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a b s t r a c t

Metal complexes containing a new multi-sulfur atom containing 1,2-dithiolene ligand, [40 ,50:5,6] [1,4]
dithiino[2,3-b] quinoxaline-10,30-dithiolate, have been synthesized and characterized by electrochemical
measurements, IR, UVeNIR and ESR spectroscopies. X-ray structure analysis reveals that the anions of
the Ni-complex derived from the new ligand form a zig-zag chain along the b axis, and the anions of Au
complex of the ligand stack along the a axis while the cations occupy the holes. The Ni-complex exhibits
remarkable absorption at 1082 nm ( 3¼ 15000 dm3mol�1 cm�1) and good solubility that render this
complex as a promising near-IR dye for Q-switching neodymium lasers. The third-order non-linear
optical properties of the complexes are measured by the Z-scan technique with a 6.5 ns pulsed laser at
532 nm. The Au complexes exhibit non-linear optical absorptive abilities, while the non-linear absorp-
tion of the nickel complex is negligible. All of the complexes show effective self-defocusing performance.
The third-order non-linear optical susceptibilities for the Au complexes have been determined to be of
the order of 10�13 esu.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Metal complexes of bis(dithiolene) have been extensively
studied for their interesting properties and applications in areas
such as conductivity, magnetism, near-infrared dyes, and non-
linear optical materials [1e13]. They exhibit strong absorption
bands in the near-infrared region in their electronic spectra. They
are also known to be very stable to intense irradiation in the IR
region and for example are particularly suited for Q-switching
lasers (such as NdeYAG lasers, operating at 1064 nm) [14,15]. This
is important in creating materials with intense absorptions in the
1060e1600 nm region to be employed in the application of NIR
dyes in Q-switching infrared lasers [8]. In order to be exploited as
saturable absorbers, dyes have to satisfy several criteria [16]. In
particular, (i) the fundamental absorption should exhibit a very
high cross-section at the laser emissionwavelength, (ii) no excited-
state absorption should be presented at the same wavelength, and
(iii) the molecules should be very stable when exposed to light.
Moreover, in order to prevent damage to laser optics, the dyes must
be quite soluble in inert solvents.
All rights reserved.
In this paper, four new metal complexes based on the multi-
sulfur dithiolene ligand L (L¼ [40,50:5,6] [1,4] dithiino[2,3-b] qui-
noxaline-10,30-dithiolate), [n-Bu4N]n[Ni(L)2] (n¼ 1, 1; n¼ 0, 2) and
[R4N][Au(L)2] (R¼ n-Bu, 3; R¼ Et, 4), are synthesized and charac-
terized. Their third-order non-linear optical properties have been
studied by using the Z-scan method. Importantly, the nickel
complex 1 exhibits a strong absorption in the near-infrared region
(l¼ 1082 nm, 3¼15000 dm3mol�1 cm�1), which is close to
1064 nm and 1079 nm at which Q-switching NdeYAG and NdeYAP
lasers operate, respectively.
2. Experimental

2.1. Materials and physical measurements

4,5-Bis(benzoylthio)-1,3-dithiole-2-thione (I) was synthesized
according to the literature method [17]. All solvents were dried by
standard techniques prior to use.

Elemental analyses for C, H and N were determined using
a PerkineElmer 240C analyzer. Infrared spectra were recorded in
the 400e4000 cm�1 region by Vector22 Bruker spectrophotometer
with KBr pellets. UVevis spectra were obtained on a UVe3100
spectrophotometer. ESR spectra were recorded on a Bruker ER 200-
D-SRC spectrometer. Cyclic voltammetry was performed using
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Scheme 1. The synthetic route of complexes 1, 3 and 4.
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Scheme 2. The synthetic route of complex 2.
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a model 79-1 V-A analyzer with an electrochemical cell using
a platinum wire as the working electrode, a platinum plate as the
auxiliary electrode and an SCE as the reference electrode.

