Syntheses, crystal structures and non-linear optical properties of
two novel windmill-shaped clusters: [M,Pd,S;(dppm),]-4DMF

(M = W or Mo)
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Novel cluster compounds [M,Pd,Sy(dppm),]-4DMF (M =W 1 or Mo 2) were synthesized by the reaction of
[NEt,],[MS,] and [Pd(dppm)Cl,] (dppm = Ph,PCH,PPh,) in CH,Cl, and CH;CN, and their crystal structures have
been characterized by X-ray diffraction. Both clusters have novel new skeletal structures with eight atoms in a plane.
The non-linear optical properties of 1 were studied with a 7 ns pulsed laser at 532 nm. The effective third-order
non-linearities were determined yielding a,=1.2x 10 °cm W' M 'and n,=—1.5x 107 cm* W' M.

Compound 1 exhibits a considerably large self-defocusing property.

Introduction

The tetrathiometalate anions MoS,>~ (WS,?7), VS,*~ and ReS,~
play a key role in some biological processes and industrial
catalyses as well as the syntheses of new materials."™ The syn-
thetic and structural chemistry of heterometallic sulfide clusters
containing d' copper(i) and silver() has been developed
rapidly, and some interesting Mo(W)/Cu(Ag)/S clusters with
novel structural types have been synthesized.>® In our search
for better non-linear optical (NLO) materials we have under-
taken a series of studies on structures and NLO properties.'*~¢
Together with our effort on the design of Group 6-Group 10
mixed-metal sulfido complexes, this prompted us to extend our
studies to heterometallic sulfido clusters derived from MS,>~
(M =Mo or W) with palladium. The structural characteriz-
ation of Mo(W)/Pd/S clusters may help us to understand more
about their NLO properties. However, no heterosulfidometallic
clusters containing Pd" has been reported, besides a few inter-
esting studies on Mo(W)/Pd/S complexes containing Pd® and
Pd™.'"2° Here the syntheses and structural characterizations of
the two new hexanuclear clusters [W,Pd,Sg(dppm),]-4DMF 1
and [Mo,Pd,S¢(dppm),]-4DMF 2 are reported for the first time,
and non-linear optical properties of 1 are also studied.

Experimental

The compounds [NEt,],[MS,] M =W or Mo) and [Pd(dppm)-
Cl,] were prepared according to the literature.** Other chem-
icals were of A.R. grade and used without further purification.

Physical measurements

Infrared spectra were recorded on a Fourier Nicolet FT-170SX
spectrophotometer with pressed KBr pellets and linear absorp-
tion spectra with a Hitachi U-3410 spectrophotometer. Carbon
and hydrogen analyses were performed on a PE 240C Elem-
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ental Analyser. NMR spectra were recorded on a Bruker
ALX300 spectrometer in CDCI, solvent.

Non-linear optical (NLO) measurements

A dimethylformamide (DMF) solution of compound 1 with
concentration of 1.7 x 107> M contained in a 1 mm thick
quartz cuvette was irradiated by a Q-switched frequency-
doubled Nd:YAG laser, which produced linearly polarized 7 ns
(full width at half maximum, FWHM) optical pulses at 532 nm.
The laser was operated at a pulse repetition rate of 10 Hz. The
spatial profiles of the optical pulses were nearly Gaussian after
passing through a filter. The laser beam was then divided by a
beam splitter into two parts: one was used as a reference for the
incident energy and the other focused onto the sample by a
mirror of 25 cm focal length. The minimum beam radius of the
focused laser beam was measured to be 30 = 5 um. Incident and
transmitted pulse energies were measured simultaneously by
two energy detectors (Rjp-735 energy probes, Laser Precision)
linked to a computer by an IEEE interface. The NLO proper-
ties of the sample were determined by performing Z-scan
measurements.”* The sample was mounted on a translation
stage that was controlled by the computer to move along the Z
axis with respect to the focal point. For determining both the
sign and magnitude of the non-linear refraction, a 1.0 mm
diameter aperture was placed in front of the transmission
detector and the transmittance recorded as a function of the
sample position on the Z axis (closed-aperture Z scan). For
measuring the non-linear absorption, the Z-dependent sample
transmittance was taken without the aperture (open-aperture Z
scan).

