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ABSTRACT: The mixed-ligand complexes [M(II)(Et2dazdt)-
(mnt)] (M = Ni, 1; Pd, 2; Pt, 3) [Et2dazdt = N,N′-diethyl-
perhydrodiazepine-2,3-dithione; mnt = maleonitrile-2,3-dithio-
late] have been prepared and fully characterized. X-ray diffrac-
tometric studies on 1−3 (the structure of 1 was already known)
show that the crystals are isostructural (triclinic, P−1), and two
independent molecular entities are present in the unit cell. These
entities differ in the orientation of the ethyl substituents with
respect to the epta-atomic ring. In the C2S2MS2C2 dithiolene core
the four sulfur atoms define a square-planar coordination envi-
ronment of the metal where the M−S bond distances involving
the two ligands are similar, while the C−S bond distances in the C2S2 units exhibit a significant difference in Et2dazdt (dithione)
and mnt (dithiolato) ligands. 1−3 show in the visible region one or two moderately strong absorption peaks, having ligand-to-
ligand charge-transfer (CT) character with some contribution of the metal, and show negative solvatochromism and molecular
quadratic optical nonlinearity, which was determined by the EFISH (electric-field-induced second-harmonic generation)
technique. These complexes are redox active and show two reversible reduction waves and one irreversible oxidation wave.
Theoretical calculations based on DFT and TD-DFT calculations on complexes 1−3 as well as on [Pt(Bz2pipdt)(mnt)] (4) and
[Pt(Bz2pipdt)(dmit)] (5) highlight the factors which affect the optical properties of these second-order redox-active NLO
chromophores. Actually, the torsion angle of the dithione system (δ2) inversely correlates either with the oscillator strengths of
the main transition of the complexes or with their beta values. The high beta value of 5 can be attributed both to its lowest
torsion angles and to the extent of the π system of its dithiolate ligand, dmit.

■ INTRODUCTION

Complexes of d8 metals with noninnocent ligands based on
donor−acceptor systems, are of current interest for their
peculiar electronic properties which make them suitable for
potential use in advanced technologies such as photocatalysts,1

in solar energy harnessing,2 and as second-order nonlinear chro-
mophores.3 In square-planar d8-metal dithiolene complexes,
terminal groups attached to the dithiolene core (C2S2MC2S2)
and having different donor/acceptor properties induce a redis-
tribution of the π electrons in such a way that one of the ligands
can be described as a dithione (acceptor) and the other one as a
dithiolato (donor).4 These asymmetric complexes can generate
second-order NLO properties at the molecular level, while a
noncentrosymmetric crystal packing is also required for a bulk

material.3 It has been found that square-planar d8-metal mixed-
ligand dithiolenes are characterized by the presence of a sol-
vatochromic absorption in the visible−near-infrared spectral
region and show remarkably high negative molecular first
hyperpolarizability.5 The solvatochromic peak is relatable to a
HOMO−LUMO transition, where the HOMO is formed by a
mixture of metal and dithiolate orbitals while the dithione orbit-
als give a predominant contribution to the LUMO. A mixed
metal/ligand to ligand charge-transfer character (MMLL′CT)
has been assigned to this transition.6 A systematic study on
varying the metal,6 donor,7 and acceptor ligands is performed to
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highlight the role that each of them plays in tuning the pro-
perties of these complexes. Combined theoretical and experi-
mental studies have allowed us to point out the role of the
metal and donor ligands. In particular, in the triad [M(II)-
(Bz2pipdt)(mnt)] (M(II) = Ni, Pd, and Pt; Bz2pipdt =1,4-
dibenzyl-piperazine-2,3-dithione; mnt = maleonitriledithiolato)
it is shown that the most appealing candidate is the platinum
compound.6 This is relatable to (i) the most extensive mixture
of the dithione/metal/dithiolato orbitals in the frontier orbitals
(FOs), (ii) the influence of the electric field of the solvent on
the FOs that maximizes the difference in dipole moments be-
tween excited and ground states, and (iii) the largest oscillator
strength of the platinum compound.
The present study allows us to deepen the factors which

affect the properties of these chromophores to highlight, in
particular, the role of the acceptor. For this purpose, experi-
mental and theoretical studies have been performed on the title
complexes which are compared to similar systems bearing the
same dithiolato ligand (mnt) and differing for the dithione one,
which for the sake of clarity are depicted in Chart 1.

■ EXPERIMENTAL SECTION
General Comments. Reagents and solvents of reagent grade and

spectroscopic grade (DMF, CH3CN, and CS2) have been used as
received from Aldrich. When not available reagents Et2dazdt,

7

[Ni(Et2dazdt)2](BF4)2,
5 [Pd(Et2dazdt)Cl2], and [Pt(Et2dazdt)Cl2]

6,8,9

were prepared following already described procedures. Microanalyses
were performed by means of a Carlo Erba CHNS Elemental Analyzer
model EA1108.
Synthesis and Characterization. [Ni(Et2dazdt)(mnt)] (1). [Ni-

(Et2dazdt)2](BF4)2 (118.5 mg, 0.19 mmol) was dissolved in CH3CN
(25 cm3), and (n-Bu4N)2[Ni(mnt)2] (157.5 mg, 0.19 mmol) in
CH3CN (20 cm3) was added dropwise. The mixture was refluxed for
10 min, yielding a deep green solution and a black precipitate. Pre-
cipitate was removed by centrifugation, and crude product was
recrystallized from CH3CN/Et2O. Yield: 146.3 mg (0.35 mmol), 92%.
Analytical results are in accordance with the formula [Ni(Et2pipdt)-
(mnt)]. Anal. Found (calcd for C13H16N4NiS4): C, 37.5 (37.6); H, 3.9
(3.8); N, 13.3 (13.5); S, 30.5 (30.9). FT-IR (cm−1): 2976 w, 2934 w,
2870 w, 2200 s, 1523 vs, 1483 m, 1452 m, 1443 m, 1358 w, 1344 w,
1285 w, 1236 w, 1153 w, 1123 w, 984 w, 789 w, 735 w, 509 w. UV−vis
(in CH3CN), λ/nm (ε/dm3 mol−1 cm−1): 601 (2.4 × 103), 818
(1.9 × 103).
[Pd(Et2dazdt)(mnt)] (2). A MeOH solution of Na2mnt (37.5 mg,

0.20 mmol in 10 cm3) was added dropwise to a DMF solution of
[Pd(Et2dazdt)Cl2] (78.7 mg, 0.20 mmol in 20 cm3), and the mixture
was left under stirring for 30 min (50 °C). MeOH was rotary
evaporated, and a dark-green solid precipitated after diethyl ether
addition. Following centrifugation, the solution was removed and the
solid recovered. Recrystallization of the crude product from DMF/
Et2O gave 80.5 mg (0.17 mmol), in 87% yield. Analytical results are in
accordance with the formula [Pd(Et2dazdt)(mnt)]. Anal. Found (calcd
for C13H16N4PdS4): C, 33.5 (33.7); H, 3.7 (3.5); N, 11.8 (12.1); S,
26.9 (27.1). FT-IR (cm−1): 2977 w, 2933 w, 2872 w, 2331 m, 2205 s,
1522 s, 1487 m, 1456 m, 1385 s, 1362 w, 1343 m, 1281 m, 1234 w,

1148 w, 1123 w, 982 w, 789 w, 679 w, 507 w. UV−vis (in DMF),
λ/nm (ε/dm3 mol−1 cm−1): 356 (5.1 × 103), 485 (1.3 × 103), 670
(1.0 × 103).

[Pt(Et2dazdt)(mnt)] (3). This compound was prepared as described
for 2 starting from [Pt(Et2dazdt)Cl2] (67.5 mg; 0.14 mmol) in DMF
and Na2mnt (27.5 mg; 0.13 mmol) in MeOH. Yield: 69.5 mg
(0.14 mmol), 90% (black crystals). Different solvents are used due to
the different solubility of reagents. Anal. Found (calcd for C13H16N4PtS4):
C, 28.1 (28.3); H, 3.1 (2.9); N, 10.0 (10.2); S, 23.0 (23.2). FT-IR
(cm−1): 2978 w, 2933 w, 2872 w, 2368 w, 2338 w, 2205 s, 1520 vs,
1485 m, 1454 s, 1364 s, 1344 m, 1285 s, 1238 s, 1155 s, 1121 w,
1090 w, 982 w, 790 m, 735 w, 510 w. UV−vis (in DMF), λ/nm
(ε/dm3 mol−1 cm−1): 331 (16.4 × 103), 401 (7.0 × 103), 680 (7.1 × 103).

