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A stimuli-responsive tetranuclear copper() complex with 1,1,2,2-
tetramethyl-1,2-bis(3-methylpyridin-2-yl)disilane  (L1) showed
reversible structural transformation between Cuyls(L1),-2CH;CN
and Cuyly(L1),. The change altered copper coordination from a
tetrahedral to trigonal type as confirmed by XRD. The solvated
form showed stronger blue-green emission (Ae,, = 493 nm, @ =
0.56) than the desolvated form (A, = 471 nm, @ = 0.06). The
change in emission intensity in the crystalline state was attributed
to the change in structural rigidity or flexibility induced by the
coordination or non-coordination of CH3CN to the Cu() center.

Luminescent materials have attracted significant attention
over the past decades due to their wide range of applications
as smart materials." Among them, stimuli-responsive lumines-
cent metal complexes have emerged as a research hotspot in
recent years, owing to the structural modification of organic
ligands and the high stability.” In particular, copper(i) com-
plexes are promising candidates for available crystalline-state
emitters due to their diverse structural motifs and occasionally
observed polymorphs.’ Extended n-conjugated ligands are
commonly employed to construct the functional copper(i)
complexes.
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We have previously investigated stimuli-responsive 6—-x con-
jugated aromatic disilane molecules,* and reported crystalline
polymorphs of copper(i) iodide complexes with 1,1,2,2-tetra-
methyl-1,2-di( pyridin-2-yl)disilane (L), which form an octanuc-
lear complex at room temperature and a one-dimensional
polymer at 77 K via a single-crystal-to-single-crystal phase tran-
sition.” Additionally, we reported the optical properties of tri-
gonal planar mononuclear Cu() complexes bearing disilane-
bonded bis(methylpyridine) ligands.”® These complexes
exhibited intense emission in the crystalline state and aggrega-
tion-induced emission (AIE) in THF-water mixtures.

Vapochromic luminescence of copper(i)) complexes has
been widely investigated.” In many reported systems, the
change in the emission colour in the crystalline state is due to
the reversible exchange of different solvent molecules at the
metal center.'® However, these changes are typically attributed
to electronic effects rather than structural changes. In contrast,
only a limited number of studies have addressed the direct
impact of solvent coordination/uncoordination on the metal
centre geometry, which can significantly affect emission behav-
iour."" Coordination of solvent molecules to the metal ion gen-
erally induces structural distortions and activates high-energy
vibrational modes associated with C-H bonds, which promote
non-radiative decay pathways resulting in decreased emission
intensity in the crystalline state."”

In this study, we investigated the reversible structural trans-
formation (Fig. 1b) and luminescence changes in a tetra-
nuclear copper(i) iodide complex synthesized using a flexible
ligand L1 (Fig. 1a), in which a methyl group is introduced into
the pyridine rings. We found that exposure to CH;CN vapor
triggers coordination to the copper centres, transforming the
flexible trigonal geometry into a more rigid tetrahedral
arrangement. This structural change led to a significant
enhancement in both luminescence efficiency and lifetime.
These findings provide new insights into the relationship
between the molecular structure and photophysical properties
in the crystalline state and offer a novel strategy for designing
stimuli-responsive luminescent materials.
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Fig. 1 (a) Chemical structures of disilane-bonded L (previous work) and
L1 (this work). (b) Chemical structures of stimuli-responsive copper
complexes in this work.

The tetrahedral copper(i) complex Cuyl,(L1),-2CH3;CN was
synthesized by mixing Cul and L1 in a 2:1 molar ratio in
CH;CN at room temperature (Scheme 1a). The complex was
isolated as air-stable crystals in 24% yield. The acetonitrile-free
complex Cuyl,(L1), was quantitatively obtained by heating
Cu,l,(L1),-2CH3CN at 80 °C (Scheme 1b).

The structures of both complexes were confirmed by single-
crystal X-ray diffraction.”® The molecular structure of
Cu,l,(L1),-2CH;3CN is shown in Fig. 2a. The complex adopts a
Cu,l, core with distorted tetrahedral coordination geometries,
in which acetonitrile molecules are coordinated to the copper
centres. The iodide ligands exhibit both p,- and p;-bridging
modes. The Cu6-N9 distance between CH3;CN and Cu(i) is
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Scheme 1 Synthetic scheme of Cuyls(L1),:2CH3CN and Cugyl,(L1),.
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Fig. 2 X-ray structures of (a) Cusls(L1),:2CH3CN and (b) Cusls(L1), with
thermal ellipsoids with 50% probability. Hydrogen atoms are omitted for
clarity.
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2.015 A,™ suggesting a relatively weak interaction and imply-
ing that CH;CN can be easily removed upon external stimuli.