Synthesis of [W,Pd,Sg(dppm),]-4DMF 1

A solution of [NEt,],[WS,] (0.286 g, 0.5 mmol) in 30 ml of
CH,Cl, and CH,CN (1:1 v/v) was added to [Pd(dppm)Cl,]
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(0.250 g, 0.5 mmol) and stirred for 12 h at room temperature
and then filtered. The obtained solid was dissolved in 2 ml of
DMF and then filtered, diethyl ether added to the resulting
filtrate and the obtained dark crystals were isolated after a week
(0.32 g, yield 61%). Found: C, 35.24; H, 3.47; N, 2.68. Calc.: C
35.28, H, 3.44; N, 2.65%. IR spectrum (KBr pellets): v(W-S)
484.5s, 441.7s and 413.6m cm™!. 'H NMR (TMS as standard):
0 8.00 (s, 4 H), 7.10-7.40 (m, 40 H), 3.50-3.73 (m, 4 H), 2.97
(s, 12 H) and 2.83 (s, 12 H).

Synthesis of [Mo,Pd,Sy(dppm),]-4DMF 2

A procedure similar to that above was employed with [NEt,],-
[MoS,] (0.242 g, 0.5 mmol) instead of [NEt,],[WS,]. Black
crystals were obtained by allowing Et,O to diffuse into the dark
filtrate at room temperature for several days (0.33 g, yield 67%).
The compound is slightly soluble in DMF. Found: C, 38.12; H,
3.83; N, 2.81. Calc.: C, 38.45; H, 3.75; N, 2.89%. IR spectrum
(KBr pellets): v(Mo-S) 507.5s, 460.2s and 451.1m cm™'. 'H
NMR (TMS as standard): ¢ 8.04 (s, 4 H), 7.12-7.38 (m, 40 H),
3.53-3.70 (m, 4 H), 2.99 (s, 12 H) and 2.84 (s, 12 H).

Crystal structure analysis

The raw data for compounds 1 and 2 were collected on a
Siemens SMART CCD area-detecting diffractometer. The struc-
tures were solved with the SHELXTL program ** and refined by
full-matrix least-squares methods based on F2, with anisotropic
thermal parameters for the non-hydrogen atoms. The hydrogen
atoms were located theoretically and refined in the final stages
with a restrained geometry (C-H 0.95 A) and common iso-
tropic displacement parameter. Hydrogen atoms were located
theoretically and not refined. Crystal data are summarized in
Table 1.

CCDC reference number 186/1944.

See http://www.rsc.org/suppdata/dt/b0/b000616p/ for crystal-
lographic files in .cif format.

Results and discussion
Synthesis of clusters 1 and 2

Reaction of [Pd(dppm)Cl,] with [NEt],[MS,] (M=W or
Mo) in the molar ratio of 1:1 in CH,Cl,~CH;CN (1:1 v/v) at
ambient temperature in the air, followed by recrystallization
from DMF-Et,0, gave the hexanuclear compounds 1 and 2 as
black crystals. However, it is notable that M,Pd,Sg (M =W or
Mo) core clusters with dppe ligands cannot be prepared in a
similar reaction; only binuclear compounds [MPdS,(dppe)]
(M =W or Mo) were obtained,? which show that dppm as a
bidentate ligand in the present reaction played an important
role to bridge the two palladium(1) atoms (Scheme 1).
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Fig. 1

The crystal structure of [W,Pd,Sg(dppm),].