Spectroscopic Measurements. IR spectra (4000−350 cm−1)
were recorded on a Bruker IFS55 FT-IR Spectrometer as KBr pellets.
Electronic spectra were recorded with a Cary 5 spectrophotometer.
Cyclic voltammograms were carried out on a EG&G (Princeton
Applied Research) potentiostat-galvanostat model 273 using a con-
ventional three-electrode cell consisting of a platinum wire working
electrode, a platinum wire as counter-electrode, and Ag/AgCl in
saturated KCl solution as reference electrode. Experiments were
performed at room temperature (25 °C) in dry and argon-degassed
DMF containing 0.1 mol dm−3 Bu4NBF4 as supporting electrolyte,
at 25−200 mV s−1 scan rate. Half-wave potential for ferrocene/
ferrocenium couple (internal standard) is +0.43 V under the above
conditions.

EFISH experiments were performed using a freshly prepared 10−3

M solution in DMF and working with a 1907 nm incident wavelength,
obtained by Raman shifting the 1064 nm emission of a Q-switched
Nd:YAG laser in a high-pressure hydrogen cell (50 bar). The solution
is placed in a cell with thick windows in the wedge configuration in
order to obtain the Maker fringe pattern (harmonic intensity variation
as a function of the beam propagation length in the liquid). In the
EFISH experiments the incident pulses (7 ns duration) are syn-
chronized with a dc field applied to the solution in order to break its
centrosymmetry (2−4 μs pulse duration). From the concentration
dependence of the amplitude of the harmonic signal with respect to
that of the pure solvent, the NLO responses have been determined
(assumed to be real because the imaginary part has been neglected)
from the experimental value γEFISH through eq 1

γ
μβ ω ω ω

γ ω ω ω=
−

+ −λ

kT

( 2 ; , )

5
( 2 ; , , 0)EFISH (1)

where γEFISH is the sum of a cubic electronic contribution γ(−2ω; ω,
ω, 0) and of a quadratic orientational contribution μβλ (−2ω; ω, ω)/
5kT, where μ is the ground state dipole moment and βλ the projection
along the dipole moment direction of the vectorial component βvec of
the tensorial quadratic hyperpolarizability at wavelength λ.

X-ray Crystallography. A summary of data collection and
structure refinement for 1−3 is reported in Table 1. Single-crystal
data were collected with a Bruker Smart APEXII (1 and 2) and Bruker
AXS Smart 1000 (3) area detector diffractometers. All data collection
were performed with Mo Kα radiation (λ = 0.71073 Å). Cell constants
were obtained using 60 ω frames of 0.5° width and scanned from three
different zones of reciprocal lattice. Intensity data were integrated from
several series of exposures frames (0.3° width) covering the sphere of
reciprocal space.10 Absorption corrections were applied using the
program SADABS11 with min and max transmission factors of 0.803−
1.000 (1), 0.797−1.000 (2), and 0.481−1.000 (3). Structures were
solved by direct methods (SIR9712 and SIR200413) and refined on F2

with full-matrix least-squares (SHELXL-9714) using the Wingx soft-
ware package.15 Non-hydrogen atoms were refined anisotropically for
all compounds, and hydrogen atoms were placed at their calculated
positions. Graphical material was prepared with the ORTEP3 for
Windows16a and Mercury CSD 3.116b programs. CCDC 930260(2)
and 930261(3) contain supplementary crystallographic data for this
paper.

Hirshfeld surface (HS) analysis17a was performed on the two
molecules that comprise the asymmetric unit of 1−3 in order to gain

Chart 1

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402738b | Inorg. Chem. 2014, 53, 1170−11831171



insights into the differences between the interactions that each
molecule exchanges with the surrounding environment. HS defines the
volume of space in a crystal where the sum of the electron density of
spherical atom for the molecule (pro-molecule) exceeds that for the
crystal (pro-crystal). Various properties of the HS can be computed
and visualized, in particular, de and di, which represent the distance
from a point on the surface to the nearest nucleus outside or inside,
respectively, the surface. In addition, by combining de and di with the
van deer Waals radii of the atomic species one can define dnorm, which
provides clear evidence of the interactions occurring between adjacent
molecule or molecular fragments that are shorter than the van der
Waals radii sum

=
−

+
−

d
d r

r
d r

rnorm
i i

vdW

i
vdW

e e
vdW

e
vdW

The HS and its properties were calculated with CrystalExplorer 3.0.17b

Computational Details. Ground-state electronic structure calcu-
lations of complexes 1−5 were performed using density functional
theory (DFT)18,19 methods employing the GAUSSIAN 0920 software
packages. The functional used throughout this study was the B3LYP,
consisting of a hybrid exchange functional as defined by Becke’s
three-parameter equation21 and the Lee−Yang−Parr correlation
functional.22 Full geometry optimization started from structural data
under no symmetry constraint.
The basis set employed for nitrogen, carbon, and hydrogen atoms

was the well-known valence triple-ζ 6-311+G*.23,24 In the case of
sulfur, we used the cc-pVTZ basis set.25 In addition, we selected the
Stuttgart−Dresden effective core potentials for the metal atoms in
order to describe the core electrons.26 ECPs were of the type 60MDF,
28MDF, and 10MDF for Pt, Pd, and Ni, respectively, unless otherwise
stated. The latter were complemented by the relative valence triple-ζ-
quality basis sets.27−30 Furthermore, the converged wave functions
were found free from internal instabilities. Percentage compositions
of molecular orbitals were calculated using the AOMix suite of
programs.31,32

In order to model the compounds’ interaction to a solvent’s electric
field, we employed the polarizable conductor calculation model

(CPCM) as implemented in G09.33,34 Throughout the study we
mainly used two solvent fields, chloroform’s and acetonitrile’s, but
since we wanted to describe both complexes’ solvation and sol-
vatochromic behavior, we performed relative calculations also in the
gas phase and in the more polar solvent DMSO. The 25 lowest singlet
excited states of the closed-shell complexes were calculated within the
TDDFT formalism as implemented in Gaussian35 in both an
acetonitrile- and a chloroform-simulated electric field, while the per-
centage of different transitions contributing to a state were calculated
with the aid of SWizard.31,36 The coupled perturbed method was
employed to derive the compounds’ hyperpolarizabilities based on the
Kohn−Sham wave functions. Moreover, calculations were performed
in order to obtain β off-resonance at 0.65 eV. In both cases the Taylor
series convention was employed.37,38

Finally, the graphics presented here were drawn with the aid of
ChemCraft39 and Mercury.40

■ RESULTS AND DISCUSSION
Synthetic Procedure. Mixed-ligand complexes [M(II)-

(Et2dazdt)(mnt)] (M = Ni, 1; Pd, 2; Pt, 3) [Et2dazdt = N,N′-
diethyl-perhydrodiazepine-2,3-dithione; mnt = maleonitrile-2,3-
dithiolate] are obtained as summarized in Schemes 1 and 2.

Accordingly 1, is obtained by mixing CH3CN solutions of
[Ni(Et2dazdt)2](BF4)2 and (n-Bu4N)2[Ni(mnt)2]. Well-formed
dark crystals are recovered by slow evaporation of the solvent in
high yield.
The corresponding reaction in the palladium and platinum

cases does not produce the mixed-ligand complexes but the
ion-pair charge-transfer salts [M(Et2dazdt)2][M(mnt)2].

41a

Similarly, by mixing metal−dithiolate complexes with metal−
dithione ones formation of charge-transfer salts between the
molecular components has been previously observed in the
palladium and platinum cases.41b,c The different products ob-
tained by reacting Ni(II) and Pd(II)/Pt(II) corresponding
complexes may be relatable to the different inertness of
reagents (low in the Ni case) and solubility (low in the Pd and
Pt CT salts) of the products. Instead, reacting [M(Et2dazdt)-
Cl2] with a maleonitriledithiolato salt the mixed-ligand Pd (2)

Table 1. Summary of X-ray Crystallographic Data for
[M(II)(Et2dazdt)(mnt)] 2 (M = Pd) and 3 (M = Pt)

2 3

empirical formula C26H32N8Pd2S8 C26H32N8Pt2S8
fw 952.88 1103.26
color, habit dark green, plate black, plate
cryst size, mm 0.18 × 0.14 × 0.03 0.45 × 0.20 × 0.08
cryst syst triclinic triclinic
space group P−1 P−1
a, Å 8.957(3) 8.994(2)
b, Å 9.332(3) 9.354(2)
c, Å 24.143(7) 24.146(6)
α, deg 89.521(4) 89.730(4)
β, deg 87.520(4) 87.220(5)
γ, deg 66.342(4) 66.290(4)
V, Å3 1847(1) 1857.5(7)
Z 2 2
T, K 293(2) 293(2)
ρ(calcd), Mg/m3 1.665 1.973
μ, mm−1 1.457 8.003
θ range, deg 0.84−23.31 0.84−27.20
no. of reflns/obsd 16 722/5303 21 833/8131
GooF 1.002 1.004
R1a 0.0596 0.0431
wR2a 0.0783 0.0793

aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σ[w(Fo2 − Fc
2)2]/Σ[w(Fo2)2]]1/2,

w = 1/[σ2(Fo
2) + (aP)2 + bP], where P = [max(Fo

2,0) + 2Fc
2]/3.

