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A series of new candidates as nonlinear optical materials, heterothiometallic clusters [MS4CusXs(py)s] (X = 1,
M =W, 1, Mo, 2; X = Br, M = W, 3, Mo, 4) have been synthesized via two comparative synthetic routes for
third-order NLO studies. Single-crystal X-ray diffraction shows that the neutral clusters assume pentanuclear
planar ‘open’ structures. Their optical responses to incident pulsed laser exhibit very large optical limiting
effects, which are simulated by using excited-state absorption theory, with limiting thresholds of

0.07-0.10 J cm ™2 for clusters 1—4, and these effects should make this series of clusters among the most
promising optical limiters. The strong third-order optical nonlinear absorption and optical self-focusing effects
of clusters 1-4 in DMF solution were observed in the Z-scan measurements of an 8-ns pulsed laser at 532 nm.
The corresponding effective third-order nonlinear optical susceptibilities of this series of clusters were found to
be the largest among all kinds of heterothiometallic clusters, and their third-order nonlinear
hyperpolarizabilities are also reported. The nonlinear effects for these four clusters in DMF solution have also
been investigated by time-resolved pump-probe experiments to provide direct evidence on the physical origin of
the observed OL effects. The nonlinear optical properties of this series of clusters 1-4 were compared with
other NLO cluster compounds studied previously and revealed a qualitative structure/NLO property

correlation.

Introduction

Inspired by the development of opto-electronic devices,
tremendous interest has been aroused to search for new
materials with third-order nonlinear optical (NLO) properties. "
The potential applications in such materials are optical
communication, optical signal processing and transmission,
optical data acquisition and storage, optical computing, optic-
electronic modulation,> and especially optical limiting (OL)
effects utilized in the protection of optical sensors and human
eyes from high-intensity laser beams.* In the past two decades,
nonlinear optical research has been mainly focused on
inorganic semiconductors, organic molecules, conjugated
polymers and organometallic compounds.*® With the pro-
gressive research in this active field, the design and synthesis of
new molecular materials with large macroscopic optical
nonlinearities mirror the subject of the current research
interest, and represent a new active research field in modern
chemistry, physics and materials science.

Only very recently, transition-metal sulfur clusters have been
developed as a new promising class of nonlinear optical
materials,” and gradually attracted much attention due to their
possessing the combined advantages of both organic molecules
and inorganic semiconductors: large modifiable structures
and structures containing many heavy metal atoms. In these
heterothiometallic clusters, one of the most important and
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promising features is the opportunity provided to modify and
eventually optimize the building block through subtle modi-
fication achieved at the molecular level, therefore both the
structural units and terminal ligands can be altered just as for
organic molecules so that alteration of NLO properties can be
realized through structural manipulation. On the other hand,
incorporation of heavy metal atoms may introduce more
sublevels into the energy hierarchy as compared to organic
molecules with the same number of skeleton atoms, which
permits more allowed electron transitions to take place and
hence larger NLO effects especially those beneficial to NLO
applications. Our studies on these clusters show that, unlike
some traditional NLO materials, the skeletons and constituent
elements in these clusters were found to have considerable
influence on their NLO performance, which results in the
Mo(W)/S/Cu(Ag) clusters exhibiting rather diverse combina-
tions of NLO effects. Cubane-like,’*® half-open cubane-like’
and hexagonal prism-shaped clusters'® show strong nonlinear
absorption while strong nonlinear refraction effects are found
in nest-shaped,!' twin-nest-shaped'?> and butterfly-shaped
clusters.”> A twenty-nuclear supra-cage cluster'* possesses a
very large nonlinear susceptibility. Hexagonal prism-shaped
clusters,'® pentanuclear planar ‘open’ clusters'® and cluster
polymers'® seem to reveal large optical limiting properties.
To further develop this promising field, and also to search for
better NLO materials with larger OL properties, we have
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synthesized a series of pentanuclear clusters 1-4 with planar
‘open’ skeletons by ligand-redistribution and solid-state
reactions, and characterized their structures by X-ray crystal-
lographic determination. The results of Z-scan experiments
show that these clusters possess strong NLO absorptive
abilities and effective optical self-focusing behaviors, and
comparison of optical nonlinearities has therefore been made
among the various skeletons of heterothiometallic clusters. The
superior optical limiting effects of this series of clusters are
observed in the OL measurements, which are simulated by
using excited-state absorption theory, and are comparable to
those of well-known OL materials. Their largest third-order
nonlinear optical susceptibilities »® among all the hetero-
thiometallic clusters also qualify the present clusters as very
promising optical limiters. Time-resolved pump—probe experi-
ments have been conducted on this series of clusters to give
direct evidence on the physical origin of the observed OL
effects.

Experimental
General

All reactions and manipulations were conducted using
standard Schlenk techniques under an atmosphere of nitrogen.
The compounds (R4N),MS,; (M = W, Mo; R = H, Et) were
prepared according to literature.!” The solvents were carefully
dried and distilled prior to use, and other chemicals were
generally used as commercially available.

