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Research into high-nuclearity transition-metal clusters has
become increasingly intensive due to their fascinating struc-
tures and extensive applications.”* As for high-nuclearity silver
clusters, although many wonderful structures have been
discovered, studies of their properties are very few. Therefore, to
maximize application of high-nuclearity silver clusters, the
research of their physical/chemical properties is highly
desirable.**

On one hand, studying luminescence properties of high-
nuclearity silver clusters has great scientific significance to the
development of smart optical materials. In recent years,
research on the luminescence property of high-nuclearity silver
clusters has been actively pursued because of their numerous
potential applications in light emitting devices.>® As far as we
know, silver chalcogenolate clusters have excellent lumines-
cence properties.” Wang, Zang and Sun et al. have reported
some temperature-sensitive luminescent silver chalcogenolate
clusters, which emit weak lights at room temperature while
emit bright lights at 77 K.** For example, a polyoxometallate
(POM for short) functionalized multiple core-shell Agg, nano-
cluster  [Ag1o@(W50,6),@Ag74S,('PrS)40(nPrCO0)5]- 2CH;0H
shows the temperature-dependent emission property.°®
Recently, Zang and Sun et al. have reported turn-on lumines-
cence’ and aggregation-induced emission in silver chalcoge-
nolate cluster metal-organic frameworks/gels.'* However, there
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and MoO42~ groups to the NLO properties were proved by further density functional theory (DFT)

is very little research on the luminescence property of high-
nuclearity silver alkynyl clusters.” Firstly, a new silver alkynyl
nanocluster [Ag{Eu(W;0;5),}(‘BuC=C),5Cl,]JOH]-H,O has
been reported by Gao, and this compound exhibits an unusual
fluorescence enhancement superior to the polyoxoanionic
[Eu(Ws045),]° precursor.'? Besides, Wang et al. have reported
two unprecedented solution-stable silver alkynyl clusters,
[Ag(C,)(CF5CO,)s(bpy)s]-MeCN-0.5MeOH and [Ag,(C,)(CF;-
CO,)s(phen)s]-2CH,Cl,. Both of the two compounds are not
emissive at room temperature, while the frozen glasses of them
(MeCN/MeOH, 1 : 1) are luminescent at 77 K.** A novel silver-
alkynyl cluster based NbO-type framework [Cl@Ag;s(-
cPrC=C),,BF,]|n showing unprecedented triple emission span-
ning from the visible to near-infrared (NIR) region has been
reported by Sun." The above studies provide positive guidance
for the luminescence exploration of silver alkynyl clusters.

On the other hand, studying the nonlinear optical (NLO)
properties of silver alkynyl clusters also has great scientific
significations to the development of smart optical materials. It
is well known that NLO materials with abundant delocalized 1
electrons and ultrafast NLO response act as an important role in
optoelectronic technologies and all-optical switch regions, thus
much attention has been focused on investigate the NLO
responses of metal clusters. Metal ions and organic ligands
have been proved to be two important factors for the NLO
original mechanism of metal clusters.*>® The reason why metal
clusters have large third-order NLO properties is that more
electronic transitions can be allowed to take place after heavy-
metal ions introduction." In silver alkynyl clusters with heavy-
metal silver involved, d-p7 delocalized and d-dmw conjugated
characteristics of alkynyl ligand make them serve as excellent
NLO materials.'®*® Currently, although the NLO properties of
many metal clusters have been studied, but there are few
studies on the NLO properties of silver clusters.*>* Given this, it
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is essential to explore the relationship of structures and NLO
properties of high-nuclearity silver alkynyl nanoclusters.

The  ultrastable  [Ags5(M0O,)s(C=C'Bu),4(CH;CO0),s-
(CH3COO0)]-2H,0 ({AgssMog}) silver alkynyl nanocluster pos-
sessing a Ag-centered multishell structure has been chemically
well-defined and characterized by our group in 2014.>* In this
paper, we will focus on the optical properties of the {AgssMog}
nanocluster. Luminescence spectra of the {AgssMoe} nano-
cluster from 298 K to 77 K were measured. The results indicate
that the {Ags;sMos} nanocluster presents reversible thermo-
chromic luminescence behavior, which is rare in the known
inorganic-organic silver alkynyl hybrids. And the NLO property
of the {AgssMog} nanocluster was investigated by femtosecond
Z-scan technique and its molecular frontier orbitals were
simulated by quantum chemical methods. These results indi-
cate {AgssMog} has a good application prospect for fluorescent
probe and NLO materials.