Scheme 1

Scheme 2
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and Pt (3) complexes are obtained in high yields as shown in
Scheme 2 and described in detail in the Experimental Section.
Crystals of 2 and 3 have been obtained as dark-green needles

by slow diffusion of diethyl ether into their saturated DMF
solution. Crystals of 1, 2, and 3 have been used for X-ray dif-
fractometric characterization.
Complexes 1, 2, and 3 are characterized in the visible region

by two or one broad absorptions with low to medium molar ab-
sorption coefficients [1, λ/nm (ε/dm3 mol−1 cm−1) 601 (2.4 ×
103), 818 (1.9 × 103) in CH3CN; 2 670 (1.0 × 103) and 3 680
(7.1 × 103) in DMF].
All complexes (1 undergoes transformation in DMF) show

negative solvatochromism, which is displayed in Figure 1 for 3

as an example. The energy of the solvatochromic peak linearly
depends on the solvent polarity parameter proposed by Cum-
mings and Eisenberg for d8-metal diimine−dithiolato complex-
es,42a and the solvatochromic shifts determined as the gradient
of this plot [3.6 (2) and 4.8 (3)] fall in the range found for
metal donor−acceptor ligand complexes.42

EFISH (electric-field-induced second-harmonic generation)
experiments have been performed as described in detail in the
Experimental Section. Measurement allows determination of
the scalar product μβλ (μ = ground-tate dipole moment; βλ =
projection of the vectorial component of the quadratic
hyperpolarizability tensor along the dipole moment axis). μβλ
values for 2, −400× 10−48 esu, and 3, −1300 × 10−48 esu, deter-
mined with an uncertainty of about 10% at 1907 nm incident
wavelength, have been extrapolated to zero frequency applying
the equation β0 = βλ[1 − (2λmax/λ)

2][1 − (λmax/λ)
2], obtaining

μβ0 values equal to −177× 10−48 esu for 2 and −576 × 10−48

esu for 3. A μβλ value for 1 = −900 × 10−48 esu has been
determined in DMF. Degradation of diluted DMF solutions of
1 has been observed. This process is much slower in concen-
trated solutions, and the observed NLO activity may be
ascribed to a no-decomposed fraction of 1. As previously found,
it can be noted that the platinum complex exhibits the largest
second-order polarizability in the metal triad. NLO activity is
also expected for 1, 2, and 3 when embedded in poled polymers
but not when they formed pure crystals, since they crystallize in
a centrosymmetric space group.
Cyclic voltammetric data of [M(Et2dazdt)(mnt)] are col-

lected in Table 2, where [M(R2pipdt)(mnt)] are also reported
for comparison reasons. As shown, two reversible reduction
waves (see CV scans of 3 in Figure 2 as an example) and one
irreversible oxidation wave, reported as Supporting Information
(Figure S1), are exhibited by complexes. A linear dependence

of the peak currents (ip) from the square root of the voltage
scan rate has been observed (ipred/ipox close to the unity) for
the reductions peaks. Comparison of 1−3 CV data with those
the corresponding mixed-ligand complexes bearing R2pipdt

6

shows that the two classes of complexes show a similar
behavior, but the sequence of the first reduction process
suggests that monoreduction is more difficult in R2dazdt than
in R2pipdt derivatives.
A summary of X-ray crystallographic data and selected bond

lengths and angles for complexes 1−3 are reported in Tables 1
and 3, respectively. It is worth noting that the structure of 1 was
already described.43 Complexes 1−3 are isostructural (P−1
space group), and for this reason only the structure of 3 will be
described in detail. In Figure 3 the molecular structure of
[Pt(Et2dazdt)(mnt)] is depicted. The metal is in a square
planar geometry achieved by coordination of two different
bidentate sulfur donor ligands. The asymmetric unit comprises
two complex molecules that are partially stacked, and the unit
containing M(2) (M = Ni, Pd, Pt) exhibits a pronounced
distortion from the ideal square planar geometry ranging from
5.7° to 10.2° according to the torsion angle S(Et2dazdt)−S-
(mnt)−S′(mnt)−S′(Et2dazdt), δ1 (see Figure 6). Moreover,
the diazepane ring adopts a boat conformation. It is the same
conformation that is adopted by the azo ring in several other
complexes known in the literature.44−46 It is interesting though
that in seven-membered organic rings such as the 1,4-
dioxacycloheptane47 and other heterorings48−50 it is a twisted
chair conformation that lies in the global minimum of the
potential energy surface. The two molecular entities of the
asymmetric unit differ by the conformation adopted by the
ethyl side chain with respect to the coordination plane. In fact,
one conformation corresponds to a syn arrangement whereas
the second to an anti arrangement (Ni-syn (1a), Ni-anti (1b);
Pd-syn (2a), Pd-anti (2b); Pt-syn (3a), Pt-anti (3b)).

Figure 1. Absorptivities of 3 in different solvents showing the negative
solvatochromic behavior.

Table 2. Cyclic voltammetric Dataa

complex Ea (V) 0 → 1+ E11/2 (V) 0 ⇆ 1− E21/2 (V) 1− ⇆ 2−

[Ni(Et2dazdt)(mnt)]a +1.12 −0.53 −0.87
[Pd(Et2dazdt)(mnt)]b +1.04 −0.46 −0.78
[Pt(Et2dazdt)(mnt)]b +0.96 −0.42 −0.79
[Ni(Bz2pipdt)(mnt)]b +1.09 −0.39 −0.90
[Pd(Bz2pipdt)(mnt)b +1.20 −0.35 −0.84
[Pt(Bz2pipdt)(mnt)]b +1.08 −0.37 −0.87
aMeasured at Pt electrode in CH3CN (superscript a) or DMF
(superscript b) solutions, 0.1 M Bu4NPF6, scan rate 100 mV/s
(reference electrode Ag/AgCl). [M(Bz2pipdt)(mnt)] (M = Ni, Pd, Pt)
data are reported for comparison reasons.

Figure 2. Cyclic voltammograms of 3 recorded at 298 K with different
scan rates in DMF solution containing 0.1 M Bu4NBF4.
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Structural differences between the two molecules are not
limited to the side chain conformation. If we take into account
only the main core of the molecule irrespective of the ethyl
positions, the syn arrangement (3a) is very close to a C2
geometry whereas the anti isomer (3b) adopts a geometry
where the central −CH2− group of the diazepane lies 0.89 Å
out of the Pt−mnt plane (Figure S2, Supporting Information).
The latter difference could be attributed to the way the anti
molecule interacts with its neighbors. In order to have a
thorough description of the environment surrounding the syn
and anti arrangements that comprise the asymmetric unit of 1−
3, the Hirshfeld surface properties were investigated. According
to the HS, it can be appreciated how the hydrogen atoms in the
two conformations exchange different contacts. In particular,
the methyl group of one of the ethyl residues interacts
with different strength with the carbon atom of the dithiolate
system (HIN···C), and in the syn conformation the interaction
appears stronger. These interactions are visualized as red spots
on the HS that correspond to the mapping of dnorm on the HS,

Figure 4. In addition, a complete depiction of the interaction
exchanged by the fragment of the Et2dazdt ligand comprising
the ethyl residues can be obtained by inspecting the fingerprint
plots, which are 2D diagrams that provide a clear-cut indi-
cation on the subtle differences between similar structural
arrangements. By a comparison of Figure 4, Figures S3 and S4,
Supporting Information, it can be observed that 1a−3a and
1b−3b, respectively, have nearly identical features, which is
nevertheless in agreement with the fact that 1−3 are isos-
tructural. On the other hand, the most notable difference
between the syn and the anti species is related to the greater
strength with which the CH2 groups of the epta-atomic ring
interacts with the surrounding cyano groups in the anti con-
formation. In the 2D plots this can be evidenced in the more
pronounced cusp (HIN···NOUT) for the anti conformer when
compared to the syn one.