Preparation of [WS,4Cuylx(py)s] 1 (method 1)

Cul (2 mmol, 0.38 g) was added to pyridine (15 cm?), and the
solution was stirred for ca. 5 min at room temperature. The
system changed from colorless to light yellow and the Cul
dissolved completely. Then (NH4), WS4 (0.5 mmol, 0.174 g) was
added. The reacting system immediately turned to deep-red
and was stirred for additional 10 min. The resulting solution
was subsequently filtered to afford a deep-red filtrate. Deep-red
crystals were obtained after several days by layering the filtrate
with i-PrOH. Yield: 0.60 g (92%). Anal. Calc. for C30H;3¢Ngl»-
CuyS4W: C, 27.83; H, 2.34; N, 6.49%. Found: C, 27.66; H, 2.51;
N, 6.31%. UV-vis (DMF, /ax/nm, 10% &/dm? mol ' cm™'): 438
(8.5), 316 (32.0). IR (KBr pellets, cm™'): 1597(vs), 1482(s),
1441(vs), 1211(s), 1067(s), 1037(s), 1009(s), 751(vs), 696(vs),
626(s), 437(vs) [V(W—p3-S)].

Preparation of [MoS4Cu,l>(py)s] 2 (method 1)

The same procedure as for the preparation of cluster 1 was
employed to synthesize cluster 2 except that (NH4)>MoS,
(0.5 mmol, 0.130 g) was used instead of (NH,4),WS,. Black-red
crystals were isolated. Yield: 0.57 g (94%). Anal. Calc. for
C30H30Ng[L,CuySyMo: C, 29.83; H, 2.49; N, 6.76%. Found: C,
29.71; H, 2.33; N, 6.75%. UV-vis (DMF, Apa/nm, 10°
e/dm® mol ™' em™'): 526 (3.7), 384 (11.1), 298 (26.1). IR (KBr
pellets, cm™"): 1597(vs), 1482(s), 1441(vs), 1215(s), 1066(s),
1036(s), 1009(s), 751(vs), 696(vs), 626(s), 447(vs) [v(Mo—u3-S)].

Preparation of [WS4Cu,Br,(py)s] 3 (method 1)

The same procedure as for the preparation of cluster 1 was
employed to synthesize cluster 3 except that CuBr (2 mmol,
0.287 g) was used instead of Cul. Deep-red crystals were
isolated. Yield: 0.57g (95%). Anal. Calc. for CsoHjzo-
NeBroCusS4W: C, 29.83; H, 2.49; N, 6.96%. Found: C,
29.71; H, 2.33; N, 6.85%. UV-vis (DMF, Ay./nm,
10% e/dm® mol ' em ™ Y): 442 (2.2), 334 (5.1). IR (KBr pellets,
cm™Y): 1597(vs), 1482(s), 1441(vs), 1214(s), 1066(s), 1036(s),
1009(s), 751(vs), 696(vs), 626(s), 437(vs) [V(W—p3-S)].
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Preparation of [MoS4CuyBr,(py)s] 4 (method 1)

The same procedure as for the preparation of cluster 3
was employed to synthesize cluster 4 except that (NHy),-
MoS, (0.5 mmol, 0.130 g) was used instead of (NH4),WS,.
Black-red crystals were isolated. Yield: 0.51 g (92%). Anal.
Calc. for C30H3¢NgBr,CusSsMo: C, 32.37; H, 2.70; N, 7.55%.
Found: C, 32.45; H, 2.61; N, 7.31%. UV-vis (DMF, Apa/nm,
103 &/dm> mol ! em™1): 524 (1.3), 372 (3.3), 292 (10.1). IR (KBr
pellets, cm™"): 1597(vs), 1482(s), 1441(vs), 1214(s), 1066(s),
1036(s), 1009(s), 751(vs), 696(vs), 625(s), 447(vs) [v(Mo—u3-S)].

Preparation of 1-4 (method 2)

A well-ground mixture of (Et4N),MS; (M =W, Mo)
(0.5 mmol, 0.287 g, W; 0.243 g, Mo), Cul (2 mmol, 0.38 g) or
CuBr (2 mmol, 0.287 g) was put into a reaction tube and heated
to 90 °C for 8 h under a nitrogen atmosphere. After extracting
the resultant black solid with pyridine (20 cm®), the extract was
filtered to afford a deep (or black) red filtrate. Single
crystals were obtained after several days by layering the filtrate
with i-PrOH. Yield: 0.50 g (78%) 1; 0.45 g (75%) 2; 0.47 g (78%)
3; 0.42 g (75%) 4.

Crystal structure determinations

A well-developed single crystal of a given cluster with suitable
dimensions was mounted on a glass fiber and diffraction data
were collected at 20 + 2°C on a Siemens Smart CCD area-
detector diffractometer in the range 2.84 < 20 < 56.54° (1),
2.88 < 20 < 56.72° (3, 4) by using an w-scan technique. The
data reductions were performed on a Silicon Graphics Indy
workstation with Smart-CCD software. The structures were
solved by the direct method and refined by full-matrix-least-
squares on F* using the SHELXTL-PC (Version 5.1) package
of crystallographic software.'® All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were generated
and included in the structure factor calculations with assigned
isotropic thermal parameters but were not refined. The data
processing and structure refinement parameters are listed in
Table 1.

CCDC reference numbers 156623-156625. See http://
www.rsc.org/suppdata/jm/b1/b103839g/ for crystallographic
data in CIF or other electronic format.

Other characterisation measurements

Elemental analysis for carbon, hydrogen and nitrogen were
performed on a Perkin-Elmer 240C elemental analyzer.
Infrared spectra were recorded with a Nicolet FT-170SX
Fourier transform spectrometer (KBr pellets). Electronic
spectra were measured on a Shimazu UV-3100 spectro-
photometer.

