SCIENTIFIC REPLIRTS

Observation of Contrary Thermo-
responsive Trend for Single Crystal
“and Powder Samples in Mechano-,
s Thermo- and Solvato-responsive
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A new silver(l) iodide cluster [Ag,l,(TMP),] (TMP =tris(3-methylphenyl)-phosphine) 1 shows triply

. stimuli-responsive luminescent chromism, namely, mechano-, thermo- and solvent-responsive
chromism, which is isostructural to our previously reported [Cu,l,(TMP),] 2 but shows quite different
luminescence in response to the external stimuli. Especially, during the mechanical grinding, the

. relative intensities of HE and LE of 1 varied with a concomitant hypsochromic shift, and when the

. temperature was decreased from 300 to 5K, unprecedented contrary thermo-responsive trend for

. single crystal and powered samples (blueshift of single crystals and redshift of powdered samples)

. was observed. These distinct characters of 1 should be due to the different molecular packing modes,
metallic interactions and the unique character of Ag(l) ion.

Phosphorescent coordination materials have received increasing attention due to their fascinating functionalities
and widespread applications in lighting, sensing, memories and display devices, which provides a great motiva-
* tion for research on coinage metal emissive complexes!=. As an important member of these materials, coinage
. metal emissive complexes, such as coinage metal-halide aggregates, exhibit modification of their luminescent
© color upon exposure to the external stimuli (for example, temperature, mechanical grinding, light, pH, solvent
© vapor, etc)®!. Such functional compounds reported so far are mainly focused on copper-halide-based complexes
. due to their chromic luminescent properties which are generally related to the flexible geometries. The majority of
. known copper-halide-based complexes display stimuli-responsive chromic luminescent behaviors; however, the
. emission shifts of these compounds are unpredictable, and the origin of stimuli-responsive chromisms, particu-
* larly mechanochromic luminescence, remains ambiguous!"'2. Stimuli-responsive chromisms, except thermochr-
omism, of copper halide complexes have not been well investigated yet because structural changes in response to
the external stimuli cannot be comprehensively determined through single-crystal X-ray crystallography or other
experimental methods'?. Especially, during mechanical grinding, the crystal state of copper cluster complexes is
generally converted into the amorphous state, which is difficult to characterize through single-crystal X-ray dif-
. fraction analysis. Scholars have proposed different hypothetical interpertation of the origin of various chromisms,
© but no general rule has been established. Studies on the number of stimuli-sensitive luminescent complexes still
remain in the infancy stage; thus, novel stimuli-responsive chromic luminescent complexes must be developed to
comprehensively investigate chromic properties and provide new insights into their origins.
Similar to the Cu(I) ions of the stimuli-responsive copper(I) halide clusters, Ag(I) ions possess the tetrahe-
dral coordination geometry and exhibit metallophilic interactions; hence, emissive silver(I) halide compounds
are potential stimuli-sensitive materials. In addition, the coordinated geometry of Ag(I) ion can change from a
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tetrahedral geometry to a square-planar geometry under an external stimulus; this property is similar to that
of copper-halide clusters and can induce the striking tunable luminescence'*. Nevertheless, some differences
exist between the copper(I) halide and silver(I) halide compounds. (1) Ag(I) ion is more inert to oxidation
than Cu(I), often resulting in an absence of the low-energy MLCT state and reduced complexity of the origin of
stimuli-responsive luminescence'; (2) In contrast to Cu(I) complexes, the geometrical arrangements and local
environment around Ag(I) ions drastically affect luminescence'®. Considering these similarities and differences,
scholars have focused on stimuli-responsive luminescence of emissive silver(I)-halide materials'”. Nevertheless,
research on emissive silver(I) halides is extremely limited because of their potential photosensitivity and low
luminescent efficiency'®. In particular, the luminescent properties of tetranuclear Ag(I) clusters formulated
[Ag,I,L,] (L=organic ligand) have been rarely investigated; however, a number of isostructural tetracopper(I)
complexes have been intensively explored for their luminescent stimuli-responsive properties'®-!. Further stud-
ies on multinuclear silver(I)-halide materials must be conducted because of their interesting emission proper-
ties and distinct emissive mechanisms. Based on above considerations, we aim to design and synthesize new
silver(I) cluster-based compound with stimuli-responsive luminescence by using hydro/solvothermal synthesis
method. Herein, we develop new cubane [Ag,I,(TMP),] complex (1) with weak Ag-Ag interaction; this complex
is isostructural to the compound [Cu,I,(TMP),] 2 in the absence of Cu-Cu interaction, as previously reported
by our team'%. However, compound 1 exhibits quite different luminescence in response to external stimuli. In
particular, an unprecedented contrary thermo-responsive trend was observed for single crystal and powder sam-
ples (blueshift of single crystals and redshift of powdered samples with decreasing temperature). Compound
1 displayed distinct chromic luminescence probably because of its closed packing mode, presence of metallic
interactions, and unique characteristic of Ag(I) ions. These results contribute to understanding the effects of the
metallophilic interactions, molecular structure, and packing mode for stimuli-responsive luminescence.