Theoretical Studies. a. Structural Aspects. To gain further
insight into the structure−property relationships of 1−3
theoretical calculations were employed to study their proper-
ties. The same computational methods were also employed for
the strictly related complex [Pt(Bz2pipdt)(mnt)] (4)6 and
[Pt(Bz2pipdt)(dmit)] (5),

6,9 which exhibits the largest second-
order NLO activity so far determined for this class of com-
plexes. Calculated structures of 3a, 4, and 5 are depicted in
Figure 5, while structural parameters obtained from the opti-
mization procedures for all compounds under study are col-
lected in Tables S1−S4, Supporting Information.
These tables indicate that the calculated M−S bond lengths

are systematically slightly overestimated by our calculations,
with the binding angles slightly affected as well. This behavior is
anticipated and does not have any major impact on the validity
of our calculations.6,19,51 It is worth mentioning though that the
agreement of our calculated structures toward the experimental
data is better for the less polar solvent employed, chloroform,
as compared to acetonitrile. We must also underline the fact
that there are some small differences regarding the deduced
bond lengths within the first coordination sphere (structures 1a
and 3a against 1b and 3b, e.g., Ni−S (mnt) bond is slightly
elongated in the anti conformer). These differences are not
reproduced in the calculations, as expected, since in solution
the molecules are free from the intermolecular interactions that
dominate the crystal structures. Nevertheless, taking all data

Table 3. Selected Bond Lengths (Angstroms) and Angles
(degrees) for [M(II)(Et2dazdt)(mnt)] 1 (M = Ni), 2 (M =
Pd), and 3 (M = Pt)

1

Ni(1)−S(11) 2.1821(8) Ni(2)−S(13) 2.1924(7)
Ni(1)−S(21) 2.1932(8) Ni(2)−S(23) 2.1910(8)
Ni(1)−S(12) 2.1522(8) Ni(2)−S(14) 2.1425(7)
Ni(1)−S(22) 2.1467(8) Ni(2)−S(24) 2.1422(7)
C(11)−S(11) 1.694(3) C(13)−S(13) 1.687(2)
C(21)−S(21) 1.693(3) C(23)−S(23) 1.694(2)
C(12)−S(12) 1.731(3) C(14)−S(14) 1.733(3)
C(22)−S(22) 1.731(3) C(24)−S(24) 1.730(3)
C(11)−C(21) 1.483(3) C(13)−C(23) 1.489(3)
C(12)−C(22) 1.350(4) C(14)−C(24) 1.353(3)
S(11)−Ni(1)−S(21) 92.26(3) S(13)−Ni(2)−S(23) 92.59(3)
S(12)−Ni(1)−S(22) 93.12(3) S(14)−Ni(2)−S(24) 92.84(3)

2
Pd(1)−S(11) 2.310(3) Pd(2)−S(13) 2.312(3)
Pd(1)−S(21) 2.322(3) Pd(2)−S(23) 2.312(3)
Pd(1)−S(12) 2.282(3) Pd(2)−S(14) 2.268(3)
Pd(1)−S(22) 2.265(3) Pd(2)−S(24) 2.264(3)
C(11)−S(11) 1.683(9) C(13)−S(13) 1.679(9)
C(21)−S(21) 1.69(1) C(23)−S(23) 1.68(1)
C(12)−S(12) 1.72(1) C(14)−S(14) 1.73(1)
C(22)−S(22) 1.72(1) C(24)−S(24) 1.74(1)
C(11)−C(21) 1.51(1) C(13)−C(23) 1.52(1)
C(12)−C(22) 1.37(1) C(14)−C(24) 1.39(1)
S(11)−Pd(1)−S(21) 89.6(1) S(13)−Pd(2)−S(23) 90.2(1)
S(12)−Pd(1)−S(22) 90.8(1) S(14)−Pd(2)−S(24) 90.6(1)

3
Pt(1)−S(11) 2.299(2) Pt(2)−S(13) 2.309(2)
Pt(1)−S(21) 2.308(2) Pt(2)−S(23) 2.308(2)
Pt(1)−S(12) 2.267(2) Pt(2)−S(14) 2.260(2)
Pt(1)−S(22) 2.264(2) Pt(2)−S(24) 2.259(2)
C(11)−S(11) 1.709(7) C(13)−S(13) 1.608(6)
C(21)−S(21) 1.704(7) C(23)−S(23) 1.701(7)
C(12)−S(12) 1.756(7) C(14)−S(14) 1.747(7)
C(22)−S(22) 1.746(7) C(24)−S(24) 1.725(7)
C(11)−C(21) 1.477(9) C(13)−C(23) 1.507(8)
C(12)−C(22) 1.343(9) C(14)−C(24) 1.369(9)
S(11)−Pt(1)−S(21) 81.21(7) S(13)−Pt(2)−S(23) 89.43(6)
S(12)−Pt(1)−S(22) 91.05(7) S(14)−Pt(2)−S(24) 90.41(7)

Figure 3. Molecular structure of [Pt(Et2dazdt)(mnt)] (3) with
thermal ellipsoids at the 30% probability level. In the unit cell, two
independent molecular entities are present, which comprise the Pt(1)
and Pt(2) atoms. Compound 3 is isostructural to 1 and 2.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402738b | Inorg. Chem. 2014, 53, 1170−11831174



into consideration, the performance of our model could be
judged as quite satisfactory.
In all complexes under study the central metal is coordinated

to four sulfur donor atoms in a nearly square planar arrange-
ment. In these compounds, a d8 metal is coordinated to two
ligands with different nature. The first one is a dithione, the 1,4-
diethyl-1,4-diazepane-2,3-dithione in the case of 1−3 and 1,4-
dibenzylpiperazine-2,3-dithione in 4 and 5, which can be

characterized as an electron acceptor, whereas the second
ligand, maleonitriledithiolate in 1−4 and 2-thioxo-1,3-dithio-
lane-4,5-dithiolate in 5, can be characterized as an electron
donor. Thus, 1−5 belong to the push−pull type of complexes.
The structures of 1−3 deviate from planarity in the ligation

sphere according to the values of the torsion angle (δ1),
namely, S(Et2dazdt)−S(mnt)−S′(mnt)−S′(Et2dazdt). The
largest deviations are observed in 1 (calculated δ1 for 1a in

Figure 4. (Top) Depiction of the Hirshfeld surface for the syn and anti conformations of [Pt(Et2dazdt)(mnt)]; relevant interactions between the
hydrogen atom of the surface and the surrounding atoms are evidenced as red spots on the surface. (Bottom) Fingerprint plots depicting the
interactions between the two conformers with their surrounding molecules. Blue area corresponds to interactions exchanged between the hydrogen
atoms and the surrounding molecules.

Figure 5. Optimized structures for platinum complexes 3a, 4, and 5.
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chloroform’ field is 6.2°), while the smallest is observed for 3 in
this series of complexes (Figure 6). The aforementioned devi-
ations are even smaller in 4 and 5 (Tables S1−S4, Supporting
Information). In complexes 4 and 5, the dithione moiety is
attached to a six-membered azo ring, in contrast to 1−3, where
diazepane is a diazocycloheptane. Addition of a methylene
group in the six-membered piperazine ring causes the diazepane
structure to heavily twist. The N(azo-ring)−S(dithione)−
S′(dithione)−N′(azo-ring) torsion angle (δ2) from a mean
value of 2.7° in 4 and 5 becomes ∼40° in 3. The same situation
holds also for 1 and 2 when compared to the corresponding
[M(R2pipdt)(mnt)] complexes6 and is highest in the palladium
complex. Finally, the methylene group of the anti conformer is
calculated to lie on the M−mnt plane in structures 1b, 2b, and
3b, in contrast to the X-ray structures (vide supra). In the
syn conformers though it seems that a small deviation from
planarity exists in solution.
Since there are two stable conformers from each diazepane

complex, the syn and anti forms, theoretical calculations were
performed for both of them. Computed thermodynamic param-
eters are collected in Table 4, indicating that since the syn
conformer is the most stable one (with the exception of the

couple 3a/3b in chloroform) and should prevail in solution. On
the other hand, the energy differences calculated are in any case
smaller than the thermal barrier (3/2kT = 0.89 kcal/mol at T =
300 K), and hence, both conformers will be present in a
solution at room temperature. In the following sections, the
aforementioned percentages are taken into account when we
refer to calculated values.
Focusing on the central metal’s structural role, it is evident

from Tables S1−S3, Supporting Information, that M−S bond
lengths are sensitive to the metal. To be more specific, the
M−S bond lengths increase in the order Ni−S < Pt−S < Pd−S;
a similar trend was observed for the [M(Bz2pipdt)(mnt)]
complexes,6 in accordance with the smallest bonding radius of
Ni and the relativistic effects, which govern the third-row metals
and contract several inner orbitals. This trend also agrees
with the ionic radii of the d8 metals (78 pm for Pd(II) and
74 pm for Pt(II)). We should point out that a combination of
Dirac−Fock relativistic-type pseudopotentials and valence
triple-ζ-quality basis sets to all atoms is necessary in order for
this trend to be correctly reproduced. Furthermore, M−S
distances in the case of the dithiolate ligand seem to be shorter
than the relative distances in the dithione. This fact underlines
the difference in bonding between the push and the pull ligand.
Between the two Pt(dithione)(mnt) complexes, 3 and 4, the
M−S(mnt) bond length is slightly larger in 4, whereas the M−
S (dithione) bond length is larger in 3. In addition, from a
comparison between structural data of the two [Pt(Bz2pipdt)-
(dithiolate)] complexes, 4 and 5, we observe that the M−S-
(dithiolate) bond is larger in the case of the dmit ligand, with
the M−S(dithione) bond being practically the same. As a result,
we can assume that the maleonitriledithiolate ligand is a better
acceptor of electron density ligand (and hence should stabilize
the HOMO).
For the chelated five-membered dithiolene rings, the C−C

and C−S bonds should be indicators of the electronic
properties that are induced through complexation. For the
push 1,2-dithione, the C−C bond is expected to be longer than
the relative bond in an electron-accepting pull 1,2-dithiolate,
while for the CS bond the trend should be the opposite.
Indeed, this is what is observed; the C−C bond distance is
∼1.35 and ∼1.34 Å in mnt and dmit, respectively, whereas this
bond is longer in Et2dazdt and Bz2pipdt (∼1.50 and ∼1.49 Å,
respectively). The same bond is 1.40 Å in benzene. On the
other hand, C−S is longer in mnt and dmit and shorter in
diazepane and piperazine (∼1.73, ∼1.74, ∼1.70, and ∼1.69
respectively).