Optical measurements

A DMF solution of clusters 1-4 was placed in a 5-mm quartz
cuvette for optical limiting property measurements which were
performed with linearly polarized 8-ns pulses at 532 nm
generated from a Q-switched frequency-doubled Nd:YAG
laser. The clusters 1-4 are stable toward air and laser light
under the experimental conditions. The spatial profiles of the
optical pulses were of nearly Gaussian transverse mode. The
pulsed laser was focused onto the sample cell with a 30 cm focal
length mirror. The spot radius of the laser beam was measured
to be 55 um (half-width at 1/¢> maximum). The energy of the
input and output pulses were measured simultaneously by
precision laser detectors (Rjp-735 energy probes) which were
linked to a computer by an IEEE interface,'® while the incident
pulse energy was varied by a Newport Com. Attenuator. The
interval between the laser pulses was chosen to be 1 s to avoid
the influence of thermal and long-term effects.



Table 1 Crystallographic data for [WS4Cuyla(py)s] 1

> [WS4CuyBra(py)s] 3 and [MoS,CuyBra(py)s] 4

Compound 1

3

4

Siemens Smart CCD
diffractometer w-scans

Mo-Kao (4 = 0.71073 A)

C30H30Cusl,NgS4W

1294.65

Deep red block

0.42 x 0.40 x 0.36

Data collection

Radiation

Chemical formula
Formula weight

Crystal color and habit
Crystal dimensions / mm

Crystal system Orthorhombic
Space group Fdd2

alA 22.61310(10)
bIA 23.0681(3)
clA 30.8375(4)
VIA3 16086.1(3)
TIK 293

z 16
DJgem™? 2.138
F(000) 9792

plem ™! 6.703

=29 < h < 30,
=30 < k<30, -41 </1<25
27527, 8372 (Ryn = 0.0446)

Index ranges

Reflections collected/unique

Absorption correction Empirical
Data/restraints/parameters 8372, 1, 425
Goodness-of-fit on F* 1.097

Final R indices [ > 24(])] Ry = 0.0352, wR, = 0.0761
Largest diff. peak and hole/e A3 0.632, —1.122

Siemens Smart CCD
diffractometer w-scans

Mo-Ka (4 = 0.71073 A)

C30H30CuyBroNgS,W

1200.67

Deep red block

0.52 x 0.34 x 0.24

Orthorhombic

Fdd2

22.58970(10)

22.8053(3)

30.1995(3)

15557.7(3)

293

16

2.050

9216

7.397

—18 < h < 30,
=30 <k <30, -40 <1<40

26507, 9516 (R;n = 0.0593)

Empirical

9516, 1, 426

1.008

R; = 0.0432, wR, = 0.0977

0.911, —0.662

Siemens Smart CCD
diffractometer w-scans

Mo-Ka (4 = 0.71073 A)

C30H30CuysBraNgSsMo

1112.76

Dark red block

0.30 x 0.28 x 0.28

Orthorhombic

Fdd2

22.54960(10)

22.7445(3)

30.2498(4)

15514.5(3)

293

16

1.906

8704

4.778

=30 < h <19,
-30 < k<27, -38<1<40

26474, 9414 (R;, = 0.0457)

Empirical

9414, 1, 425

1.042

R; = 0.0479, wR> = 0.0966

0.815, —0.418

The third-order NLO absorptive and refractive properties of
clusters 1-4 were determined by performing Z-scan measure-
ments.?’ The samples were mounted on a translation stage that
was controlled by the computer to move along the axis of the
incident laser beam (Z-direction) with respect to the focal point
instead of being positioned at its focal point. For determining
both the sign and magnitude of the nonlinear refraction, a
0.2 mm diameter aperture was placed in front of the trans-
mission detector and the transmittance recorded as a function
of the sample position on the Z axis (closed-aperture Z-scan).
For measuring the nonlinear absorption, the Z-dependent
sample transmittance was taken without the aperture (open-
aperture Z-scan).

Results and discussion
Synthetic reactions

Our previous research on the optical limiting (OL) properties
and NLO effects of heterothiometallic clusters demonstrated
that incorporation of heavy atoms into these clusters may be
responsible for improvement of their NLO behaviors especially
in their OL properties. With these in mind, we synthesized the
clusters [MS;CusX,(py)s] by using two comparative routes,
ligand-redistribution reaction and solid-state reaction, to
replace lighter halogen or pseudo halogen group NCS™ with
heavier X~ . In method 1, the starting material CuX reacted
with py, which exhibits a strong super-conjugation effect in the
py ring that may result in py possessing a high tendency to
coordinate with the Cu atom. The gradual dissolving of CuX
and the formation of a light yellow solution was consistent with
the formation of the intermediate product CuX(py)s.>' Then
the synthon thiometallate [MS4]*~ as a bidentate ligand** was
added to the reaction system. The solution immediately turned
from light-yellow to deep (or black) red in color, which
suggested that the target cluster compounds were formed. Since
the sequence of some Cu(1)-philic ligands of Mo(W)/S/Cu(Ag)
compounds can be regarded as the following: S*~ > (py,
PPh;) > X~ (X = Cl, Br, I, CN), the former ligands can
substitute part or all of the latter ligands, while the required
coordination number of copper is not more than four. Two
bonds of the CuX(py); were broken by the attack of S~ from
the [MS4]°~ moiety. On the basis of our hypothesis, there is

py /PY

X, py g
/ MS, >
CuX + 3py—= \Cu\ M8 N ) ES> <
\
P py py S. X
(0
Py }’y
Scheme 1

almost the same probability in the formation of units
[CuX(py)] and [Cu(py),], which have the same chance (1:1)
to further coordinate with the [MS4*~ moiety to form the
final products with a symmetrical skeleton [MS;CusX,(py)s]
Scheme 1). In contrast to method 1, the low-heat solid-state
synthesis method 2, developed by our laboratory, was also used
to prepare clusters 1-4 by reacting starting material CuX with
the synthon [MS,*  to first form the cluster skeleton
[MS4(CuX),*~. Then the intermediate was treated with py
by partially substituting the X~ with py, due to py showing
stronger coordination with Cu than X, to give the final planar
‘open’ shaped clusters. (Scheme 2).