Luminescence property

Luminescence property of the {AgssMogs} nanocluster in the
solid state was investigated by an F-4500 Fluorescence (FL)
Spectrophotometer. It shows a maximum emission peak at
439 nm accompanied by a shoulder peak at 418 nm upon the
excitation wavelength of 365 nm at 298 K (Fig. 1a, violet trace).
The short lifetime of the maximum emission at 439 nm was
measured to be ~14.0 ns, suggesting the emission is fluores-
cence. The quantum efficiency of the photoluminescence is
~0.1%. Interestingly, it also emits orange light at 77 K, exhib-
iting a maximum emission peak at 608 nm upon the excitation
wavelength of 365 nm (Fig. 1a, orange trace). By comparing the
two emission spectra at 298 K and at 77 K, it can be found that
the intensity of the emission peak at 608 nm gradually increases
while the emission peak at 439 nm gradually weakens as the
temperature decreases from 298 K to 77 K (Fig. 1a and S17). To
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Fig. 1 Emission spectra of the {AgssMog} nanocluster at different
temperatures upon excitation at 421 nm. Inset (a) emission (violet
trace) and (orange trace) spectra of the {AgssMog} nanocluster at 298
and 77 K upon excitation at 365 nm; (b) luminescence photographs of
the {AgssMog} nanocluster at 298 and 77 K excited with a hand-held
UV lamp (365 nm).
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investigate the change of emission peak intensity at 608 nm,
temperature dependent luminescence spectra of the {AgssMog}
nanocluster were recorded at 298, 255, 173, 130 and 77 K by
a combined fluorescence lifetime and steady state spectrometer
FLSP920. The maximum emission band of the {AgssMog}
nanocluster at 608 nm was still kept upon a series of excitation
wavelengths (365 nm, 378 nm, 421 nm and 467 nm) at low
temperature. As shown in Fig. 1 and S2,f the emission peak
intensity of the {AgssMoe¢} nanocluster at 608 nm stepwise
increases upon excitation at 421 nm when the temperature
cooling from 298 to 77 K. To explore the luminescence mech-
anism of the {AgssMoe} nanocluster, luminescence properties of
AgC=C'Bu ligand and the mixture of initial reaction materials
were investigated. As shown in Fig. S3 and S4,1 at both 298 K
and 77 K, no emission peaks around 608 nm were detected from
their luminescence spectra, and not to mention intensity.
Therefore, we infer the thermochromic luminescence behavior
of the {AgssMog} nanocluster should be assigned to the char-
acteristic of the {Ags;sMos} nanocluster. With reference to the
spectra of related silver clusters,* the emission of the {AgssMog}
nanocluster at 298 K should be a ligand-to-metal-charge-
transfer (LMCT) transition combined with the cluster-centered
(CC) transition disturbed by Ag---Ag interactions. While the
emission of the {AgssMog} nanocluster at low temperature
should be attributable to the CC excited state. Ag---Ag distance
thermal compression occurred in the {AgssMogs} nanocluster
leading to enhanced rigidity and faster intersystem crossing
process as the temperature decreases, effectively reducing the
energy loss of non-radiation decay. As a result, the CC emission
stepwise strengthens from 298 to 77 K. The thermochromic
luminescence behavior of the {AgssMog} nanocluster is revers-
ible between 298 and 77 K. As well as known, fluorescence of
POMs is very weak. Surprisingly, the {Ags;sMos} nanocluster
embedded by six MoO,>~ POM building units possesses such an
excellent luminescence behavior, which is rare in the known
inorganic-organic silver alkynyl hybrids. Owing to its eye-
detected temperature-sensitive emission, the {AgssMog} nano-
cluster has great potential for light-emitting materials, sensor
for temperatures and temperature probes.