The coordination environment around Cu3 and Cu3' is sig-
nificantly distorted from the ideal tetrahedral geometry, while
Cu6 and Cu6’ adopt nearly regular tetrahedral geometries. The
Cu6-Cu6' distance is 2.850 A, which closely matches twice the
covalent radius of copper (1.32 A), indicating the presence of
intramolecular Cu(i)---Cu(i) cuprophilic interactions.™ In con-
trast, the Cu3-Cu6 distance is 3.4019 A, suggesting no signifi-
cant metal-metal interaction. The crystal packing (Fig. S1a) is
stabilized by C=N-.-n, C-H---n, and non-classical I---H-C
hydrogen bonding interactions."®

The Cu-1 distances were Cu3-14 = 2.762 A, Cu3-I5 =
2.949 A, Cu6-15 = 2.664 A, and Cu6-14 = 2.634 A. The longer
Cu3-I5 suggests that the linkage is readily cleaved upon
CH;CN dissociation, leading to the formation of a three-coor-
dinate complex.

Bourissou and co-workers reported that disilane-bonded
diphosphine ligands can exhibit o(Si-Si) coordination to
copper centers.”” In their work, coordination of the Si-Si o-
bond to cationic Cu centres resulted in elongated Si-Si bonds
(~2.45 A, compared to ~2.36 A in the free ligand) and Si-Cu
bond lengths (~2.72 A), slightly exceeding the sum of van der
Waals radii (2.43 A). In contrast, in Cugl,(L1),-2CH;CN, the Si-
Si bond length is 2.37 A, close to that in the free ligand (ca.
2.33 A), and the Si-Cu distance is 2.90 A—significantly longer
than the expected van der Waals contact. These results indi-
cate that the disilane moiety in L1 does not coordinate to the
Cu(i) centres in this complex.

The bond angles around Cu3 (Cu3’) are: N8-Cu3-N7 =
144.12°, N8-Cu3-I14 = 106.07°, N7-Cu3-I14 = 102.38°, and I5-
Cu3-14 = 97.32°, consistent with a distorted tetrahedral geome-
try. The bond angles around Cu6 (Cu6’) are: N9-Cu6-14 =
106.41°, I5-Cu6-14 = 108.14°, I5-Cu6-I5" = 115.09°, and N9-
Cu6-15" = 111.35°, closely resembling an ideal tetrahedral
structure.

Upon heating Cu,I,(L1),-2CH;CN at 80 °C for 1 h, the crys-
tals transformed into the acetonitrile-free colourless complex
Cuyl,(L1),. The crystal structure of this phase is shown in
Fig. 2b. It crystallizes in the monoclinic system (space group
P1), and all Cu(1) centres adopt a trigonal planar geometry. The
sum of bond angles around Cu3 (Cu3’) and Cu6 (Cu6’) are
358.72° and 359.99°, respectively, confirming near-planar
coordination environments.

The Cu-I bond lengths are as follows: Cu3-I4 = 2.761 A,
Cu6-14 = 2.535 A, Cu6-15 = 2.578 A, and Cu6-I5' = 2.541 A. The
Cu3-15 (or Cu3'-15) distances are 3.602 A, indicating negli-
gible Cu---I interaction at these positions. The I-Cu-I bond
angles are in the range of 97.3° to 115.1°. There is no signifi-
cant Cu3-Cus6 interaction (3.001 A), which exceeds the sum of
van der Waals radii, while the Cu6-Cu6’ distance is 2.784 A,
shorter than that in Cu,l,(L1),-2CH;CN, indicating stronger
cuprophilic interactions in CuyI,(L1),.

No evidence of interaction between the Si-Si bond and the
Cu(i) centres was observed in Cuyly(L1), as well. The crystal
packing of Cu,l4(L1), is stabilized by face-to-face CH---x inter-
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actions between methylpyridine units and non-classical I---H-
C hydrogen bonds (Fig. S1b).

To gain deeper insights into the polymorphic behaviour of
Cuyl,4(L1),-2CH;CN, powder X-ray diffraction (PXRD) analysis
was carried out. The results are shown in Fig. S3. Upon
heating the crystalline sample at 80 °C, the PXRD pattern
underwent a clear transformation, corresponding to the loss of
coordinated CH;CN and formation of Cu,l,(L1),. Remarkably,
the original pattern of Cugl,(L1),-2CH3;CN was restored upon
exposure to CH3;CN vapor, indicating a reversible crystal-to-
crystal phase transition. Simulated PXRD patterns based on
single-crystal X-ray structures matched well with the experi-
mental data for both phases, confirming the structural reversi-
bility. Such reversible formation and cleavage of Cu-I bonds
have also been observed in previous studies (copper(1) iodide
complexes with 1,1,2,2-tetramethyl-1,2-di( pyridin-2-yl)disilane
(L)) and represent an important example of the reversible
stimulus-responsive behaviour of Cu(r) complexes.’