It is noted that the target heterothiometallic clusters were
prepared in very high yield (>90%) (method 1), which is
seldom observed in preparing Mo(W)/S/Cu(Ag) hetero-
bimetallic clusters via various synthetic routes. The adoption
of synthetic method 1 seems to be profitable for ensuring almost
all the CuX coordinates with the excess py and then further
reacts with the synthon [MS,]*~ unit. All procedures are
conducted under an inert atmosphere in order to avoid the
formation of the blue Cu(ir) complexes.

>|< N py Y

A 24
4CuX + [MS, __.x—cus\ AN xSy N /S\ A

M AT oy /C ‘\
Nt ¢

| N

x py by

Scheme 2
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Crystal structures

The crystal structures of the neutral clusters [MS,CusXs(py)e]
M = W, Mo; X = I, Br) determined by X-ray diffraction are
isomorphous and only the structures of 1 and 4 are shown in
Figs. 1 and 2, with their selected bond lengths and bond angles
listed in Table 2. These four heterothiometallic clusters can be
described as pentanuclear planar ‘open’ structures. The
skeleton is composed of one M (M = Mo, W), four Cu and
four S atoms to form a MS,;Cu, aggregate, in which the M
atom is in the center of the clusters while both the M and Cu
atoms are essentially tetrahedrally coordinated. The neutral
structures of these clusters are of pseudo D,y symmetry and the
five metal atoms are nearly co-planar with deviations of not
more than 0.1 A from the least-squares plane. This is
correlative with the fact that the angles of Cu(1)-M1-
Cu(1A) and Cu(2)-M1-Cu(2A) are 178.76(6) and 174.92(6)°
in Mo-containing cluster 4, 178.06(5), 173.50(5)° and 178.42(7),
174.53(6)° in W-containing clusters 1 and 3, respectively. Each
of the two mutual trans Cu(2) and Cu(2A) atoms is linked with
two L3-S atoms, one X atom and one pyridine ligand to form a
distorted tetrahedral S,CuX(py) unit. Each of the other two
Cu(1) and Cu(1A) atoms is coordinated by two p3-S atoms and
two pyridine ligands building up a distorted tetrahedral
S,Cu(py), moiety. A couple of S,CuX(py) units and S,Cu(py),
units ligate through four of the six edges of the tetrahedral
[MS,]*~ moiety. The M-S bond lengths and the S-M-S angles

Fig. 1 A perspective view of the structure of the neutral cluster
[WS4Cuyla(py)e] 1.

Br(1A)

Fig.2 A perspective view of the structure of the neutral cluster
[MoS4CuyBra(py)s] 4.
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Table 2 Selected bond lengths (A) and bond angles (°) for
[WS4Cuala(py)s] 1, [WSsCuyBra(py)s] 3 and [MoS4CusBra(py)s] 4
X=LM=W,1,X=Br,M =W, 3, Mo, 4)

1 3 4
M(1)-Cu(1) 2.6990(8) 2.6879(12) 2.6732(10)
M(1)-Cu(2) 2.7431(9) 2.7300(11) 2.7116(9)
M(1)-S(1) 2.240(2) 2.242(3) 2.238(2)
M(1)-S(2) 2.236(2) 2.232(3) 2.233(2)
Cu(1)-S(1) 2.294(2) 2.295(3) 2.275(2)
Cu(1)-S(2) 2.282(2) 2.282(3) 2.267(2)
Cu(1)-N(1) 2.096(6) 2.109(9) 2.107(7)
Cu(1)-N(2) 2.051(7) 2.051(9) 2.054(7)
Cu(2)-NQ3) 2.073(6) 2.066(9) 2.076(7)
Cu(2)-X(1) 2.6448(11) 2.4653(17) 2.4634(13)
Cu(2)-S(1) 2.327(2) 2.311(3) 2.296(2)
Cu(2)-S(2A) 2.318(2) 2.304(3) 2.294(2)
S(2)-M(1)-S(1) 108.67(7) 108.39(9) 108.43(8)
S(1)-M(1)-S(1A) 111.36(12) 111.23(16) 111.98(12)
S(2)-M(1)-S(2A) 111.21(12) 111.05(16) 111.31(12)
Cu(1)-M(1)-Cu(1A)  178.06(5) 178.42(7) 178.76(6)
Cu(1)-M(1)-Cu(2) 91.86(3) 91.61(4) 91.54(3)
Cu(1)-M(1)-Cu(2A)  88.25(3) 88.47(4) 88.52(3)
Cu(2)-M(1)-Cu(2A)  173.50(5) 174.53(6) 174.92(6)
N(1-Cu(1)-N(2) 97.9(2) 97.2(3) 97.6(3)
N(1)-Cu(1)-S(2) 118.2(2) 119.8(3) 119.2(2)
N(1)-Cu(1)-S(1) 106.72(19) 105.3(3) 105.4(2)
N(2)-Cu(1)-S(2) 110.7(2) 111.1(3) 111.0(2)
N(@2)-Cu(1)-S(1) 118.8(2) 118.7(3) 118.0(2)
N(3)-Cu(2)-S(1) 101.3(2) 102.7(3) 103.0(2)
N(3)-Cu(2)-S(2A) 121.12) 120.2(3) 119.8(2)
S(2)-Cu(1)-S(1) 105.06(7) 105.33(10) 106.00(8)
S(2A)-Cu(2)-S(1) 103.04(7) 103.64(10) 104.35(8)
S(2A)-Cu(2)-X(1) 104.44(6) 105.92(10) 105.70(7)
Cu(1)-S(1)-Cu(2) 110.14(10) 110.27(13) 110.64(10)
N(3)-Cu(2)-X(1) 104.4(2) 102.5(3) 102.7(2)
S(1)-Cu(2)-X(1) 124.15(6) 123.31(9) 122.51(7)