Third-order nonlinear optical property

The linear absorption spectrum of the {AgssMog} nanocluster in
CH;0H solution is presented in Fig. 2. While the excitation
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Fig. 2 Absorption spectrum of the {AgssMog} nanocluster in CHsOH
solution.
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wavelength of the laser light is 400 nm, which satisfies the non-
resonant absorption condition in Z-scan measurement.>*

The third-order NLO property of the {AgssMog} nanocluster
with the concentration of 9.0 x 10~ mol L ™" was investigated
under 190 fs laser pulses with the wavelength of 400 nm. Z-scan
data (open-aperture and closed aperture data) of the {AgssMog}
nanocluster dissolved in the CH;OH solution are shown in
Fig. 3. The results indicate that the {AgssMos} nanocluster
shows very strong NLO responses included nonlinear absorp-
tive and refractive effects. The nonlinear absorption component
was evaluated by open-aperture Z-scan (Fig. 3a). The open-
aperture Z-scan experimental data of the {AgssMoe} nano-
cluster can be well described by eqn (1) and (2),*” which can also
explain the nonlinear absorption process:

1 * .
() = Vq(z) J,w 111[1 +4q(z)e ]dz 1)

= [ L (72(7/‘*’0)2*(//’0)2)ﬂr I
7 Lo L 61+(Z/ZO)26 0 drdr (2)

where light transmittance T represents a function of the
sample's Z-position (with respect to focal point z = 0), I,
represents the peak irradiation intensity at focus, L represents
the sample thickness, z represents the distance of the sample
from the focal point, z, = Tw,’/A (Where w, represents the spot
radius of the laser pulse at focus and A represents the laser
wavelength), ¢ represents the time, ¢, represents the pulse
width, r represents the radial coordinate, «, and @ represent

~
&

1.00 4

0.954

Normalized Transmittance

0.80 4

T
-60 -40 -20 0 20 40 60

T T
-60 -40 -20 0 20 40 60
Z (mm)

Fig. 3 Z-scan measurement of the {AgssMog} nanocluster in CHzOH
solution at 400 nm with the linear transmittance of 60% at 13 pJ pulse:
(a) data collected under the open-aperture configuration. (b) Data
obtained by dividing the normalized Z-scan data obtained under the
closed-aperture configuration by the normalized Z-scan data in (a).
Solid lines represent theoretical fits.
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linear absorption coefficient and effective third-order NLO
absorptive coefficient, respectively. In Fig. 3a, it is clear to be
observed that the normalized transmittance of the {AgssMog}
nanocluster decreases when it is brought closer to the focal
point (z = 0). It suggests that the {Ag55Mo} nanocluster exhibits
strong reverse saturable absorption (RSA). Moreover, the NLO
absorptive coefficient (8) of the {AgssMos} nanocluster was
calculated to be 6.2 x 107> m*> W' through curve fitting,
shown in Fig. 3a. As for NLO refractive effect, the {AgssMog}
nanocluster performed large self-focusing effect for valley-peak
configuration, shown in Fig. 3b.

In addition, in order to eliminate the nonlinear refraction of
solvent CH;OH, the nonlinear refraction Z-scan curve of solvent
CH;0H shown in Fig. 4 was carried out under the same exper-
imental condition with the one of {AgssMog} nanocluster per-
formed in Fig. 3a. From Fig. 4, the solvent CH;OH also
performed nonlinear refraction effect. As a result, when
considering the pure NLO effect of {AgssMos} nanocluster, the
NLO effect of solvent CH;OH should be subtracted. An effective
third-order NLO refractive index n, of the {Ags;sMog} nano-
cluster can be obtained from the difference between the
normalized transmittance values at the valley and peak posi-
tions (ATy_p) using eqn (3),*”

- ACKO
T 0812 mI(1 —ewl)

ny ATv_p [3)

where I represents the light intensity of incident pulse, and 4
represents the wavelength of the laser. The NLO refractive
indices (n,) of the {AgssMoe} nanocluster solution and solvent
CH,;OH were estimated to be 3.7 x 107" m* W ! and 1.1 x
10" m> W™ through curve fitting, respectively. Then the pure
NLO refractive index (n,) of the {AgssMos} nanocluster was
estimated to be 2.6 x 107" m*> W',