2.2. Syntheses

2.2.1. Preparation of compound II
This compound was prepared by the modified literature method

[18]. Under a nitrogen atmosphere, to the suspension of I (16.2 g,
40 mmol) in ethanol (20mL) was added a solution of Na (1.86 g) in
ethanol (10 mL). The mixture turned red immediately. 0.5 h later,
tetrahydrofuran (50 mL)was added, and then2,3-dichloroquinoxaline
(7.96 g, 40 mmol)was added in one portion. The reactionmixturewas
stirred at room temperature overnight. The yellow precipitate formed
was collected by filtration. The products werewashedwithwater and
methanol, and yellow crystals were obtained after recrystallization
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Fig. 1. (a) Powder ESR spectrum and (b) DMF frozen glass ESR spectrum of complex 1
at 110 K.
fromtoluene. Yield:78%. Anal. Calcd for C11H4N2S5: C, 40.72;H,1.24;N,
8.63. Found: C, 40.68; H, 1.26; N, 8.65%. IR (KBr, cm�1): 1076 (C]S).
EI-MS,m/z: 323.8 (Mþ).

2.2.2. Preparation of compound III
To the thione II (810 mg, 2.5 mmol) in chloroform (210 mL) was

added mercury(II) acetate (2.8 g) in glacial acetic acid (70 mL). The
mixture was stirred at room temperature for 6 h. After filtration,
the filtrate was washed with saturated NaHCO3 and then with
water. The organic phase was dried with sodium sulfate and
concentrated by rotary evaporation. Pale yellow crystals of III were
obtained by recrystallization from ethanolechloroform (3:1). Yield:
70%. Anal. Calcd for C11H4N2OS4: C, 42.84; H, 1.31; N, 9.08; O, 5.19.
Found: C, 42.78; H, 1.29; N, 9.10; O, 5.12%. IR (KBr, cm�1): 1688
(C]O). EI-MS: m/z 307.8 (Mþ).

2.2.3. Preparation of (n-Bu4N)[Ni(L)2] (1)
Under a N2 atmosphere, an ethanol solution of NaOH (44 mg,

1.1 mmol) was added to a slurry of compound III (154 mg,
0.5 mmol) in ethanol (5 mL). To the clear orange solution,
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Fig. 2. Absorption spectra of 1 (1�10�4 M) in dimethylformamide and 2 (5.2�10�5 M)
in benzene solution.



Table 1
Absorbance and absorption maxima of some nickel bis(dithiolene) complexes.

Complexes Solvents lmax/nm 3/dm3mol�1 cm�1 Ref.

[n-Bu4N][Ni(L)2] DMF 1082 15000 This work
[Ni(L)2] Benzene 939 53500 This work
[n-Bu4N][Ni(phdt)2] CH3CN 1172 15000 9
[Ni(phdt)2] Benzene 1028 43000 9
[n-Bu4N][Ni(bddt)2] CH3CN 1180 16800 10
[Ni(phdt)2] Benzene 1035 63000 10
[n-Bu4N][Ni(dmit)2] CH3CN 1137 45000 9
[n-Bu4N][Ni(dddt)2] CH3CN 1175 15600 9
[n-Bu4N][Ni(LBu)(LBu

�)] CH2Cl2 890 15000 13
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Scheme 3. The structure of [Ni(Pri2timdt)2].
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NiCl2$6H2O (59 mg, 0.25 mmol) in ethanol (5 mL) was added
dropwise. After 2 h, the solution was stirred in air for additional
30 min. The solution changed from purple to brown as the reaction
proceeded. After filtration, n-Bu4NBr (0.75 mmol, 250 mg) in
ethanol (4 mL) was added to the filtrate. Brown solids were
collected by filtration and recrystallized from acetone. Yield: 55%.
Calcd for C36H44N5NiS8: C, 50.16; H, 5.14; N, 8.12. Found: C, 50.09; H,
5.18; N, 8.19%. IR (KBr, cm�1): 2956w, 2869w, 1555m, 1474m, 1328s,
1174s, 1110s, 871m, 755m, 597m, 467m.