Results

Description of Structures. X-ray diffraction data reveals that compound 1 contains cubane [Ag,1,] clusters
with four silver ions and four iodide ions alternatively occupying the corners of a distorted cube. Compound 1
with chiral C;-symmetric cubane structure crystallizes in cubic space group I-43d. The asymmetric unit contains
one third of a cubic [Ag,I,] core located on the crystallographic threefold axis; in the axis, two crystallographically
independent Ag atoms adopt a distorted AgPI; tetrahedral geometry and are coordinated three 11;-iodide ions and
one phosphorus donors from the TMP ligand (Fig. 1). The Ag-P bond lengths of 2.460(3) and 2.450(4) A at 293K
are comparable with those of the related clusters®>-**. The Ag-I bond distances are within the range of 2.8782(11)
and 2.9311(9) A, and the I-Ag-1 bond angles range from 96.83(3) and 107.74(3) °. The Ag-Ag distances within
the range of 3.3762(15) and 3.3764(15) A at 293K are shorter than the sum of the van der Waals radii (3.44 A),
indicating the presence of argentophilic interaction in compound 1'7%. In the isostructural [Cu,I,(TMP),] 2, the
metallophilic interaction is absent at room temperature!®. Intermolecular offset -+ interactions exist between
two phenyl rings of neighboring [Ag,I,(TMP),] clusters. The centroid-to-centroid distance between two closest
benzene rings is 3.900(8) A and the corresponding dihedral angle is 2.82 ° (Table S2 and Figure S1).