b. Electronic Description. The acetonitrile effect modeled by
the CPCM procedure is mainly focused on the HOMO−
LUMO gap (Figure 7) and on the composition of the frontier
orbitals for 1a−3a, 4, and 5 (Table 5). Details of the ground-
state electronic data are provided in Tables S5−S10, Supporting
Information. Since complexes 1−5 are highly solvatochromic,
we performed theoretical calculations employing solvents of
different polarity but also calculations in the gas phase in order
to investigate changes to their electronic description upon sol-
vation. In this class of complexes it was previously shown that
there is an inverted bonding scheme,6,52,53 whereas the HOMO is
formed from the out-of-plane antisymmetric interactions
between the metal’s dxz orbital and a dithiolate based π orbital
and the LUMO by antisymmetric interactions between a
π-dithione and a metal d orbital.5,6,8,9,41,51 Although the main
trend is similar for 1−3, there is a difference due to the twist-
ing of the dithione ring induced by the diazepane boat

Figure 6. Torsion angles δ1 and δ2 defined as indicated by the dot
lines.

Table 4. Gibbs Free Energy Differences between Diazepane
Complexes’ Conformers

complex
phase/
solvent conformer

ΔΔG
kcal/mol

percentage in a mixture
(%)

1 CHCl3 1a 0.0 86
CHCl3 1b 1.1 14
CH3CN 1a 0.0 88
CH3CN 1b 1.2 12

2 CHCl3 2a 0.0 83
CHCl3 2b 1.0 17
CH3CN 2a 0.0 79
CH3CN 2b 0.8 21

3 gp 3a 0.0 55
gp 3b 0.1 45
CHCl3 3a 0.1 44
CHCl3 3b 0 56
CH3CN 3a 0.0 71
CH3CN 3b 0.5 29
DMSO 3a 0.0 70
DMSO 3b 0.5 30
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conformation (Tables S1−S3, Supporting Information). This
twisting destroys the almost b1 local symmetry of metal−
dithione interactions in the LUMO, which is common for this
type of compounds. The situation is identical to both syn and
anti conformers. HOMO and LUMO along with the frontier
orbitals of 3a are depicted in Figure 8. Furthermore, there are
some minor orbital contributions of dithione in HOMO (9.6%,
8.4%, and 15.1% in 1a, 2a, and 3a, respectively) and dithiolate
in LUMO (5.8%, 8.5%, and 5.5% in 1, 2, and 3, respectively).
These contributions are consistent with π*-back-donation
theory.6,51

LUMO+1 (LUMO+2 for 3) is a strongly σ-antibonding
orbital, which carries in-plane interactions formed by four sul-
fur p orbitals and the metal’s dxy orbital. LUMO+2 (LUMO+1
for 3) is a maleonitriledithiolate-based π* orbital of a local a2
symmetry. The existence of a relatively low-lying orbital localized
on the pull ligand6 is reported to be involved in a dithiolate-
based emitting state in certain [Pt(diimine)(dithiolate)] com-
plexes.51,54

On the basis of the provided shapes of the electron density
plots (Figure 8) and data provided in Table 5, we conclude that
the general electro-optical properties of 1−3 should not differ
from those expected for push−pull complexes. On the other
hand, the difference in the central metal should induce differ-
ences not only to their structure (vide infra) but also to their
properties. Focusing our attention on the HOMO and LUMO,
it is evident that LUMO’s energy is almost stable along the
series. In other words, the three compounds should have an
almost identical reduction potential. On the other hand, the
HOMO is more delocalized in 3 than in 1 and 2, with the metal
contribution maximized at the former complex. Thus, 3 is
expected to be easier oxidized than 1 and 2, a fact that is veri-
fied by our experimental results (see Table 2). The same trend
was observed recently for the [M(Bz2pipdt)(mnt)] series.6

Although the electronic differences between the syn and the
anti isomers of 1−3 are expected to have a minor impact on the
compounds’ solution properties, it is worth mentioning some
observed trends. First, orbitals that are localized mainly on
the M(mnt) moiety, such as the HOMO, keeping their energy
stable. Second, the LUMO, which is localized on the dithione

but also raised by M(mnt)’s electron back-donation to it, is
destabilized in the b conformers (the anti ones) as compared to
the a ones (the syn ones) in all solvents and also in the gas
phase. As a result, the HOMO−LUMO gap of the anti con-
former is in any case slightly larger. On the other hand, pure
dithione orbitals, such as LUMO+3, are heavily stabilized in the
anti isomers (b) of 1−3 as a result of the slightly larger twisting
of the dithione ligand in the anti conformers, as shown by
the values of the δ2 torsion angle (Tables S7−S9, Supporting
Information).
Complexes 3a and 48 have the same metal−dithiolate moi-

ety, with the former having a diazepanedithione ligand and the
latter a piperazinedithione one. Upon changing the ligand, the
dithione-based LUMO is strongly stabilized, a fact that is in
accordance with the structural characteristics of the two com-
plexes (vide supra). This stabilization should cause an anodic
shift to 4’s reduction potential as compared to 3’s. Our experi-
mental results support this trend (Ered

I = −0.42 V for 3 and
Ered

I = −0.37 V for 4). Moreover, 4’s HOMO is slightly
stabilized as well. The piperazine ligand, as it was revealed by
the aforementioned arguments, is a better π* acceptor. In other
words, it should accommodate better the extra charge back-
donated to it and hence stabilize the HOMO as well. This is
also supported by electrochemistry data (Eox = +0.96 V for 3
and Eox = +1.08 V for 4). In addition, from a comparison
between the two [M(Bz2pipdt)(dithiolate)] complexes, namely,
4 and 5, we observe that the HOMO is destabilized in 5, a fact
that is in total accordance with both structural (vide supra) and
electrochemical results (Eox = +1.08 V for 4 and Eox = +0.86 V
for 5). This is a result of the lower electron-accepting ability of
the dmit ligand as compared to mnt. From an orbital point of
view, in 5’s HOMO the dithiolate contribution is raised, mainly
at the metal’s expense. Finally, 5’s LUMO is only slightly
destabilized, and this trend is also observed in reduction
potentials (Ered

I = −0.39 V6). The frontier orbitals of 4 and 5
are depicted in Figure 9.

c. Optical Properties. In order to reveal and describe the
optical properties of compounds 1−3, TDDFT calculations
were performed. Chloroform and acetonitrile were employed
since these compounds are highly solvatochromic. Selected data
are summarized in Tables 6−8, whereas all data are provided in
Tables S11−S22, Supporting Information. Care was taken in
order for the aforementioned conformer analogies to be taken
into account, and thus, energies and oscillator strengths were
corrected accordingly. The transitions under study fulfill the
criteria posed by Casida,55 and the following abbreviations were
employed: MMLL CT = mixed metal−ligand to ligand charge
transfer, MLCT = metal to ligand charge transfer, LMCT =
ligand to metal charge transfer, LLCT = ligand to ligand charge
transfer, and IL = intra ligand charge transfer.
Complexes 1−3 exhibit a highly negatively solvatochromic

band in the low-energy region of their spectrum [1, λ/nm
(ε/dm3 mol−1 cm−1): 601 (2.4 × 103), 818 (1.9 × 103) in
CH3CN; 2, 670 (1.0 × 103), and 3 680 (7.1 × 103) in DMF],
which is assigned as a mixed-metal−ligand-to-ligand charge-
transfer transition a1A → b1A (MMLL’CT) and can be de-
scribed up to a point as a HOMO → LUMO transition. This
type of transition is usually linked to enhanced nonlinear
optical properties, such as the relatively high values of
molecular hyperpolarizability.6,56 From a computational point
of view, our TDDFT-derived energies are very close to the
experimental ones. Among the three complexes, namely, 1−3,
the nickel’s charge-transfer band is bathochromically shifted as

Figure 7. Energy level diagram of 1−5. HOMO−LUMO energy gap is
represented by the arrow and value (in eV).
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compared to 2’s and 3’s, with the energy of the CT band to
increase along the series Ni < Pt ≈ Pd in acetonitrile but along
the series Ni < Pd ≈ Pt in the less polar chloroform. The
former series is also observed in polar solvents in the relative
compounds [M(Bz2pipdt)(mnt)], M = Ni, Pd, Pt.6 Moreover,
the platinum compound owns the more intense charge-transfer
band among the three, which is predicted also by the higher
oscillator strength. This is reflected in the NLO properties of
these compounds since the oscillator strength connects with
the transition dipole moment.
The second interesting feature that we should comment on is

that in the low-energy region of the spectrum there are two
distinct negatively solvatochromic bands observed in 2 (in all
solvents but not chloroform, in which one band and a shoulder
is observed) but only one for 3. This represents another
difference with the relative [Pd(Bz2pipdt)(mnt)],6 since in the

latter the second band is only a shoulder. There is only one
band in 3 because in its case the relative transition owns smaller
oscillator strength than the nonsolvatochromic transition
a1A → f1A, and its band is absorbed into it. Lastly, we should
comment on nickel’s absorption spectra. Its two bands own
a strong multiconfigurational character, since the same two
transitions contribute to the final states, HOMO → LUMO
(MMLL′CT) and HOMO → LUMO+1 (LMCT/LLCT).
Again, 1 has two distinct bands as compared to the one band
and a shoulder observed in [Ni(Bz2pipdt)(mnt)].