2.2.4. Preparation of [Ni(L)2] (2)
An acetonitrile solution of I2 (28 mg, 0.11 mmol) was added to

complex 1 (86 mg, 0.1 mmol) in acetonitrile (10 mL). The black
powder formed was collected by filtration and washed with
acetonitrile. Yield: 70%. Calcd for C20H8N4NiS8: C, 38.77; H, 1.30; N,
9.04. Found: C, 38.69; H, 1.37; N, 9.09%. IR (KBr, cm�1): 2920w,
1304s, 1259s, 1176s, 1115s, 754m, 669m, 478m, 420m.
Fig. 3. Top and side views of [Ni(L)2]� with thermal ellipsoids at 3
2.2.5. Preparation of (n-Bu4N)[Au(L)2] (3)
A similar procedure as that used for the preparation of 1 was

adopted using sodium tetrachloroaurate(III) (99.5 mg, 0.25 mmol)
instead of NiCl2$6H2O. An orange solid was obtained. Yield: 41%.
Calcd for C36H44N5AuS8: C, 43.23; H, 4.43; N, 7.00. Found: C, 43.15;
H, 4.41; N, 7.09%. IR (KBr, cm�1): 2958w, 2870w, 1477s, 1379s,
1333m, 1176s, 1111s, 870m, 760m, 597m, 473m.

2.2.6. Preparation of (Et4N)[Au(L)2] (4)
A similar procedure as that used for the preparation of 3 was

adopted using Et4NBr (0.75 mmol, 158 mg) instead of n-Bu4NBr. An
orange solid was obtained. Yield: 31%. Calcd for C28H28N5AuS8: C,
37.87; H, 3.18; N, 7.89. Found: C, 37.79; H, 3.17; N, 7.97%. IR (KBr,
cm�1): 2999w, 2977m, 1559m, 1459s, 1410s, 1315m, 1181s, 1113s,
870m, 759m, 598m, 472m.
2.3. Structure determination

The X-ray diffraction datawere collected on a Bruker Smart Apex
CCD diffractometer equippedwith graphitemonochromatedMo Ka
(l¼ 0.71073�A) radiation using a ue2q scan mode at 291 K. The
highly redundant data sets were reduced using SAINT [19] and cor-
rected for Lorentz and polarization effects. Absorption corrections
were applied using SADABS [20] supplied by Bruker. The structure
was solved by direct methods and refined by full-matrix least-
squares methods on F2 using SHELXTL-97 [21]. All non-hydrogen
atoms were found in alternating difference Fourier syntheses and
least-squares refinement cycles and, during the final cycles, refined
anisotropically. Hydrogen atomswere placed in calculated positions
and refined as riding atoms with a uniform value of Uiso.

The supplementary crystallographic data for this paper are
provided in CCDC 806193 (complex 1) and CCDC 806194 (complex 3)
and can be obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crystallographic Data
Centre,12UnionRoad, Cambridge CB21EZ,UK; fax: (þ44) 1223-336-
033; e-mail: deposit@ ccdc.cam.ac.uk.
2.4. Non-linear optical (NLO) measurements

A dimethylformamide (DMF) solution of each metal complex
with a concentration of 2�10�4 M contained in a 2 mm thick
0% probability level. Hydrogen atoms are omitted for clarity.