Crystal structures of clusters 1 and 2

The two compounds are isomorphous and crystallize in the
monoclinic space group P2,/n with two molecules in a unit cell.
Therefore, the structure of 1 will be mainly described. It is a
neutral cluster with four solvent molecules. The structure of
[W,Pd,Ss(dppm),] which is situated on a crystallographic inver-
sion center is shown in Fig. 1. It can be seen that a plane of four
Pd atoms, symmetrically disposed around the inversion center,
is “glued” together by two u;-WS,2~ and two u-dppm ligands.
Each Pd atom has a square planar co-ordination geometry,
bound to two S atoms from WS,*~, one P atom from dppm and
another Pd atom. Such an arrangement of the palladium atoms
seems to be very much dependent on the nature of the auxiliary
ligands. Within the cluster, four Pd and two u;-S atoms form a
six-membered Pd,S, ring which seems to be stabilized by two
distorted five-membered Pd,P,C rings formed by a u-dppm
ligand and Pd-Pd bond; thus, a cavity exists inside the cluster
molecule. Charge balance suggests that compound 1 contains
the formal oxidation states Pd" and WY, The Pd"-Pd' distance
of 2.5930(8) A in 1 is obviously shorter than those of 2.623(1)
and 2.625(2) A in [Pd,(pyphos),(Hpyphos),]** (pyphos = 6-
(diphenylphosphino)-2-pyridonate) and [Pd,(u-Br),(PBus"),],?
respectively, which may indicate strong Pd'-Pd' interactions,
since the Pd—Pd distance in metallic palladium is 2.82(2) A.?
Little variations in Sygee=W—Siermina (110.18(10)-111.66(9)°)
and SpigeeW—Sprigge (106.54(7)-110.97(9)°) angles show that
co-ordination of the W is essentially tetrahedral. The W—S bond
lengths fall into three categories: the distance between terminal
S and W atoms is 2.133(2) A; an average W—u-S distance of
2.208(2) A is shorter than the W—u,;-S distance of 2.274(2) A.
However, it is interesting that the Pd-u;-S distance of 2.362(2)
A is significantly shorter than the Pd-u-S distance of 2.376(2)
A, this together with elongation of W—u,-S suggesting that con-
jugate stress of the W—S—Pd groups results in the W—u;-S bond
being weakened and the Pd-,-S bond being strengthened.
Interestingly, S(2), Pd(1), Pd(2) and S(3)#1 atoms are
approximately collinear because of the S(2)-Pd(1)-Pd(2) and
Pd(1)-Pd(2)-S(3)#1 angles of 176.64(7) and 176.07(6)°, more-
over those four atoms and their symmetry related S(2)#1,
Pd(1)#1, Pd(2)#1 and S(3) are nearly coplanar with deviations
of not more than 0.053 A from the least squares plane. The
two W atoms deviate 1.57 A from this eight-atom plane. The
average W - - - Pd" distance of 2.8723 A in 1 is slightly shorter
than the W---Pd" distance of 2.887(2) A observed in
[PdWS,(dppe)],®® while the average Mo --Pd' distance of
2.8548(12) A in 2 is obviously longer than the Mo—Pd’
distances of 2.793(3) and 2.799(2) A in [Pd,Mo,S,(tacn),-
CI]CI; (tacn = 1,4,7-triazacyclononane) and [Pd,MogSg(H,0) 5]
[OTs]g (OTs = p-toluenesulfonate) respectively.'” The important
bond lengths and bond angles are listed in Tables 2 and 3.



Table 1 Crystal data, data collection and structure refinement parameters for [W,Pd,Ss(dppm),]-4DMF 1 and [Mo,Pd,Sg(dppm),]-4DMF 2

1 2
Empirical formula Cq,H,,N,O,P,Pd,S;W, Cg,H,,Mo0,N,O,P,Pd,Sg
Formula weight 2110.90 1935.08
Crystal system Monoclinic Monoclinic
Space group P2,/n (no. 13) P2,/n (no. 13)
alA 13.0822(3) 13.0593(2)
blA 19.6074(3) 19.5518(4)
clA 14.4743(3) 14.4955(2)
pr 97.12(1) 97.1080(10)
VIA? 3684.11(13) 3672.73(11)
V4 2 2
w/mm™! 4.425 1.650
TIK 293(2) 293(2)
Reflections collected 13223 13177

Independent reflections
Observed reflections

Data/restraints/parameters
Final R1, wR2 indices (I > 2a(I))

6204 (Ryy, = 3.97%)
4847 (I> 2.05(1))
6202/0/397

0.0441, 0.0833

6194 (Ryy, = 7.87%)
3564 (1> 2.00(I))
6191/0/397

0.0691, 0.1541

Table 2 Bond lengths (A) and bond angles (°) for compound 1

Table 3 Bond lengths (A) and bond angles (°) for compound 2

W-S(4) 2.133(2) W-S(2) 2.203(2)

W-S(3) 2.213(2) W---Pd(1) 2.8756(7)
W-S(1) 2.274(2) W PdQ)#I 2.8690(6)
Pd(1)-S(2) 2.376(2) Pd(2)-S(1)#1 2.348(2)

Pd(1)-P(1) 2.273(2) Pd(1)-S(1) 2.363(2)

Pd(1)-Pd(2) 2.59308)  Pd(2)-P(2) 2.268(2)

Pd(2)-S(3)#1 2.373(2) Pd(2)- - - W#1 2.8689(6)
S(3)-Pd(2)#1 2.373(2) S(1)-Pd(2)#1 2.348(2)