6,9

In order to gain more insight into the role of the ligands we
employed TD calculations also for complexes 4 and 5. Derived
results are summarized in Tables 9 and 10 and fully provided in
Tables S23 and 24, Supporting Information.
Taking the whole series into account, we observe that in a

polar solvent, such as acetonitrile, the energy of the main

Table 5. Contribution of Different Fragments to Complexes Valence Orbitalsa

MO EeV dithione M dithiolate

1a in CHCl3
unoccupied

107 −0.47 6.9 10.8 82.2
106 −1.40 93.0 5.1 1.9
105 −1.95 1.6 1.6 96.7
104 −2.33 27.5 43.3 29.2
103 −3.40 87.5 6.3 6.2

occupied
102 −5.58 9.5 13.8 76.7
101 −6.56 19.4 46.9 33.7
100 −6.73 4.7 83.4 11.9
99 −7.15 45.2 21.9 33.0
98 −7.18 38.0 32.5 29.5
97 −7.40 36.4 8.9 54.8

1a in CH3CN
unoccupied

107 −0.67 7.0 4.0 89.0
106 −1.31 93.5 5.4 1.1
105 −2.18 0.9 1.5 97.7
104 −2.37 30.7 41.8 27.5
103 −3.28 86.3 7.9 5.8

occupied
102 −5.70 9.6 15.1 75.2
101 −6.60 31.3 48.5 20.2
100 −6.77 3.5 84.9 11.5
99 −7.18 46.2 10.4 43.5
98 −7.22 35.1 37.2 27.8
97 −7.45 40.6 7.0 52.4

2a in CH3CN
unoccupied

107 −0.63 −2.3 14.1 88.2
106 −1.40 94.9 4.1 0.9
105 −2.16 0.2 1.6 98.2
104 −2.39 38.5 30.6 30.9
103 −3.28 83.4 8.1 8.5

occupied
102 −5.65 8.4 14.0 77.6
101 −6.59 37.7 35.9 26.4
100 −6.93 4.8 75.2 20.0
99 −7.27 51.2 21.0 27.8
98 −7.32 47.9 9.4 42.7
97 −7.41 50.3 5.1 44.6

MO EeV dithione M dithiolate

3a in CH3CN
unoccupied

107 −0.61 0.5 11.2 88.3
106 −1.19 94.2 4.5 1.3
105 −1.79 30.5 33.6 35.9
104 −2.17 0.2 2.2 97.6
103 −3.36 89.5 5.0 5.5

occupied
102 −5.54 15.1 19.3 65.6
101 −6.34 32.3 40.4 27.3
100 −6.86 5.5 84.7 9.8
99 −7.17 41.8 25.2 33.0
98 −7.42 50.5 4.3 45.2
97 −7.54 48.1 6.5 45.4

4 in CH3CN
unoccupied

135 −0.77 98.1 1.4 0.6
134 −0.84 97.8 0.9 1.3
133 −1.89 29.7 33.8 36.4
132 −2.22 0.1 2.3 97.6
131 −3.56 88.3 5.3 6.4

occupied
130 −5.67 17.7 16.4 65.9
129 −6.49 31.9 38.4 29.7
128 −7.03 11.6 82.3 6.2
127 −7.17 90.6 6.5 2.9
126 −7.18 94.2 1.6 4.2
125 −7.32 99.3 0.4 0.3

5 in CH3CN
unoccupied

149 −0.80 15.1 3.5 81.4
148 −0.91 98.2 0.7 1.0
147 −1.77 30.8 34.7 34.5
146 −2.13 0.0 0.2 99.8
145 −3.50 85.2 5.6 9.2

occupied
144 −5.24 15.1 8.8 76.1
143 −6.19 21.9 35.2 42.9
142 −6.49 18.8 21.1 60.1
141 −6.52 1.2 0.5 98.4
140 −6.91 6.3 86.5 7.2
139 −7.10 66.5 1.0 32.5

aHOMO and LUMO orbitals are shown in bold.
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MMLL′CT band is red shifted in the order 4 > 3 > 5 while the
oscillator strength increases in the order 3 < 4 < 5. In other
words, the [Pt(Bz2pipdt)(dmit)] complex, 5, has the smallest
transition energy along the series but the largest oscillator
strength. Hence, 5 is anticipated to have the largest molecular
hyperpolarizability along the series and as a result should be the
best candidate for application in NLO materials. The latter
argument can be described also in terms of the simple two-state
model.57 Accordingly, the hyperpolarizability of a compound,
which has only two significant states, the ground and the first
exited states, is provided by eq 1a

β
μ μ μ

−
−

ΔE

( )
CT

e g ge
2

ge
2

(1a)

where μe is the excited-state dipole moment, μg is the ground
state dipole moment, μge is the transition state dipole moment,
and ΔEge is the transition energy between the two states.
A comparison of the absorption spectra between 3 and 4

further reveals the influence of the structural changes on the
electronic properties of these complexes. As already indicated,
replacement of the piperazine ligand with the diazepane in-
duces a significant twist in the dithione structure (see δ1 and δ2
values in Tables S3− S5, Supporting Information). As a result,
the worse the overlap between the orbitals that contribute to
the final states, the lower the oscillator strength of the main
charge-transfer band (3 < 4 < 5). The larger oscillator strength
of 5 vs 4 is dependent both on the larger torsion angles of
4 and the extent of the π-orbital system of the 2-thioxo-1,3-
dithiole-4,5-bis(thiolate).

4. MOLECULAR HYPERPOLARIZABILITIES

In order to elucidate the compounds’ second-order response
and complement our EFISH results, computation of the static
and dynamic hyperpolarizabilities according to the coupled
perturbed Kohn−Sham methodology was employed together
with the polarizable conductor calculation model (CPCM).
Acetonitrile is a polar solvent and anticipated to induce anal-
ogous solvation interactions to DMF, which was the solvent
employed in our EFISH experiments. In additiont, we selected
0.65 eV to be our theoretical laser fundamental radiation, which
was also used throughout the experimental procedure.

Figure 8. 0.052 au contour plots of the frontier orbitals of 3a.

Figure 9. 0.05 au contour plots of the frontier orbitals of 4 and 5.

Table 6. TDDFT-Calculated Energies and Compositions of the Most Important Singlet Electronic Transitions of 1a

state compositionb ΔEc exp.d fe character

B1A HOMO → LUMO, 56 (44) % 1.42 1.41 0.0590 MNT/NI → ET2dazdt (MMLL′CT)
HOMO → LUMO+1, 29 (35)% 1.45 1.51 0.0331 MNT/NI → NI/MNT/ET2DAZDT (LMCT/LLCT)

E1A HOMO → LUMO, 44 (55) % 1.94 1.91 0.1391 MNT/NI → ET2DAZDT (MMLL′CT)
HOMO → LUMO+1, 29 (31)% 2.09 2.07 0.1693 MNT/NI → NI/MNT/ET2DAZDT (LMCT/LLCT)

K1A HOMO-5 → LUMO, 79% 3.16f 0.0783 MNT/ET2DAZDT → ET2DAZDT (MMLL′CT)
L1A HOMO → LUMO+2, 45 (89)% 2.99 MNT/NI → MNT (ILCT)

HOMO-3 → LUMO, 23% 3.18f 2.99 0.1212 ET2DAZDT/MNT/NI → ET2DAZDT
J1A HOMO-4 → LUMO, 18% 2.99f 0.1418 ET2DAZDT/MNT/NI → ET2DAZDT

aPrincipal singlet transition responsible for the main absorption band in the visible region is shown in bold. Data in plain text correspond to
chloroform’s field, while data in italics correspond to acetonitrile’s field. bCompositions of electronic transitions are expressed in terms of
contributing excitations between ground-state Kohn−Sham molecular orbitals. Only the syn conformers are reported. cTransition energy from the
a1A ground state in eV. Theoretical values provided are weighted mean values based on the contributions from the two conformers provided in
Table 4. dValues for a CHCl3 solution are in plain text, while CH3CN values are in italics. eOscillator strength. Theoretical values provided are
weighted mean values based on the contributions from the two conformers provided in Table 4. fSimulation of the theoretical spectra with the
appropriate broadening model of the bands provide the value of 2.99 eV as a shoulder to ∼300 nm main peak.
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Table 7. TDDFT-Calculated Energies and Compositions of the Most Important Singlet Electronic Transitions of 2a

state compositionb ΔEc exp.d fe character

B1A HOMO → LUMO, 92 (88) % 1.53 1.51 0.0936 MNT/PD → ET2DAZDT (MMLL′CT)
HOMO → LUMO+1, 8 (11) % 1.68 1.86 0.0795 MNT/PD → ET2DAZDT/MNT/PD (LMCT/LLCT)