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@%20ccdc.cam.ac.uk


Fig. 4. The packing diagram of the anions of complex 1 looking along the a axis.
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quartz cuvette was irradiated by a Q-switched frequency-doubled
Nd:YAG laser, which produced linearly polarized 6.5 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 laser beamwas
focused with a 30 cm focal length focusing mirror. The incident and
transmitted pulse energies were measured simultaneously by two
energy detectors (Rjp-735 energy probes, Laser Precision). The NLO
properties of the samples were manifested by moving the samples
along the axis of the incident laser irradiance beam (Z direction)
with respect to the focal point and with incident laser irradiance
kept constant (Z-scanmethods). The transmittancewas recorded as
a function of the sample position on the Z-axis (closed-aperture
Z-scan). For measuring the NLO absorption, the Z-dependent
sample transmittance was taken without the aperture (open-
aperture Z-scan).
Fig. 5. Top and side views of [Au(L)2]� with thermal ellipsoids at
3. Results and discussion

3.1. Preparation

Complexes 1, 3 and 4 were prepared in reasonable yield as
shown in Scheme 1. They are soluble in most organic solvents and
air stable in both solution and solid state. As shown in Scheme 2,
complex 2 was prepared by I2-oxidation of 1, which was insoluble
in most organic solvents but with marginal solubility in benzene.

3.2. Cyclic voltammetry

The electrochemical properties of complexes 1, 3 and 4
(1�10�5 M) were investigated by cyclic voltammetry (Figs. S1eS3,
Supporting information). For complex 1, three redox couples are
observed at Ec¼ 0.009, �0.447, and �1.06 V vs. s.c.e. The first
process assigned to [Ni(L)2 ]0/[Ni(L)2]� is quasi-reversible and is
comparable to other nickel-dithiolene complexes [22e24]. The
second process for [Ni(L)2]�/[Ni(L)2]2� is irreversible. The third
irreversible peak may be from the reduction of the dithiolene
ligand. For complexes 3 and 4, two irreversible redox couples are
observed at Ec¼ 0.489 and �0.879 V, and 0.441 and �1.023 V vs.
s.c.e., respectively. The first process corresponds to the [Au(L)2 ]0/
[Au(L)2]�, and the second process may be assigned to the reduction
of the dithiolene ligand.

3.3. ESR and NIR spectra

The solid ESR spectrum of complex 1 at 110 K is shown in Fig. 1a.
The broadening of the two ESR signals at g1¼2.062 and g2¼ 2.012
is due to intermolecular interaction in the solid state [25]. The
frozen glass ESR spectrum (Fig. 1b) of complex 1 in DMF at 110 K
shows three peaks with g1¼2.109, g2¼ 2.045 and g3¼ 2.004. The
30% probability level. Hydrogen atoms are omitted for clarity.



Table 2
Crystallographic data for compounds 1 and 3.

1 3

Empirical formula C36H44NiN5S8 C36H44AuN5S8
Mr 862.01 1000.29
Cryst syst Triclinic Monoclinic
Space group P�ı P21/c
a (�A) 11.2797(16) 8.4732(10)
b (�A) 14.916(2) 17.355(2)
c (�A) 24.424(4) 29.471(3)
a (�) 91.607(3) 90.00
b (�) 90.356(3) 105.564(4)
g (�) 93.382(3) 90.00
V (�A3) 4100.4(10) 4174.9(8)
Z 4 4
rc (g cm�3) 1.396 1.592
F(000) 1804.0 2008.0
T/K 291(2) 291(2)
m(Mo Ka)/mm�1 0.914 3.957
Index ranges �11� h� 13 �10� h� 8

�17� k� 14 �20� k� 20
�29� l� 28 �35� l� 30

GOF (F2) 0.813 0.805
R1,a wR2

b (I> 2s(I)) 0.0786, 0.1464 0.0644, 0.1102

a R1¼
PkCj � jFck/

PjFoj.
b wR2¼ [

P
w(Fo2� Fc

2)2/
P

w(Fo2)]1/2.

Table 4
Selected bond lengths [�A] and angles [�] for compound 3.