Photoluminescence Properties. The photoluminescent spectra of 1 were measured in depth and reveal
triply stimuli-responsive luminescent chromism, namely, mechano-, thermo- and solvato-responsive chromism.
A detailed photophysical study of the single-crystal 1 shows a weak high-energy emission (HE) centered at
448 nm (7=0.8 us) and a strong low-energy emission (LE) centered at 476 nm (7= 1.3 us) under excitation at
337 nm. With carefully reviewing the relative literatures, the HE and LE emission bands can be generally clarified
as follow. The HE emission band is probably induced by the intraligand w-7* charge transitions (ILCT) of the
TMP ligands®*-?’. And the LE emission band can be assigned to the halide-to-ligand charge-transfer (XLCT)
transition with a minor contribution of metal-ligand charge transfer (MLCT)'*!#?8, Compared with that of 2, the
emission peaks of 1 exhibit an evident blue shift, which is due to the lower d-orbitals of Ag(I)**. The internal abso-
lute quantum yield for 1 is 7% at room temperature after excitation at 337 nm. When the single crystal of com-
pound 1 was crushed using a pestle in an agate mortar, the luminescence colour was gradually converted from
blue-green into blue-purple and the corresponding intensity decreased (Fig. 2). Compared with the single-crystal
sample, the emission peaks of ground powder exhibits a slight blue shift; the spectra indicate intense HE peak
at 418 nm with 7=0.4 ps and weak LE peak at 468 nm with 7=0.6 us. To be noted, after grinding, the HE
band became much stronger than LE band, which is not observed in 2 and other mechanochromic luminescent
cubic Cu,l, clusters'>*. To our best knowledge, this phenomenon is only observed in rare coinage-metal halide
coordination polymer and organic polymers and could be due to the structural deformation and variation in
intermolecular or intramolecular interaction induced by mechanical stimuli?**'*2. The extraordinary mechano-
chromic luminescence might be attributed to the rise in energy levels of the lowest unoccupied molecular orbitals
(LUMOs) caused by alterations in weak interactions, such as Ag--Ag and w---w interactions'"**. The shortened
lifetime, decreased quantum yield, and weakened intensity of the powdered samples might be due to the reduced
crystallinity of 1 during grinding, as reflected in PXRD diagrams***. Consequently, complex 1 displayed unusual
mechanochromic properties with tunable relative emission intensities of LE and HE bands and blue-shifting
in response to mechanical stimuli. In contrast, the mechanochromic luminescent cubane Cu,l,-cluster-based
compounds, the emission bands in the grinding process usually shift to longer wavelength with the concomitant
increasing of emission intensity, lifetime and internal luminescence quantum yield'**. The Raman spectra of the
ground and unground samples are almost the same and do not reveal a new signal, indicating the lack of apparent
phase transition in the grinding process (Figure S2). The PXRD patterns of the ground and unground samples
are consistent with those calculated from the single-crystal X-ray structure, implying that the mechanochromic
luminescence is not concomitant with phase transition (Figure S3). Generally, the minimal difference of PXRD
patterns between the ground and unground samples demonstrate the presence of slight structural changes after
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(b)

Figure 1. View of the coordination environment of Ag(I) ions (a) and molecular structure (b) in 1. Selected
bond lengths (A) and angles (°). At 293 K: Ag(1)-P(1), 2.460(3); Ag(1)-I(1), 2.9271(12); Ag(1)-1(2a), 2.9122(11);
Ag(1)-1(2), 2.8782(11); Ag(2)-P(2), 2.450(4); Ag(2)-1(2), 2.9310(9); Ag(2)-1(2a), 2.9311(9); Ag(2)-1(2b),
2.9311(9); Ag(1)-Ag(1a), 3.3762(15); Ag(1)-Ag(1b), 3.3764(15).

grinding. Upon dropping ethanol to the powder sample and subsequent evaporating of ethanol, emission color
slowly returned to the original blue-green.

The thermo-responsive luminescent chromism of the solid-state compound 1 was also studied in detail. A
unique contrary thermo-responsive trend was found for both single and powdered sample. After immersion in
liquid nitrogen for a few minutes, both unground and ground samples were collected and exposed to the UV
light. The reversible thermochromic luminescence for both samples can be easily distinguished by the naked
eye (Figs 3 and 4). For single-crystal sample, the LE emission band progressively blue-shifted to 466 nm and the
HE emission band slightly shifted to 440 nm with decreasing the temperature to 5K. Such blue-shifted emission
observed with decreasing temperature is very rare in coinage-metal thermochromic luminescent coordination
compounds®’. This unusual phenomenon is very complicated and possibly related to variations in synergistic
w7 and Ag--Ag interactions with decreasing the temperature. The intensities of both LE and HE emissions grad-
ually increased with decreasing temperature, but the intensity of HE band increased faster than that of LE band.
When the unground single-crystal sample was cooled down to 5K, the intensity of the HE band is almost equal to
that of the LE band (Fig. 3). The measured lifetimes were increased drastically by approximately 100 times from
0.8 us at 300K to 97.4 us at 5K for HE band and from 1.3 ps at 300K to 90.5 s at 5K for LE band, respectively
(Table S3 and Figures S5-13). The emission lifetimes significantly increased with decreasing the temperature. This
finding could be due to the relation of decreased non-radiative rate to the high spin-orbit coupling of Ag(I) ions
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Figure 2. The luminescence spectra of compound 1 at room temperature in different states.
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Figure 3. Temperature-dependent emission spectra of single crystal 1 from 5 to 300 K. Inset: Images for
single crystals under ambient light at room temperature (left), under 365nm UV lamp irradiation at room
temperature (middle) and in liquid nitrogen (77k) (right).
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Figure 4. Temperature-dependent emission spectra of 1 in ground powder state from 5 to 300 K. Inset: Images
for powder sample under 365 nm UV lamp irradiation in liquid nitrogen (left) and at room temperature (right).