S(4)-W-S(2) 110.18(10)  S(4)-W-S(3) 110.61(9)
S(2)-W-S(3) 110.9709)  S(4)-W-S(1) 111.66(9)
S(2)-W-S(1) 106.78(7)  S(3)-W-S(1) 106.54(7)
S(4)-W-Pd(2)#1 129.15(7)  S(2)-W-Pd(2)#1 120.62(7)
S(3)-W-Pd(2)#1 53.81(6)  S(1)-W-Pd(2)#1 52.79(5)
S(4)-W-Pd(1) 130.04(7)  S(2)-W-Pd(1) 53.83(6)
S(3)-W-Pd(1) 119.32(6)  S(1)-W-Pd(1) 53.09(5)
PAQ#1-W-Pd(1)  82.81(2)  P(1)-Pd(1)-S(1) 165.47(8)
P(1)-Pd(1)-S(2) 94.698)  S(1)-Pd(1)-S(2) 98.64(7)
P(1)-Pd(1)-Pd(2) 86.45(6)  S(1)-Pd(1)-Pd(2) 80.56(5)
SQ)-Pd(1)-Pd(2)  176.64(7)  P(1)-Pd(1)-W 143.12(6)
S(1)-Pd(1)-W 50.29(5)  S(2)-Pd(1)-W 48.47(5)
PdQ2)-Pd(1)W#1  130.43(3)  PQ)-Pd(2)-S()#l  160.63(8)
PQ)PdQ2)-SG)#]  96.36(8)  S(#1-Pd(2)-SG)#1  99.27(7)
P(2)-Pd(2)-Pd(1) 83.44(6)  S()#1-Pd(2)-Pd(1)  81.74(5)
S(3)#1-Pd(2)-Pd(1) 176.07(6)  P(2)-Pd(2)-W#1 144.27(6)
S(1)#1-Pd(2)-W 50.48(5)  S()#1-PAQ2)-W#l  48.84(5)
Pd(1)-Pd(2)-W#1  131.88(3)  W-S(1)-Pd(2)#1 76.73(6)
W-S(1)-Pd(1) 76.62(6)  PAQ)#1-S(1)-Pd(1)  107.52(8)
W-S(2)-Pd(1) 77.70(7)  W-S(3)-PdQ2)#1 77.36(7)

Symmetry operator: #1 = —x, 1 —y, 1 — z.

Mo-S(4) 2.1233)  Mo-S(2) 2.205(3)
Mo-S(3) 22113)  Mo-Pd(1) 2.8580(12)
Mo-S(1) 22773)  Mo-PdQ2)#1 2.8516(12)
Pd(1)-S(2) 2357(3)  Pd(2)-S(1)#1 2.336(3)
Pd(1)-P(1) 22753)  Pd(1)-S(1) 2.350(3)
Pd(1)-Pd(2) 2.5989(11)  Pd(2)-P(2) 2.273(3)
Pd(2)-S(3)#1 2.3593)  Pd(2)-Mo#I 2.8517(12)
S(3)-Pd(2)#1 23593)  S(1)-Pd(2)#1 2.336(3)
S(4)-Mo-S(2) 110.59(14)  S(4)-Mo-S(3) 110.85(13)
S(2)-Mo-S(3) 110.52(13)  S(4)-Mo-S(1) 111.72(13)
S(2)-Mo-S(1) 106.53(10)  S(3)-Mo-S(1) 106.48(10)
S()-Mo-Pd(2)#1  129.09(11) S(2)-Mo-Pd(Q)#1  120.27(10)
S(3)-Mo-Pd(2)#1 53.76(8)  S(1)-Mo-Pd(2)#1 52.76(7)
S(4)-Mo-Pd(1) 129.93(11)  S(2)-Mo-Pd(1) 53.62(8)
S(3)-Mo-Pd(1) 119.18(9)  S(1)-Mo-Pd(1) 53.02(7)
PdQ)#1-Mo-Pd(1)  82.92(3)  P(1)-Pd(1)-S(1) 165.08(10)
P(1)-Pd(1)-S(2) 94.22(11)  S(1)-Pd(1)-8(2) 99.49(10)
P(1)-Pd(1)-Pd(2) 86.80(8)  S(1)-Pd(1)-Pd(2) 79.86(7)
S(2)-Pd(1)-Pd(2)  176.51(9)  P(1)-Pd(1)-Mo 143.02(8)
S(1)-Pd(1)-Mo 50.71(7)  S(2)-Pd(1)-Mo 48.87(8)
Pd(2)-Pd(1)-Mo 130.18(4)  P(2)-Pd(2)-S()#1  160.14(11)
PQ)-Pd2)-SG)#!  96.37(10) S(1)#1-Pd(2)-S(3)#1  99.96(10)
P(2)-Pd(2)-Pd(1) 83.29(8)  S(#I-Pd(2)-Pd(l1)  81.19(7)
S(3)#1-Pd(2)-Pd(1) 176.083(9)  P(2)-Pd(2)-Mo#l  144.48(8)
S()#1-Pd(2)-Mo#1 50.89(7)  S(3)#1-Pd(2)-Mo#1  49.10(7)
Pd(1)-Pd(2)-Mo#1 131.77(4)  Mo-S(1)-Pd(2)#1 76.35(8)
Mo-S(1)-Pd(1) 76.2709)  PAQ)#I-S(1)-Pd(1) 107.54(11)
Mo-S(2)-Pd(1) 77.51(10)  Mo-S(3)-Pd(2)#1 77.13(9)

Symmetry operator: #l = —x, 1 —y, 1 — z.