Au1eS1 2.282(3) Au1eS2 2.300(3) Au1eS5 2.305(3)
Au1eS6 2.282(3) S1eC1 1.738(12) S2eC2 1.739(12)
S5eC11 1.741(12) S6eC12 1.754(12) C1eC2 1.395(14)
S3eC1 1.747(12) S4eC2 1.732(12) S3eC3 1.756(15)
S4eC4 1.734(14) C3eC4 1.469(17) C11eC12 1.367(13)
S7eC11 1.755(11) S8eC12 1.727(12) S7eC13 1.754(13)
S8eC14 1.744(13) C13eC14 1.476(16)
S6eAu1eS1 178.74(12) S6eAu1eS2 88.67(11) S1eAu1eS2 90.47(12)
S6eAu1eS5 90.60(11) S1eAu1eS5 90.29(12) S2eAu1eS5 178.55(12)
C1eS1eAu1 102.0(5) C2eS2eAu1 102.7(5) C11eS5eAu1 100.9(4)
C12eS6eAu1 101.9(4) C2eC1eS1 123.7(10) C1eC2eS2 120.9(10)
S4eC2eS2 116.2(8) C4eC3eS3 118.4(14) C3eC4eS4 122.2(14)
C12eC11eS5 123.8(9) C12eC11eS7 122.1(10) S5eC11eS7 114.1(7)
C11eC12eS8 123.0(10) C11eC12eS6 121.8(10) S8eC12eS6 115.2(7)
C14eC13eS7 119.8(12) C13eC14eS8 120.6(12) C2eS4eC4 99.1(7)
C1eS3eC3 100.6(7) C13eS7eC11 100.1(6) C12eS8eC14 101.5(6)
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spectrum is similar to those of [Ni(dmit)2]� [26] and [Ni(medt)2]�

[27], showing a rhombic g tensor.
The NIR spectra of complexes 1 and 2 are shown in Fig. 2, the

characteristic long-wavelength transition for nickel complex is found
at 1082 nm ( 3¼ 15000 dm3mol�1 cm�1), which is assigned to the
pep* transition [8]. The intense band at 316 nm ( 3¼ 50200 dm3

mol�1 cm�1) is due to thepep* transition of the ligand [28e30], and
the band at 437 nm ( 3¼ 10 000 dm3mol�1 cm�1) is reasonably
ascribed to a Ni) S charge transfer (c.t.) transition similar to other
nickel(III) dithiolate complexes [31,32]. Complex 2 in benzene solu-
tion exhibits the absorption at 939 nm ( 3¼ 53500 dm3mol�1 cm�1).
Table 1 lists the near-IR absorption maxima and absorbance of some
typical nickel bis(dithiolene) complexes. Complex 3 exhibits a pep*

band at 311 nm ( 3¼ 40718 dm3mol�1 cm�1), and c.t. bands at 348
( 3¼ 19141 dm3mol�1 cm�1) and 466 nm ( 3¼ 3490 dm3 mol�1

cm�1). The near-IR band is absent in the corresponding gold
complexes 3 and 4, because the HOMO for these complexes are
completely filled. The nickel and gold monoanionic complexes are
not electronically similar systems.

In comparison with complex [Ni(Pri2timdt)2] (Pri2-timdt¼ 1,3-
diisopropylimidazoline-2,4,5-trithione) [33e35] (Scheme 3)
showing high absorption intensity at 1002 cm�1 ( 3¼ 80 000 dm3

mol�1 cm�1), the absorption band for complex 1 is much close to
Table 3
Selected bond lengths [�A] and angles [�] for compound 1.