C1A HOMO → LUMO+1, 90 (87) % 2.20 1.94 0.0583 MNT/PD → ET2DAZDT/MNT/PD (LMCT/LLCT)
HOMO → LUMO, 8 (11) % 2.33 2.56 MNT/PD → ET2DAZDT (MMLL′CT)

G1A HOMO → LUMO+2, 62% 3.04 2.87 0.0626 MNT/PD → MNT (ILCT/MLCT)
HOMO-2 → LUMO+1, 12% PD/MNT → ET2DAZDT/MNT/PD (MLCT/ML′CT)
HOMO-1 → LUMO+1, 15% MNT/PD/ET2DAZDT → ET2DAZDT/MNT/PD

F1A HOMO → LUMO+2, 80% 2.98 3.00 0.1089 MNT/PD → MNT (ILCT)
HOMO-2 → LUMO, 10% PD/MNT → ET2DAZD (MLCT/LL CT)

E1A HOMO-3 → LUMO, 55% 3.14 3.42 0.1993 MNT/PD → ET2DAZDT/MNT/PD (LMCT/LLCT)
HOMO-5 → LUMO, 23% MNT/PD → ET2DAZDT (MMLL′CT)
HOMO-4 → LUMO, 15% ET2DAZDT/MNT/PD → ET2DAZDT (ILCT/LLCT)

H1A HOMO-3 → LUMO, 79% 3.26 3.47 0.2106 ET2DAZDT/MNT/PD → ET2DAZDT (ILCT/LLCT)
aPrincipal singlet transition responsible for the main absorption band in the visible region is shown in bold. Data in plain text correspond to
chloroform’s field, while data in italics correspond to acetonitrile’s field. bCompositions of electronic transitions are expressed in terms of
contributing excitations between ground-state Kohn−Sham molecular orbitals. Only the syn conformer’s are reported. cTransition energy from the
a1A ground state in eV. Theoretical values provided are weighted mean values based on the contributions from the two conformers provided in
Table 4. dValues for a CHCl3 solution are in plain text, while CH3CN values are in italics. eOscillator strength. Theoretical values provided are
weighted mean values based on the contributions from the two conformers provided in Table 4.

Table 8. TDDFT-Calculated Energies and Compositions of the Most Important Singlet Electronic Transitions of 3a

state compositionb ΔEc exp.d fe character

B1A HOMO → LUMO, 99 (98) % 1.57 (1.67) 1.52 (1.81) 0.2490 (0.2465) MNT/PT/ET2DAZDT → ET2DAZDT
1.67 1.81 0.2465

E1A HOMO → LUMO+2, 97% 2.69 2.72SH 0.0237 MNT/PT/ET2DAZDT → MNT/PT/ET2DAZDT
F1A HOMO → LUMO+1, 93 (96) % 3.01 2.80 0.0925 MNT/PT/ET2DAZDT → MNT(ILCT/LLCT)

2.84 0.1254
G1A HOMO-3 → LUMO, 85 (92) % 3.11 3.43 0.1201 ET2DAZDT/PT/MNT → ET2DAZDT

3.22 3.11 0.1529
N1A HOMO-1 → LUMO+1, 92 (95) % 3.79 3.97 0.1979 PT/ET2DAZDT/MNT → MNT (MMLL′CT)
K1A 3.59 3.75 0.1868

aPrincipal singlet transition responsible for the main absorption band in the visible region is shown in bold. Data in plain text correspond to
chloroform’s field, while data in italics correspond to acetonitrile’s field. bCompositions of electronic transitions are expressed in terms of
contributing excitations between ground-state Kohn−Sham molecular orbitals. Only the syn conformers are reported. cTransition energy from the
a1A ground state in eV. Theoretical values provided are weighted mean values based on the contributions from the two conformers provided in
Table 4. dValues for CHCl3 solution are in plain text, while CH3CN values are in italics. eOscillator strength. Theoretical values provided are
weighted mean values based on the contributions from the two conformers provided in Table 4.

Table 9. TDDFT-Calculated Energies and Compositions of the Most Important Singlet Electronic Transitions of 4a

state compositionb ΔEc exp.d fe character

b1A HOMO → LUMO, 100% 1.71 1.87 0.3795 MNT/PT/BZ2PIPDT → BZ2PIPDT
F1A HOMO → LUMO+1, 94 % 2.94 2.38sh 0.1197 MNT/PT/BZ2PIPDT → MNT (ILCT/LLCT)
K1A HOMO-7 → LUMO, 93 % 3.22 3.16 0.1356 BZ2PIPDT/MNT/PT→ ET2DAZDT
P1A HOMO-1 → LUMO+1, 96 % 3.70 3.62 0.1893 PT/BZ2PIPDT/MNT → MNT (MMLL′CT)

aPrincipal singlet transition responsible for the main absorption band in the visible region is shown in bold. bCompositions of electronic transitions
are expressed in terms of contributing excitations between ground-state Kohn−Sham molecular orbitals. cTransition energy from the a1A ground
state in eV as was calculated in acetonitrile’s field. dValues for a CH3CN solution. eOscillator strength.

Table 10. TDDFT-Calculated Energies and Compositions of the Most Important Singlet Electronic Transitions of 5a

state compositionb ΔEc exp.d fe character

B1A HOMO → LUMO, 100% 1.38 1.50 0.4477 DMIT/PT/BZ2PIPDT → BZ2PIPDT (MMLL′CT)
F1A HOMO → LUMO+1, 59 % 2.55 2.57 0.1742 DMIT/PT/BZ2PIPDT → MNT (ILCT/LLCT)

HOMO → LUMO+2, 28 % DMIT/PT/BZ2PIPDT → PT/DMIT/BZ2PIPDT
HOMO-2 → LUMO, 11 % DMIT/PT/BZ2PIPDT → BZ2PIPDT (MMLL′CT)

aPrincipal singlet transition responsible for the main absorption band in the visible region is shown in bold. bCompositions of electronic transitions
are expressed in terms of contributing excitations between ground-state Kohn−Sham molecular orbitals. cTransition energy from the a1A ground
state in eV as calculated in acetonitrile’s field. dValues for a DMF solution taken from refs 6 and 36. eOscillator strength.
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The first hyperpolarizabilities of 1−3 were calculated only for
the syn conformers. In addition, we performed analogous
calculations for 4 and 5. Our model works according to the
following equations, and the results for both static and dynamic
β are provided in Table 11.

∑β β β β β= + + + =
≠

i k x y z
1
3

( ), with , , ,i iii
i k

ikk kik kki

(2)

β
μ β
μ

= i i
vec

g (3)

Since it is well known that coupled perturbed calculations do
not afford beta values that coincide accurately to the experi-
mental ones, trying to judge the validity of our calculations we
employed a regression analysis. Thus, in Figure 9 the experi-
mental beta values for the four complexes 2−5 are related to
the calculated ones. As can be seen from Figure 10, a corre-
lation between theoretical and EFISH results can be char-
acterized as very satisfactory.

However, 2 and 3 along with 1, according to our calculations,
show second-order response. In particular, 3 shows the largest
beta values along this series. The same trend was recently
observed in the relative [M(Bz2pipdt)(dmit)] series8 and to
other push−pull complexes58,59 as well. On the other hand,
according to our calculations it seems that 1 has slightly larger
beta values as compared to 2, in contrast to the piperazine
compounds. Unfortunately 1 decomposes in DMF, and thus,
the obtained values can be considered only as a rough
approximation. Thus, it was not possible to check this argument
experimentally in a fully reliable way.
The order of the values of μβ0 for complexes 2−5 is 5 > 4 >

3 > 2. This is opposite to the order of the δ2 torsion angle of
these complexes, revealing the role of the dithione ligands and

the metal not only to the structure of these complexes but also
to their properties. The superiority of 5 on NLO properties
must also be attributed to the extent of the π system of the
dithiolate ligand, namely, 2-thioxo-1,3-dithiolane-4,5-dithiolate.