are quite similar, which also suggests that the MS, cores still
retain their tetrahedral coordinated geometry.

Nonlinear optical properties
Electronic spectra

The similarity in the structures of these clusters also leads to
similar electronic spectra as confirmed in Fig. 3. The red shifts
in the spectra of clusters 2 and 4 are expected since they contain
a Mo atom instead of a W atom.”” The lowest energy
absorption peaks of these four clusters located at 526 nm 2,
524 nm 4 and 438 nm 1, 442 nm 3 respectively, can be assigned
as charge-transfer bands of the type (1)S — (d)M (M = Mo,
W) arising from the MS, moiety and all of them are red-shifted
compared to those of the free [MS,]*~ anion (472 nm for Mo
and 397 nm for W).!” The electronic spectra of these four
clusters show relatively low linear absorption in the visible and
near-IR regions, suggesting low intensity loss and little
temperature change caused by photon absorption when
pulsed light propagates in the materials, which indicates the
clusters are good potential optical limiters.

Nonlinear optical absorption and refraction

The nonlinear optical (NLO) properties of the clusters 1-4 were
investigated with 532 nm laser pulses of 8-ns duration in
550 x 1074, 1 (1.39 x 1074, 2; 2.83 x 107%, 3; and 3.8 x
10~%, 4) mol dm * DMF solution. The typical results of the
Z-scan experiments of clusters 14 are displayed in Figs. 4-7.
The optical propagation equation for the pulsed light intensity
is given by eqn. (1):>*

ar _
dz

where o is the non-linear absorption coefficient of the samples,

—al (1)



4.0
I
32+ 0 ——— Cluster 1
15 I CIUS[CF 2
S 24700
= 2\
e
5)
B3 16l
2 .
08 .
0.0 £ . e
300 400 500 600 700 800
Wavelength (nm)
2.0
1.6 | Cluster 3
- - - Cluster4
3
£ 12p
e
S
[*}
3
< .
04F .
00} e

300 400 500 600 700 800
Wavelength (nm)

Fig. 3 Electronic spectra of [MS;CusXs(py)s] X =1, M =W, 1,
Mo, 2; X = Br, M =W, 3, Mo, 4) in DMF solution with 1 cm
optical pathlength. The concentrations of clusters 1-4 are 1.0 x
10* mol dm >,

which can be expressed as the function of the incident pulsed
light intensity 7 from eqn. (2):*
1+ K, N 5

a=o+— I 0 2
In the eqn. (2), o is the linear absorption coefficient of the
sample, oy is the absorption cross-section of the ground-state
molecular solution, N is the concentration of the cluster sample
solution, I; = hylayteg is the saturation intensity, with 7.y being
the lifetime of the excited-state, K, = g./og is the ratio of the
excited-state absorption cross-section to the ground-state
cross-section.

The nonlinear absorption components were evaluated by the
Z-scan method under an open aperture configuration (Figs. 4a,
Sa, 6a, 7a) and the NLO absorptive experimental data for
clusters 1-4 obtained under the conditions used in this study
can be well described by eqns. (3) and (4),%%>* which are used to
describe a third-order NLO absorptive process:

1 JJroo .
T(Z)= —— In[l1+¢g(Z)e""|dz 3
@)= | Wllrg@e ) 3)
9q(Z)= rw J'm P 1—026[72@/%)2—0/:0)2]
1
0 +(Z/Z()) (4)
1—e %L
———rdrdz
%o

where light transmittance 7" is a function of the sample’s
Z-position (against focal point Z = 0), Z is the distance of the
sample from the focal point, L is the sample thickness, I is the
peak irradiation intensity at focus. Z, = TwolA, where wq is
the spot radius of the laser pulse at focus and 1 is the laser
wavelength. r is the radial coordinate, ¢ is the time, ¢, is the
pulse width.

The nonlinear refractive properties of clusters 1-4 were
assessed by dividing the normalized Z-scan data obtained
under the closed aperture configuration by the normalized
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Fig. 4 Z-Scan data of a 5.50 x 10 *mol dm > DMF solution of
[WS4CusLa(py)s] at 532 nm with I, = 8.2 x 10" moldm>: (a) col-
lected under the open aperture configuration showing NLO; (b)
obtained by dividing the normalized Z-scan data obtained under closed
aperture configuration by the normalized Z-scan data in (a) (this shows
the self-focusing effect of cluster 1).