Thermogravimetric analysis (TGA) of Cu,l,(L1),-2CH;CN
(Fig. S2) further supported this transformation. A distinct
weight loss of approximately 6% was observed at around
80 °C, corresponding to the loss of two CH;CN molecules per
Cuyl4(L1), unit. No additional weight loss occurred up to
180 °C, demonstrating the thermal stability of the Cuyly(L1),
complex. Decomposition of the framework commenced
beyond 180 °C.

Most of the metal complexes that show vapochromic emis-
sion have been studied in terms of coordination between
different vapor molecules. However, there are a few examples
that have examined in detail the solvent coordination/non-
coordination crystalline complexes.'® In this study, a clear
vapochromic response caused by the coordination and dis-
sociation of CH;CN was observed between Cu,l,(L1),-2CH;CN
and Cuyly(L1), in the crystalline state. As shown in Fig. 3,
Cuyl4(L1),-2CH;CN forms yellow-green cubic crystals under

CH3CN vapor
Cuyl(L1), —— Cu,l,(L1),*2CH,CN
Heating

Aem: 471 nmM

Ao 493 NM
®:0.06 >

@: 0.56
w591 pus

Emission intensity

400 500 600
Wavelength (nm)

Fig. 3 Photographs showing the emission colour under UV (365 nm)
irradiation and emission spectra with excitation at 370 nm between
Cuyly(L1)2-2CH3CN and Cuyls(Ll); in the crystalline state under external
stimuli.
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ambient light and displays green emission under UV
irradiation. Upon heating to 80 °C, the coordinated CH;CN
molecules are released, resulting in desolvated Cuyl,4(L1), crys-
tals, which are colourless under ambient light and emit blue
luminescence under UV light. The emission maxima were
493 nm for Cuyl,(L1),-2CH3;CN and 471 nm for Cugly(L1),,
respectively. Exposure of the desolvated crystals to CH;CN
vapor led to rapid recovery of the original emission and colour,
indicating a reversible crystal-to-crystal phase transition
mediated by CH3;CN coordination. This process could be
repeated multiple times without degradation.

Photoluminescence quantum yield (PLQY) and emission
lifetime measurements further highlight the significant effect
of CH;CN coordination. Cu,ly(L1),-2CH3CN exhibited a PLQY
of 0.56 and an emission lifetime of 5.91 ps, while Cu,l4(L1),
displayed a much lower PLQY of 0.06 and a shorter lifetime of
0.80 ps. The higher PLQY and longer emission lifetime of
Cu,l,(L1),-2CH3CN are attributed to the enhanced radiative
rate (k;) and reduced non-radiative rate (k) resulting from the
rigid structure (Table $2)."°

Next, the emission behaviour of Cu,l,(L1), and
Cu,yl,(L1),-2CH;CN was investigated at 77 K (Tables S1, S2 and
Fig. S4-S6). Compared to measurements at 298 K, both com-
plexes exhibited a red shift in their emission maxima
(6-9 nm), significantly enhanced luminescence intensity, and
longer emission lifetime at 77 K. It is reasonable to consider
that the emission of these complexes originates from a metal-
halide-to-ligand charge transfer (MXLCT) state. The HOMO of
luminescent Cu(r) complexes is often mainly localized on the
Cu-I cluster, while the LUMO is frequently localized on the
ligands, resulting in a small overlap between the HOMO and
LUMO.>® Consequently, the energy gap between the singlet
and triplet states (AEgy) becomes relatively small, which pro-
vides favourable conditions for the occurrence of TADF (ther-
mally activated delayed fluorescence).>® These results indicate
that the emission mechanism is delayed fluorescence domi-
nant at 298 K,>' while phosphorescence is the predominant
pathway at 77 K. Based on the spectroscopic data, AEsy can be
estimated to be approximately 0.05 eV, which is consistent
with the TADF mechanism.

The two emissions of Cuyl,(L1),-2CH;CN observed at 77 K
(Fig. S6(a), 502 nm and 517 nm) are attributable to the vibro-
nic structure of T; — S, (0-0 and 0-1). The energy difference of
the two emission peaks (502 nm and 517 nm) is ca. 578 cm™,
which corresponds to the stretching vibration of the
Cu-N=C-CH; moiety at approximately 400-600 cm™". The two
peaks share the same excitation spectra (Fig. S6(a), 417 nm)
and exhibit almost identical lifetimes within experimental
error (Fig. S5(b), dem: 502 nm: 7 = 28.90 + 0.74 ps and Aem:
517 nm: 7 = 28.70 + 0.70 ps). The results strongly suggest that
they represent vibronic sidebands of a single excited state
rather than two distinct emissive states. Furthermore, the
absence of a resolved vibrational structure in the Cuyly(L1),
complex can be attributed to the lack of coordinated aceto-
nitrile, which prevents the vibrational modes associated with
the Cu-N=C-CH; moiety.
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