Ni1eS1 2.141(3) Ni1eS2 2.144(3) Ni1eS6 2.132(3)
Ni1eS5 2.133(3) S1eC1 1.673(10) S2eC2 1.699(10)
S5eC11 1.730(11) S6eC12 1.684(10) C1eC2 1.402(11)
S3eC1 1.762(10) S4eC2 1.752(10) C3eC4 1.400(13)
S3eC3 1.763(11) S4eC4 1.753(11) C11eC12 1.377(11)
S7eC11 1.752(11) S8eC12 1.760(10) S7eC13 1.753(12)
S8eC14 1.732(11) C13eC14 1.441(13)
S6eNi1eS1 179.61(13) S6eNi1eS5 92.14(13) S5eNi1eS1 87.78(13)
S1eNi1eS2 91.78(13) S6eNi1eS2 88.30(13) C1eS1eNi1 104.6(4)
C2eS2eNi1 103.9(4) C11eS5eNi1 103.6(4) C12eS6eNi1 104.4(4)
C2eC1eS3 123.3(9) C2eC1eS1 120.0(8) C1eS3eC3 105.1(6)
S1eC1eS3 116.6(6) C1eC2eS2 119.5(8) C1eC2eS4 125.6(8)
S2eC2eS4 114.8(6) C4eC3eS3 124.1(12) C3eC4eS4 124.8(12)
C12eC11eS5 119.0(9) C12eC11eS7 127.1(9) S5eC11eS7 113.8(6)
C11eC12eS6 120.5(9) C11eC12eS8 122.2(9) S6eC12eS8 117.3(6)
C11eS7eC13 103.8(6) C14eC13eS7 124.2(11) C13eC14eS8 123.2(11)
1064 nm and 1079 nm at which Q-switching NdeYAG and NdeYAP
lasers operate, respectively. Actually, the absorption intensity for 1
at 1064 nm and 1079 nm is 14 800 and 15000 dm3mol�1 cm�1.
More importantly, it also exhibits good solubility in most organic
solvents and high thermal and photochemical stabilities. Complex
1 is an excellent candidate as a near-IR dye for Q-switching
neodymium lasers.
3.4. X-ray crystal structures

Single crystals suitable for X-ray structure analysis of
compounds 1 and 3 were obtained from the recrystallization in
acetone. Side and top views of [Ni(L)2]� and [Au(L)2]� are shown in
Figs. 3 and 5, respectively. Final crystallographic data is listed in
Table 2 and selected bond distances and angles for 1 and 3 are listed
in Tables 3 and 4, respectively.

In complex 1, the asymmetric unit consists of two crystallo-
graphically non-equivalent [Ni(L)2]� anions and two [n-Bu4N]þ

cations. The dihedral angle between the plane A (S1, S2, S5 and S6)
and the plane B (S5, S6, S7 and S8) is about 6�, which is close to that
in [Ni(fcvdt)2]� [36]. The terminal 1,4-dithiin rings are folded up
and down with the dihedral angle between the planes B and C
(formed by C13, C14, N3 and N4) being about 26�. The two terminal
phenyl rings are folded in opposite directions with an inversion
center at the Ni position and show the chair-like conformation. As
shown in Fig. 4, the anions form zig-zag chains along the b axis and
a layered structure is further observed in the bc plane.
Fig. 6. The packing diagram of the anions in the unit cell of complex 3 looking along
the a axis.



Table 5
Third-order non-linear optical date for some gold dithiolene complexes.

Complex a2 (mw�1) n2 (esu) c(3) (esu) Ref.

[n-Bu4N][Au(L)2] 2.22� 10�10 �4.83� 10�11 7.3� 10�13 This work
[Et4N][Au(L)2] 1.67� 10�10 �5.66� 10�11 7.4� 10�13 This work
[(C12H25)2(Me)2N]

[Au(dmit) 2]
1� 10�13 12

[Me4N][Au(dmit)2] 2.5� 10�11 �2.8� 10�12 6.8� 10�13 6
[n-Bu4N] [Au(dmit)2] 1.82� 10�11 �5.00� 10�12 8.06� 10�13 7
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In complex 3, the asymmetric unit consists of one [Au(L)2]�

entity and one [n-Bu4N]þ cation. The dihedral angle between plane
D (formed by S1, S2, S5 and S6) and plane E (formed by S1, S2, S3
and S4) is about 4�. The terminal 1,4-dithiin rings are folded up and
down with the dihedral angle between planes E and F (formed by
atoms C3, C4, N2 and N1) being about 48�, much larger than that in
complex 1. Fig. 6 shows the molecular packing diagram of complex
3. The anions stack along the a axis while the cations occupy the
holes between them.