The real and imaginary parts of x® of the {AgssMo,} nano-
cluster can be obtained by eqn (4) and (5):*

Rex® = eng2ny/1207? (4)
Imx® = ?ny26/240m%w (5)

Thus, the coefficient of the effective third-order suscepti-
bility x* was 1.63 x 10~*° esu.
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Fig. 4 Data collected under the closed-aperture configuration of
CH=OH solution at 400 nm with the linear transmittance of 60% at 13
ud pulse. Solid lines represent theoretical fits.
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The corresponding coefficient of the hyper-polarizability vy
can be calculated by the following eqn (6),>

X = yNF* ©)

where N represents the number density of the {AgssMog}
nanocluster in the sample solution, is the local field correction
factor and the n, represents the refractive index of the solvent.
Thus, the coefficient of the hyper-polarizability v is determined
to be 1.22 x 107°° esu, which is comparable to silver clusters
and other metal complexes,
the application of NLO domain.

19-23,3034 indicating it can be used for

Density functional theory (DFT)
calculations

To further explore the origin of the third-order NLO property,
the electronic structures of the {Ags;sMog} nanocluster were
simultaneously investigated via theoretical calculations (Fig. 5).

This {AgssMoe} nanocluster is so large that it is difficult to
give a common simulation using density functional theory
(DFT), thereby we employed the typical functional B3LYP, 3-21G
basis set for non-metal atoms and LAND2DZ basis set for Ag
and Mo atoms to carry out single-point calculation in order to
obtain the electronic structures.®® The frontier molecular
orbitals including the highest occupied molecular orbital
(HOMO), HOMO—1, HOMO-2, the lowest unoccupied molec-
ular orbital (LUMO), LUMO+1 and LUMO+2 are shown in Fig. 5.
Obviously, the occupied molecular orbitals mainly distribute at
C=C"~ and Ag' ions, while the unoccupied molecular orbitals
are mainly localized at MoO,>~ groups, which suggest the
obvious charge transfer characterization when this nanocluster
is excited by the photon. As we all know it, the charge transfer is
favourable for the NLO response, thus it can be determined that
the contribution of the Ag" and C=C~ ions and the MoO,>~
groups to the NLO property of the {AgssMog} nanocluster by

HOMO

HOMO-2

Fig. 5 The frontier molecular orbitals including HOMO—-2, HOMO-1,
HOMO, LUMO, LUMO+41 and LUMO+42 of the [Agss(MoOy4)e(-
C=C'Bu),4(CHsCOO)gl" cluster skeleton in the {AgssMog}
nanocluster.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecular orbital theory. Therefore, we can deduce that the
NLO property of the {AgssMoe} nanocluster is controlled by the
AgssMog and C=C" ions. This finding is consistent with the
experimental results: the {AgssMoe} nanocluster performs
strong reverse saturable absorption (RSA) and self-focusing
nonlinear refractive effect in our Z-scan measurements. The
observed NLO effect can be attributed to the two-photon
absorption (TPA) and the excited-state absorption induced by
TPA in this case.'®*®

An ideal optical limiting (OL) material should have these
characteristics: the ability of responding quickly to the incident
light and increasing opaque as the light intensity increases. The
{AgssMoe} nanocluster displays such an OL ability for the
ultrafast strong NLO response and showing transparent under
low light intensity.

Conclusion

In summary, the optical properties of the chemically well-
defined {AgssMo¢} nanocluster were investigated. Surprisingly,
the {AgssMos} nanocluster presents reversible thermochromic
luminescence behavior, which is rare in the known inorganic-
organic silver alkynyl hybrids. Moreover, the third-order NLO
properties of the {AgssMos} nanocluster have been studied by
using the Z-scan technique at 400 nm with 190 fs laser pulses,
and the results show the {Ags;sMos} nanocluster displays strong
reverse saturable absorption and its second-order hyper-
polarizability v is estimated to be 1.22 x 10>° esu. The DFT
calculations suggest the important contribution of AgssMog and
C=C" ions to the NLO properties. These results indicate that
the {AgssMog} nanocluster has great potential in light emitting
devices and ultrafast optical limiter in the near future.
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