Z-scan data obtained under the open aperture configuration
(Figs. 4b, 5b, 6b, 7b). The valley/peak patterns of the corrected
transmittance curves show characteristic self-focusing beha-
viors of the propagating light in the samples. An effective third-
order nonlinear refractive index n, of clusters 1-4, can be
derived from the difference between normalized transmittance
values at valley and peak position (AT,._p) by use of eqn. 3):»
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Fig.5 Z-Scan data of a 1.39 x 10"*moldm > DMF solution of
[MoSsCuyln(py)s] at 532nm with I, = 8.2 x 10> moldm™>: (a)
collected under the open aperture configuration showing NLO; (b)
obtained by dividing the normalized Z-scan data obtained under closed
aperture configuration by the normalized Z-scan data in (a) (this shows
the self-focusing effect of cluster 2).
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Figs. 4-7 show the typical NLO absorptive and refractive
effects of clusters 1-4, respectively, in which, the filled squares
and circles are the experimental data from the Z-scan
measurements. Figs. 4a, S5a, 6a and 7a display the experimental
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data collected under an open aperture configuration (filled
squares). Figs. 4b, 5b, 6b and 7b depict the data obtained by
dividing the normalized Z-scan data under the closed aperture
configuration by the normalized Z-scan data of (a) (filled
circles). The NLO absorptive coefficients o, of clusters 1-4
were calculated to be 2.55 x 1077, 1.0 x 107°, 1.6 x 1077,
1.5 x 107 m W', respectively. With the measured values of
the difference of normalized transmittance values at valley and
peak positions AT, , =121, 1.1 2, 1.1 3, 1.2 4, the NLO
refractive indices n, were calculated to be 8.2 x 1072 esu 1,
1.8 x 107® esu 2, 7.8 x 107 esu 3, 1.3 x 10 ®esu 4,
respectively. Obviously, clusters 1-4 possess very strong
nonlinear absorption and self-focusing effects.

Comparing the NLO data of clusters 1-4, the nonlinear
absorption properties of clusters 1 and 3 are stronger than
those of clusters 2 and 4, whereas the nonlinear refractive
capabilities of clusters 2 and 4 are larger than those of clusters 1
and 3. The positive values of the third-order nonlinear
refraction of clusters 1-4 also indicate that there are self-
focusing effects in the NLO refractive behavior of this series of
clusters. In accordance with the observed o, and n, values, the
modulus of the effective third-order susceptibility & can be
calculated by eqn. (6).”%°

9 x 108gync? 2 |
17| = (7% | g tm (6)

where v is frequency of the laser light, n is the linear refractive
index of the sample, ¢, and ¢ are the permittivity and the speed
of the light in a vacuum, respectively. For 5.50 x 10~* 1,
139 x 107* 2, 283 x 107* 3, 3.8 x 107" moldm™> 4 as
DMF solutions, the 3 parameters were calculated to be
6.2 x 107%esu 1,59 x 10 ”esu 2, 5.0 x 10 7 esu 3, 4.62 x
107 esu 4. The corresponding modulus of the hyperpolar-
izabilities 7 of 6.9 x 107%esu 1, 5.8 x 107 %esu 2,
1.27 x 107 esu 3, 1.17 x 107 esu 4, were obtained from
¥® = y-NF* where N is the number density (concentration) of
the clusters in the samples, F* = 3.3 is the local field correction
factor. For making the comparison of the NLO effects, the
NLO values oy, 15, 1(3) and y of this series of clusters as well as
other different structural clusters such as nest-shaped, linear,
cubane-like, half-open cubane-like, twin-nest, hexagonal-
prism, butterfly and twenty-nuclear cage-shaped, are listed in
Table 3. It is well known that the nonlinear optical processes of
NLO materials are governed by the nonlinear susceptibility
®).%" The larger the ¥*® value, the better the material NLO
properties. The %> value of some of the best performing, neat
NLO materials such as semiconductors GaAs, Ge and organic
polymers PA, PTS, PDA-4BCMU are 4.8 x 107!,
4.0 x 1071%,5.0 x 107'%, 8.0 x 107'* and 1.8 x 107" esu,
respectively.**?® Our recent work has shown that inorganic
clusters also exhibit very large y© values, for example,
54 x 107%esu for the half-open cubane-like cluster
[EtsN]5[MoOS;(CuBr)s(1»-Br)],>* 1.2 x 10~ ' esu for the but-
terfly shaped cluster [MoOS3;Cun(PPhs);],'* 7.9 x 107! esu
for the nest shaped cluster [WOS;CusI(py)s],'*? 1.6 x 10" esu
for the twin-nest shaped cluster [Et4N]4[M020286Cu616],12“
5.6 x 107 %esu for the hexagonal-prism shaped cluster
[Mo0,AgsSs(PPh3)4],'% and the largest value reported for an
inorganic cluster 8.2 x 107 '%esu for a twenty-nuclear supra-
cage-shaped cluster [Bu4N]4[M08Cu1208524].14 Obviously,
the @ values of clusters 1-4 are the largest of all the
inorganic clusters. It should be noted that the values of
these heterothiometallic clusters were determined only in
~10"*mol dm? dilute solution. A much larger y® value
can be expected if a higher concentration can be achieved.
Table 3 also indicates that the more complicated the structural
skeleton and the more heavy atoms the heterobimetallic
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clusters contain, the more enhanced is the third-order NLO
capability.