and fast intersystem crossing?®. This behavior is also observed in the emissive copper(I) and silver(I) complexes
with the thermally activated delayed fluorescence*.

The thermochromic luminescence properties of compound 1 were also affected by the mechanical grinding.
After crushing, the luminescence of the powdered sample 1 exhibited unprecedented contrasting thermochro-
mic luminescence trend from that of single-crystal 1. With decreasing temperature, the HE emission band of the
powder sample progressively increased and red shifted to 435 nm with a concomitant increase and slight red shift
of the LE band, which is contrary to the blue-shifted emission observed in the single crystal sample. To be noted,
two different changing steps in the thermochromic luminescent process of powder sample were observed in the
solid-state emission spectra (Figure S14 and S15). Initially, the intensity of LE emission band increased faster than
that of HE emission band from room temperature down to 150 K until the intensities of the LE and HE bands
are almost equal. While with continuous decrease in temperature to 5K, the intensity of the HE emission band
increased faster; at 5K, the HE intensity is much higher than LE intensity (Fig. 4). When the temperature was
lowered to 5K, the lifetimes largely increased by hundreds of times from 0.4 s at 300K to 168.5 s at 5K for HE
band and from 0.6 us at 300K to 175.6 us at 5K for LE band, respectively (Table S4 and Figure S16-24). It can be
seen that the luminescent lifetimes of powder samples increased much faster than that of single crystal sample.

Solvato-stimuli experiments were also carried out. The crushed powder sample of 1 was immersed into six
different organic solvents, ultrasonicated, and then aged for 48 hours to form the stable emulsion solutions. The
luminescent spectra in most solvents such as EtOH, BuOH, DME, acetone, and cyclohexane displayed obvious
changes. The luminescent emission bands became nearly the same as that of unground sample, indicating that
these solvents have effect to mediate the recovery of powder sample to original structural arrangement*"*2, While
in CH;CN solvent, the emission bands showed no changes (Figure S25). In addition, we carefully performed
vapor-stimuli experiments. When the colorless block crystals of 1 were exposed to CH;CN, CH,Cl,, C,H;OH,
BuOH and DMF vapors respectively, the luminescent color and emission bands remained unchanged, indicating
none vapochromism.

Discussion

The developed new cubic silver(I)-iodide cluster exhibits mechano-, thermo- and solvato-responsive lumines-
cent chromism. Although this compound is isostructural to our reported copper(I)-halide compound, their
multistimuli-responsive luminescence differ upon exposure to the external stimuli. In particular, after mechan-
ical grinding, the relative intensities of HE and LE of 1 varied with a concomitant hypsochromic shift, when the
temperature was decreased from 300 to 5K, an unprecedented contrary thermo-responsive trend was observed
for single crystal and powder samples (blueshift of single crystals and redshift of powdered samples with decrease
of temperature). The chromic luminescence of 1 is considerably different from those of 2 and other chromic lumi-
nescent cubic Cu,l, clusters. These distinct characters of 1 might be due to the different molecular packing modes,
metallic interactions and the unique character of Ag(I) ion.