The anions of complexes 1 and 3 are located separately from
each other with no shorter intermolecular contact between the
chalcogen atoms.
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Fig. 7. The Z-scan result for complex 1 (2�10�4 M) showing the non-linear refraction
(a) and the non-linear absorption (b).
3.5. Non-linear optical properties

The third-order non-linear optical properties of the three
complexes, at 532 nm, were measured by the Z-scan techniques as
described earlier [37]. The results for some gold dithiolene
complexes are summarized in Table 5. The Z-scan results for
complexes 1, 3 and 4 are shown in Figs. 7e9, respectively, where the
filled circles related to the Z-scan data measured without the
aperture and the open circles were the results obtained from
dividing the Z-scan measured with the aperture by the Z-scan
measured without the aperture. Since light transmittance (T) is
a function of the sample’s Z position (with respect to the focal point
at Z¼ 0), Equations (1) and (2) [38e40] describe the typical and
pure absorptive behavior of a hypothetical third-order NLO process,
where a0 is the linear absorptive coefficients index, s is the time and
L is the optical path length. The effective non-linear absorptive
index a2 of complexes 3 and 4 were calculated to be
2.2227�10�10 mw�1 and 1.6732�10�10 mw�1, respectively,
while the non-linear absorption of complex 1 is negligible.

TðZÞ ¼ 1ffiffiffiffi
p

p
qðzÞ

ZþN

�N

ln½1þ qðZÞ�e�s2 ds (1)
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Fig. 8. The Z-scan result for complex 3 (2�10�4 M) showing the non-linear refraction
(a) and the non-linear absorption (b).
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Fig. 9. The Z-scan result for complex 4 (2�10�4 M) showing the non-linear refraction
(a) and the non-linear absorption (b).
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qðZÞ ¼ a2
I0

1þ ðZ=Z0Þ2
1� e�a0L

a0
(2)

The non-linear refractive properties of these complexes were
assessed under the closed-aperture configuration while the
absorptive properties were assessed under the open-aperture
configuration. The valleyepeak pattern of the normalized trans-
mittance curve under the closed-aperture configuration shows
characteristic self-defocusing behavior of the samples 1, 3 and 4.
The effective third-order non-linear refractive index n2 of 1, 3 and 4
can be derived from the difference between the normalized
transmittance values at the valley and peak positions (DTVeP) by
using Equation (3) [37], where I is the peak irradiation intensity at
focus and l is the wavelength of the laser.

n2 ¼ la0
0:812pI

�
1� e�a0L

�DTV�P (3)

From the different values between normalized transmittance at
valley and peak portions, the NLO refractive index (n2) were
calculated to be �1.0357�10�17 m2W�1 (�3.37�10�11 esu) for
complex 1, �1.4377�10�17 m2W�1 (�4.83�10�11 esu) for complex
3, and �1.6850�10�17 m2W�1 (�5.66�10�11 esu) for complex 4.
The negative values of the third-order non-linear refraction of the
complexes also indicate that there are self-defocusing effects in the
NLO refractive behaviors of these metal 1,2-dithiolene complexes.

According to the literature method [7], the third-order non-
linear susceptibility c(3) of complexes 3 and 4 was estimated as
7.3�10�13 and 7.4�10�13 esu, respectively.

4. Conclusions

Twonewnickel and twonewgold bis(dithiolene) complexeshave
been synthesized and characterized. The third-order non-linear
properties have been studied by using the Z-scanmethod. The nickel
complex 1 is of special interest since it shows remarkable absorption
in the near-IR region (l¼ 1082 nm, 3¼15000 dm3 mol�1 cm�1),
which is very close to 1064 nm (NdeYAG lasers) and 1079 nm
(NdeYAP lasers). More importantly, it is well soluble inmost organic
solvents and exhibits high thermal and photochemical stabilities.
Complex 1 can be an excellent candidate as a near-IR dye for
Q-switching neodymium lasers and optical limiting (OL) materials.
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