■ CONCLUSIONS

Combined experimental and theoretical studies on [M(II)-
(Et2dazdt)(mnt)] (M = Ni, 1; Pd, 2; Pt, 3) [Et2dazdt = N,N′-
diethyl-perhydrodiazepine-2,3-dithione; mnt = maleonitrile-2,3-
dithiolate], which are redox-active complexes and exhibit
negative molecular quadratic optical nonlinearities, have been
performed to highlight the role of the acceptor ligand in the
NLO properties of the donor−acceptor metal-d8 dithiolene
triad [M(II)(dithione)(dithiolate)]. Accordingly, structural,
electrochemical, spectroscopic, and EFISH data as well as
DFT and TD-DFT including CPCM methods were employed
to study 1−3 to gain further insight into the structure−property
relationships. The same computational methods were also
employed for the strictly related complex [Pt(Bz2pipdt)(mnt)]
(4)6 and [Pt(Bz2pipdt)(dmit)] (5), which exhibits the largest
second-order NLO activity so far determined for this class of
complexes. Results of theoretical calculations on 1−5 reveal
that the structural properties of the complexes strongly affect
the electronic and NLO properties of this class of complexes.
Actually, the order of the dithione torsion angle δ2 for com-
plexes 2−5 is 2 > 3 > 4 > 5 correlates inversely with the
oscillator strength and μβ0 (5 > 4 > 3 > 2).
Moreover, analysis of the factors which affect NLO activity

shows that the remarkable first molecular hyperpolarizability of
5 can be attributed both to its lowest torsion angles and to the
π system extent of its dithiolate ligand, dmit, which confirms it
to behave as an optimal candidate as donor in donor−acceptor
mixed-ligand dithiolene complexes to achieve high second-
order NLO activity.
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Table 11. Experimental and Calculated Hyperpolarizability Values for 1−5

complex μβλ
exp(10−48 esu) μβ0

exp(10−48 esu) βvec (10
−30 esu) βvec ℏω = 0.65 eV (10−48 esu) μ (D) μβvec (10

−48 esu) μβvec with ℏω = 0.65 eV (10−48 esu)

1 (−900)a (−212)a −24.4 −20.6 37.6 −916.9 −773.3
2 −400 −177 −17.3 −15.0 38.4 −664.3 −573.44
3 −1300 −576 −37.1 −29.8 37.7 −1397.5 −1121.5
4 −1950 −822 −45.4 33.1 35.3 −1603.1 −1168.2
5 −10000 −2011 −146.4 116.2 32.3 −4726.3 −3751.6

aOn standing a change to yellow of the green DMF solution of 1 appears.

Figure 10. Graphic representation of the function μβ0
exp = f (μβ0

calcd).
Pearson’s coefficient for the equation −μβ0exp = 2.2602(−μβ0calcd) +
71.506 is R2 = 0.98.
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(26) Andra, D.; Haüßermann, U.; Dolg, M.; Stoll, H.; Preuß, H.
Theor. Chim. Acta 1990, 77, 123.
(27) Dolg, M.; Wetig, U.; Stoll, H.; Preuss, H. J. Chem. Phys. 1987,
86, 866.
(28) Figgen, D.; Peterson, K. A.; Dolg, M.; Stoll, H. J. Chem. Phys.
2009, 130, 164108.
(29) Martin, J. M. L.; Sunderman, A. J. Chem. Phys. 2001, 114, 3408.
(30) Peterson, K. A.; Figgen, D.; Dolg, M.; Stoll, H. J. Chem. Phys.
2007, 126, 124101.
(31) Gorelsky, S. I. AOMix: Program for Molecular Orbital Analysis,
revision 6.60; University of Ottawa: Ottawa, Canada, 2012; http://
www.sg-chem.net/.
(32) Gorelsky, S. I.; Lever, A. B. P. J. Organomet. Chem. 2001, 635,
187.
(33) Barone, V.; Cossi, M. J. Phys. Chem. A 1998, 102, 1995.
(34) Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. J. Comput. Chem.
2003, 24, 669.
(35) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. J. J. Chem. Phys.
1998, 109, 8218.
(36) Gorelsky, S. I. SWizard program, revision 4.6; http://www.sg-
chem.net/.
(37) Willets, A.; Rice, J. E.; Burland, D. M. J. Chem. Phys. 1992, 97,
7590.
(38) Reis, H. J. Chem. Phys. 2006, 125, 014506.
(39) Zhurko, G. A.; Zhurko, D. A. ChemCraft, Tool for treatment of
the chemical data, version 1.6; www.chemcraftprog.com.
(40) Mercury, Version 3.0.1; Cambridge Crystallographic Data
Center: Cambridge, 2011.
(41) (a) Espa, D.; Pilia, L.; Marchio,̀ L.; Mercuri, M. L.; Serpe, A.;
Sessini, E.; Deplano, P. Dalton Trans. 2013, 42, 12429. (b) Bigoli, F.;
Deplano, P.; Mercuri, M. L.; Pellinghelli, M. A.; Pilia, L.; Pintus, G.;
Serpe, A.; Trogu, E. F. Inorg. Chem. 2002, 41, 5241. (c) Deplano, P.;
Mercuri, M. L.; Marchio,̀ L.; Pilia, L.; Salidu, M.; Serpe, A.; Congiu, F.;
Sanna, S. Eur. J. Inorg. Chem. 2005, 1829.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402738b | Inorg. Chem. 2014, 53, 1170−11831182

http://www.sg-chem.net/
http://www.sg-chem.net/
http://www.sg-chem.net/
http://www.sg-chem.net/
www.chemcraftprog.com


(42) (a) Cummings, S. D.; Eisenberg, R. J. Am. Chem. Soc. 1996, 118,
1949. (b) Cummings, S. D.; Cheng, L.-T.; Eisenberg, R. Chem. Mater.
1997, 9, 440. (c) Base, K.; Tierney, M. T.; Fort, A.; Muller, J.;
Grinstaff, M. W. Inorg. Chem. 1999, 38, 287. (d) Mitsopoulou, C. A.
Coord. Chem. Rev. 2010, 254, 1448.
(43) Wang, C. C.; Wu, W. C.; Lee, G. H.; Chen, C. T. J. Chin. Chem.
Soc.-Taip. 2002, 49, 805.
(44) (a) Serpe, A.; Mercuri, M. L.; Pilia, L.; Deplano, P. Coord. Chem.
Rev. 2008, 252, 1200. (b) Serpe, A.; Bigoli, F.; Cabras, M. C.; Deplano,
P.; Fornasiero, P.; Graziani, M.; Mercuri, M. L.; Montini, T.; Pilia, L.;
Trogu, E. F. Chem. Commun. 2005, 1040.
(45) (a) Bigoli, F.; Angela Pellinghelli, M.; Deplano, P.; Laura
Mercuri, M.; Pintus, G.; Serpe, A.; F. Trogu, E. Chem. Commun. 1998,
2351. (b) Cau, L.; Deplano, P.; Marchio, L.; Mercuri, M. L.; Pilia, L.;
Serpe, A.; Trogu, E. F. Dalton Trans. 2003, 1969.
(46) Bigoli, F.; Cabras, M. C.; Deplano, P.; Mercuri, M. L.; Marchio,̀
L.; Serpe, A.; Trogu, E. F. Eur. J. Inorg. Chem. 2004, 960.
(47) Freeman, F.; Hwang, J. H.; Junge, E. H.; Parmar, P. D.; Renz, Z.;
Trinh, J. Int. J. Quantum Chem. 2008, 108, 339.
(48) Allen, F. H.; Howard, J. A. K.; Pitchford, N. A.; Vinter, J. G. Acta
Crystallogr. 1994, B50, 382.
(49) Bocian, D. F.; Strauss, H. L. J. Am. Chem. Soc. 1977, 99, 2876.
(50) Bocian, D. F.; Strauss, H. L. J. Am. Chem. Soc. 1977, 99, 2866.
(51) Makedonas, C.; Mitsopoulou, C. A.; Lahoz, F. J.; Balana, A. I.
Inorg. Chem. 2003, 42, 8853.
(52) (a) Makedonas, C.; Mitsopoulou, C. A. Inorg. Chim. Acta 2007,
360, 3997. (b) Makedonas, C.; Mitsopoulou, C. A. Spectrochim. Acta,
Part A 2006, 64, 918.
(53) Li, J.; Noodleman, L.; Case, D. A. In Inorganic Electronic Stucture
and Spectroscopy; Solomon, E. I., Lever, A. B. P., Eds.; John Wiley &
Sons: New York, 1999; Vol. 1, pp 661−724.
(54) Zuleta, J. A.; Bevilacqua, J. M.; Eisenberg, R. Coord. Chem. Rev.
1991, 111, 237.
(55) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. R. J.
Chem. Phys. 1998, 108, 4439.
(56) Cummings, S. D.; Cheng, L. T.; Eisenberg, R. Chem. Mater.
1997, 9, 440.
(57) (a) Oudar, J. L.; Chemla, D. S. J. Chem. Phys. 1977, 66, 2664.
(b) Bruni, S.; Cariati, E.; Cariati, F.; Porta, F. A.; Quici, S.; Roberto, D.
Spectrochim. Acta, Part A 2001, 57, 1417.
(58) Romaniello, P.; Lelj, F. J. Mol. Struct. (THEOCHEM) 2003, 636,
23.
(59) Romaniello, P.; Lelj, F. J. Mol. Struct. (THEOCHEM) 2003, 372,
51.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402738b | Inorg. Chem. 2014, 53, 1170−11831183