Methods

Testing Methods. All reagents and solvents were obtained commercially and used without further purifi-
cation. The FT-IR spectra were recorded from KBr pellets in range 400-4000 cm™! on a Perkin-Elmer Spectrum
BX FT-IR spectrometer. Elemental analysis was performed on a Vario EL-II elemental analyzer. XRPD data were
recorded in a Bruker D8 ADVANCE X-ray powder diffractometer (Cug,, A= 1.5418 A).
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Empirical formula Cy,Hg,Ag 1P,
Formula weight 2159.49
Temperature 293(2) K
Crystal system Cubic

Space group I-43d

a(A) 32.2143(7)
b(4) 32.2143(7)
c(A) 32.2143(7)
a(°) 90

B() 90

() 90

V(A% 33431(2)

VA 16

Peater (g cm ™) 1.716

p, (mm~") 2,518

F(000) 16816.0

Size (mm) 0.26 X 0.18 x 0.1
0(°) 1.548 t0 26.359
Reflections/unique 90321/5704
Ty T 0.7868/0.5605
Data/parameters 5704/6/290

S 1.031

R, WR°(I>20(1)] 0.0358, 0.0835
R/, wR,"(all data) 0.0532, 0.0958
Apmax/Apmin(eA-?) 0.64/—0.42

Table 1. Crystal data and structure refinement for complexes 1. °R, = F,— F./F,, "wR, = [w(F,2—F 2)/ w(F,2)*] .

Steady-state photoluminescence spectra and lifetime measurements were measured from 300K down to 5K
by a single-photon counting spectrometer using an Edinburgh FLS920 spectrometer equipped with a continuous
Xe-900 xenon lamp, and a pF900 microsecond flash lamp. The corrections of excitation and emission for the detec-
tor response were performed ranging from 200 to 900 nm. Temperature-dependent measurements were carried out
in a JANIS SHI-4S-1 cold head cooled with HC-4A compression engine. The data were analyzed by iterative convo-
lution of the luminescence decay profile with the instrument response function using the software package provided
by Edinburgh Instruments. Lifetime data were fitted with triple-exponential-decay functions. The quantum yields
were measured by use of an integrating sphere with Edinburgh Instrument FLS920 spectrometer.

Synthesis. Synthesis of Ag,I,(TMP),(1). A mixture of Agl (0.5mmol, 0.152g), KI (1 mmol, 0.165g), TMP
(0.2mmol, 0.059 g) and CH;CN solvent (5mL) was stirred and then sealed in a 25-ml Teflon-lined stainless
container and heated to 140 °C for 7 days. With a cooling rate of 5°C min~! to room temperature, clourless block
crystals of 1 in 56% yield were recovered. Anal. Calc. for Cg,Hg,Ag, 1P, 1: C, 46.72; H, 4.06; N, 9.47. Found: C,
46.65; H, 4.15; N, 9.53. IR(KBr, cm™!): 34405, 31185, 2906w, 2361w, 1603m, 1481 m, 1403 m, 1280w, 1102s, 980w,
890w, 780 m, 679 m, 612w, 545w, 456w.

Single Crystal X-ray Crystallography. X-ray single-crystal diffraction data for 1 at 293 K were performed
with Mo-Ka radiation (A =0.71073 A) on a Bruker Apex CCD diffractometer at 298(2) K. The program SAINT
was used for integration of diffraction profiles, and the program SADABS was used for absorption correction.
The structure was solved with XS structure solution program by direct method and refined by full-matrix
least-squares technique using Olex2. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms of organic ligands were generated theoretically onto the specific carbon atoms, and refined iso-
tropically with fixed thermal factors. Further details regarding the structural analysis are summarized in Table 1
and selected bond lengths and bond angles are shown in Table SI.

Solvatochromism Experiment section. Ground powder of 1 was immersed into various pure organic
solvents such as DMEF, acetone, cyclohexane, EtOH, MeCN, n-Butanol. After carried out 20 min ultrasound, the
corresponding suspensions were obtained for measurements.
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