCPAu dimer(s) is not only realized but also capa-
ble of undergoing visual switching. The interplay between
the Au---I coinage interactions and the induced yellow emis-
sion is directly responsible for the conformational changes
observed in the material.

3 | CONCLUSION

In this work, we successfully synthesized an AIE-active
Au(I) complex that exhibits multiple phosphorescent emis-
sions and switchable behavior in various crystalline states.
Specifically, the ITCPAu dimer crystal exhibits robust yel-
low emission at around 546 nm with a PLQY of 70.5%,
while the monomer shows green emission at around 503 nm
with a PLQY of 4.9%. By grinding the green-emissive
ITCPAu crystals, we achieved nearly pure white-light emis-
sion with CIE coordinates of (0.30, 0.31). Disruption of
the ITCPAu dimer crystals leads to fluorescence quenching,
which is reversible within 100 s, as monitored by fluores-
cence variation, showcasing SSMM behavior. Analysis of the
single-crystal structure revealed a significant Au---I distance
of 3.457 A in the ITCPAu dimer. Theoretical calculations
supported the attractive nature of this noncovalent interaction,
with a complexation energy of —23.47 kcal/mol, stronger
than typical hydrogen bond. SSMM, as monitored by fluores-
cence verification, highlights the SSMM behavior driven by
Au---I bonds. Additionally, the robust Au---I coinage bonds
facilitate the development of a versatile carrier for small sol-
vent molecules within the crystal lattice, enabling uptake and
release. These findings provide a comprehensive understand-
ing of Au---I noncovalent interactions and pave the way for
further exploration and potential applications in materials
science and photonics.
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