Non-linear optical (NLO) properties

The electronic spectrum of compound 1 in DMF is depicted in
Fig. 2. It has relatively low linear absorption in the visible and
near-IR region. The lowest absorption peak is located at 400
nm (3.1 eV). The NLO properties of compound 1 were revealed
by using a Z-scan technique.”® Its non-linear absorptive and
refractive properties are depicted by the filled and open circles,
respectively, in Fig. 3. The solid curves were generated theor-
etically using eqns. (1), (2) and (3) where Z is the distance of
the sample from the focal point, a, and a, are the linear and

L

T(z) = [*= In[1 + g(z)e "dr 1)
\/nq(z)
fo (20t -y L= €
— [ [» 0 ylw, o))~ drd
q() =17 Iy T 2z P t ()

T(z,5) = [ P{)de/S [*= P(r)dt 3)

non-linear absorption coeflicients, respectively, L is the sample
thickness, I, the peak irradiance at the focus, Z, = nw,*/4 with
w, the spot radius of the beam at the focus, y is the non-linear
index that is due to the bound electronic effect, s is the linear
aperture transmittance, 7 is the temporal pulse width of the
beam, T represents transmission, P is the total power of the
beam, z is the position of the sample and A the wavelength of
the laser, r is the radial coordinate, ¢ the time and ¢, the pulse
width. The transmittance changes detected behind the aperture
when both NLO absorptive and refractive properties are
considered are described by eqn. (3) where P{(z,1) = gocnymlis
|E(r, t, z)]* rdr and P(?) = (1/2)I,nwy’exp[—(#/1,)*], where ¢ and
g, are the speed of light and the permittivity in vacuum, respec-
tively, and n, is the linear refractive index of the sample. At
the aperture, the electric component of the optical field is
given by eqns. (4) and (5), where d is the distance between the
aperture and focus, k is the magnitude of the wave vector in free
space, 1" refers to the radial coordinate at the aperture in the
optical field and J, is the zeroth-order Bessel’s function;
S =1 — exp[—2(r,/w,)"] is the linear aperture transmittance.
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Table 4 NLO parameters for cluster compounds

Compound Structure 107% gp/cm ' M ! dylem WM ™! 10" ny/em* W M
[W,Pd,Sy(dppm),]“ Windmill 2.10 12x10° -1
[MoCu;08;1(py)s]* Nested 0.04 25%10°° ~13
[WCu,08,1(py)s]? Nested 2.10 15.0 x 10~ 16.0
[NEt,][M0,Cu,0,5,]¢ Twin-nested 0.74 20%10°° -3.0
[WCu,0S;(PPh;);]¢ Butterfly 2.50 —c 6.70

a, is the linear absorption coefficient; a, the non-linear absorption coefficient and 7, the non-linear refractive index. “ This work. ® Ref. 31. ¢ Ref. 32.

4 Ref. 33. ¢ Negligible.
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Fig. 2 Electronic spectrum of [W,Pd,Sy(dppm),] (1.7 X 107 M) in
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The good fits between the theory and our experimental data
in Fig. 3 suggest that the observed NLO phenomena are effec-
tively a third-order process. The effective a, and n, values are
determined tobe 1.2 x 10 *ecm W' M 'and —1.5 x 107 cm?
WM™ respectively. In Fig. 3 it is observed that compound 1
shows a negative sign for n,. This indicates that the laser beam
propagating in it undergoes a self-defocusing process. This
property shows that 1 can be a promising material for appli-
cations such as protection of optical sensors. Table 4 lists the
measured non-linear absorption coefficient, a,, and non-linear
refractive index, n,, for some cluster compounds. It should
be noted that the Z-scan measurements reported here could
not reveal the origin of the measured a, and n, values for 1.
Excited-state effects, two-photon absorption, third-order
bound-electron effect and non-linear scattering are possible
mechanisms behind the observed non-linearities.?®*° Table 4
shows that 1 compares favorably with most of the other clusters
in terms of the effective n, value.

dr (4
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