Optical limiting (OL) capabilities:

The presence of very strong nonlinear optical absorption
effects in clusters 1-4 may significantly enhance the overall OL
performance of these four clusters. The optical limiting effects
of clusters 1-4 are depicted in Fig. 8. The linear and nonlinear
transmission data (filled triangles 1, open squares 2, filled
diamonds 3, open circles 4) were measured at a concentration
of 550 x 107* 1; 1.39 x 1074, 2; 2.83 x 107, 3; and
3.8 x 107%, 4 mol dm~* DMF solution. Fig. 8 shows that at
very low incident fluence, the transmittance is normalized to
the linear transmittance for each cluster solution with Beer’s
law being observed. The light energy transmitted starts to
deviate from Beer’s law of a linear response when the input
light fluence reaches certain values with respect to each cluster,
and the solution became increasingly less transparent as the
incident fluence rose. Experiments with DMF solvent alone
afforded no detectable OL effect. This indicates that solvent
contributions are negligible. The values of the limiting thresh-
old, which is defined as the incident fluence at which the actual
transmittance falls to 50% of the corresponding linear
transmittance, were measured as 0.07 J cm 21, 0.08 J cm ™2 2,
0.08Jcm 2 3, 0.10 J cm ™2 4, with the same linear transmit-
tances of 72%, respectively.

These large optical limiting effects of the above four
heterothiometallic clusters can also be simulated by using
excited-state absorption theory.?* The incident pulsed laser was
considered to have a Gaussian distribution both temporally
and transversely. The optical limiting curves can be fitted by
eqns. (1) and (2), where, Iy = hylogtey were calculated as
0.8 x 10°Wem 21, 1.0 x 10°Wem 22, 1.4 x 10° W em ™2
3, 1.5 x 10° W cm ™2 4, respectively, based on the eqns. (1) and
(2), and 7. is the lifetime of the excited-state, K, = g./oy is
the ratio of the excited-state absorption cross-section to the
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Fig. 8 Optical limiting effects of [WS;Cusla(py)s] 1 (5.50 x
10 *moldm™> in DMF) and [MoSsCuslr(py)s] 2 (1.39 x

10"*moldm™> in DMF) (upper), and optical limiting effects of
[WS4CuBra(py)s] 3 (2.83 x 107*moldm™> in DMF) and [MoS,-
CusBra(py)s] 4 (3.8 x 107* mol dm ™ in DMF) (lower). The solid and
dashed lines are the theoretical fit to the OL experimental results of
clusters 1-4 respectively, based on eqns. (1) and (2). The straight lines
are a guide to the eye for the situation where Beer’s law is obeyed, and
with 72% transmittance.
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ground-state absorption cross-section. The parameters
adopted in the numerical calculation were K, = 28 1, 25 2,
25 3, 20 4, respectively, which means that the ratio of the triplet
excited-state absorption cross-section to the ground-state
absorption cross-section of cluster 1 is greater than that of
its corresponding isomorphous cluster 2, while that of cluster 3
is greater than that of cluster 4, and resulting in the excited-
state absorption capability of clusters 1, 3 being obviously
stronger than that of clusters 2, 4, respectively. This fact implies
that the cluster samples are excited by nanosecond duration
laser pulses and that for a given cluster skeleton, the increment
in excited-state absorption may arise from heavy atom effects
(such as replacing the Mo atom with the heavier W atom, and
the Br atom by the heavier I atom). Such a significant
improvement of the excited-state absorption gives rise to an
increase in the optical limiting performance of these hetero-
thiometallic clusters. In Fig. 8, the solid lines and the dashed
lines represent the theoretical lines of the OL effects of clusters
14, by using the eqns. (1) and (2), which fit the OL
experimental results well.

To gain a further insight into the nonlinear origin of these
clusters, we have conducted pump-probe experiments. A
frequency-doubled Nd:YAG pulse laser with a 532 nm
wavelength and 8 ns pulse width was used as a pump beam
(pulse energy of 300 uJ). A CW He—Ne laser with wavelength
of 632.8 nm was used as a probe beam (optical power of
20 mW). Both the pump and probe beams were collinearly
passed through a sample in DMF solution of the clusters with a
thickness L = 0.5cm. The probe beam passed through a
stopping filter at 532 nm, and was directed into a photometer.
When the probe beam (632.8 nm) passed through the
photometer, the probe intensity was measured as a function
of time with a rapid multiplier phototube connected to a
BOXCAR. The change of the probe beam intensity versus the
delay time was recorded after the pump beam. Experimental
curves are shown in Fig. 9. The optical nonlinearities of
fullerene-Cqy were studied by using the same experimental
setup. Fullerene-Cgy exhibits a typically excited-state non-
linearity. Fig.9 also shows a comparison of pump-probe
results for cluster 1 and fullerene-Cgo. Rapid decreasing of the
transmittances of cluster 1 and fullerene-Cg, indicates that the
cluster has a rapid optical response, which is similar to that of
fullerene-Cgp. The time interval between two adjacent points is
80 ns. The lifetime of the triplet state are about 400 ns for
fullerene-Cgp and cluster 1. Therefore, we can reasonably
conclude that the origins of the nonlinearity of the clusters are
similar to those for fullerene-Cgo and the experiment demons-
trates that the OL abilities of the clusters mainly arises from
excited-state absorption processes.

It is interesting to compare these four clusters 1-4 with other
well-known optical limiting materials. Table 4 displays the
optical limiting thresholds of clusters 1-4, cubane-like shaped
clusters, nest-shaped clusters, hexagonal prism-shaped cluster,
cluster polymers, fullerene-Cgy and phthalocyanine derivatives.
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Fig. 9 Pump-probe experimental results for cluster 1 in DMF solution
and fullerene Cg in toluene solution; the pump fluence is 300 pJ.



Table 4 The limiting thresholds of some OL materials measured at 532 nm with ns laser pulses

Linear Limiting
transmission threshold/

Compound Structure Solvent (%) Jem™ Ref.

Ceo — Toluene 62 1.6 5b
[BugN]3[WS4CusBry] Cubane-like MeCN 70 1.1 8a,b
[BuyN]3[WS,Ag;Bry] Cubane-like MeCN 70 0.6 8a,b
[BugN]3[MoS,Ag;Brl;) Cubane-like MeCN 70 0.5 Ta
[BuyN]3[MoS4Ag3Br,4) Cubane-like MeCN 72 0.7 8b
[BuyN]3[MoS,Ag;BrCls) Cubane-like MeCN 70 0.6 Ta
[BugN],[MoOS;Cu;(NCS);] Nest shaped MeCN 71 7 Ilc
[BuyN]o[MoOS;Cu;BrCl] Nest shaped MeCN 73 10 1la
[Et4N]4[M0,0,S4CugBr,ly4] Twin-nest shaped MeCN 70 2 12b
[Mo0OS;Cu;(PPh3);{S,P(OBu),}] Open cubane-like CH,Cl, 90 5 8¢
[MoS4Ag3(PPh3);{S,P(OBu),}] Open cubane-like CH,Cl, 90 0.8 8¢
[MoS4Cugly(py)aln Two-dimensional network polymer DMSO — 0.6 16b
{[Et4N]o[M0S4Cus(CN)4]} Three-dimensional framework polymer DMF 70 0.28 16a
{[Et4N]o[WS4Cuy(CN)4]}n Three-dimensional framework polymer DMF 70 0.15 16a
Phthalocyanine derivatives — Toluene 85 0.1 6b
[Mo,Ag4Sg(PPh3)4] Hexagonal-prism MeCN 92 0.1 10
[Et4N]o[Mo0S4Cuy(SCN),(2-pic),] Planar ‘open’ DMF 84 0.5 15
[EtyN][WS4Cuy(SCN)4(2-pic)s) Planar ‘open’ DMF 86 0.3 15b
[MoS4CuyBr,(py)s) Planar ‘open’ DMF 72 0.10 This work
[WS4CuyBra(py)s] Planar ‘open’ DMF 72 0.08 This work
[Mo0S4Cuyl(py)s] Planar ‘open’ DMF 72 0.08 This work
[WS,Cuylx(py)s] Planar ‘open’ DMF 72 0.07 This work

From the perspective of the optical limiting capability, clusters
1-4 with a planar ‘open’ skeleton are superior to Cg > and the
cubane-like shaped clusters’®® we studied previously, while
their OL effects are comparable to phthalocyanine deriva-
tives®® and the hexagonal prism-shaped cluster [Mo,Ags-
Ss(PPhs3)4],'% and among the best optical limiting materials to
date. This may be due to the fact that the planar ‘open’ skeleton
clusters have higher symmetry than the cubane-like shaped
clusters and hexagonal prism-shaped cluster, as found in
phthalocyanine systems,> from decreasing the probability of
ground state electronic transitions and giving a smaller
absorption cross-section ¢y and a larger o./o, ratio. It also
shows that the optical limiting ability of cluster 1 is stronger
than that of cluster 2 and that cluster 3 is stronger than that of
cluster 4. Also, the limiting threshold of cluster 3 is higher than
that of cluster 1 and that of cluster 4 is higher than that of
cluster 2. This improvement of the optical limiting ability by
replacing skeleton Mo by W or constituent element Br with I
implies a heavy atom effect. The importance of the heavy atom
effect to the efficiency of nonlinear absorption has already been
noticed for metallophthalocyanine systems.?’ This is consistent
with the fact that the OL effects of Ag-containing clusters are
always better than their Cu-containing homologues. The
obvious nonlinearity enhancement may result from the fact
that the W- or Ag-containing cluster molecules have much
lower pump energy than their corresponding Mo- or Cu-
containing counterparts, and hence a plasma of the W- and
Ag-containing cluster molecules may be more easily generated,
which may result in better optical limiting effects for a given
skeleton structure. Such a capability may make the hetero-
thiometallic clusters with pentanuclear planar ‘open” MS,Cuy
aggregates, as represented by clusters 1-4, very promising
candidates for optical limiting applications.

In summary, we have synthesized and characterized a series
of heterothiometallic clusters with planar ‘open’ skeletons. The
strong NLO absorption properties and the optical self-focusing
behaviors as well as their superior OL effects for this series of
clusters were found when compared with those of the well-
known NLO materials. It is demonstrated that in this type of
NLO materials, substitution of the skeleton metal atoms or the
constituent elements and alternation of the core structure may
give rise to the modification of the NLO properties. Time-
resolved pump-probe experiments were conducted on these
clusters to give direct evidence on the physical origin of the

observed OL effects, and these OL effects were also simulated
and discussed by using excited-state absorption theory. Thus it
is reasonable to conclude that certain optical properties can be
obtained through objective molecular design and synthesis.
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