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HIGHLY POLARIZABLE METALLIC COMPLEXES WITH
SOLVATOCHROMIC BEHAVIOR

Luminita CRACIUN', Toana JITARU?

This paper deals with the synthesis of new mixed ligand transition metal
complexes of[M” (diimine)(dithiolate)] type (where M" = Ni, Pd, Pt, Zn; diimine =
4,4 dimethyl-2,2" bipyridine (dmbpy), 4,4’-dicarboxy-2,2’ bipyridine (dcbpy) or
4,4 -dinitro-2,2 ’bipyridine (dnbpy) and dithiol = 1,2 benzene dithiol (Hybdt)).
Complexes have been characterized by chemical analysis, electronic reflectance
spectra, molecular electrical conductivities, FTIR spectra, magnetic measurements,
stabilities in different solvents (CHCl;, CH;CN, CsHs and CsHs-CH;).
Ni(dnbpy)(bdt) complex has the longest absorption wavelength and the strongest
solvatochromic shift of LLCT band among the studied complexes, concluding that an
electronic acceptor on the diimine ligand can greatly enhance nonlinear optical
properties (the molecular first hyperpolarizability) of the complexes.
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1. Introduction

Materials that exhibit nonlinear optical (NLO) properties allow
manipulation of the laser light beams fundamental properties and are hence of
great technological importance in areas such as optical data processing and
storage.

Within the research field of molecular NLO materials, increasing attention
is being been paid to metal complexes of d-transition elements which offer
possibilities for combination of NLO effects with other molecular electronic
properties.

Coordinated metal centers often engage in z-bonding, both with organic
ligands and with each other, meaning that they can be involved in various strongly
allowed ICT processes like metal-to-ligand CT (MLCT), ligand-to-metal CT
(LMCT), or metal-metal/ intervalence CT (MM/IVCT) [1-10]. They can also
participate in ligand to ligand charge transfer (LLCT) with less or more
directional n—7* electronic excitation processes [5,7,9-15]. The existence of such
last transitions is often associated with strong solvatochromic behavior and large
molecular NLO responses (the molecules with solvatochromic shifts often have
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nonlinear optical properties - a sizable value of molecular first hyperpolarizability,
B) [16-18].

To day the research in the field of nonlinear optics has concentrated on the
design of new inorganic chromophores and their incorporation in suitable
materials.

A well known example of complexes with pronounced solvatochromism
are [Ni(diimine)(dithiolate)] complexes type for which the large solvatochromic
shifts are usually associated with considerable directional changes of electron
densities within a molecule (the charge shifting from the dithiolate to diimine
ligand) [19-22].

Variation in molecular design of the complexes, through changes in the
metal ion nature, diimine or dithiol ligands can be used to affect changes in the
CT to diimine absorption band frequency and hence B value [23-27].

This paper deals with the synthesis of new mixed ligand transition metal
complexes of [M(diimine)(dithiolate)] type (where M = Ni, Pd, Pt, Zn); diimine =
4,4’dimethyl-2,2’ bipyridine (dmbpy), 4,4’-dicarboxy-2,2’ bipyridine (dcbpy) or
4,4’-dinitro-2,2’ bipyridine (dnbpy) and dithiol = 1,2 benzene dithiol (H;bdt)).

Complexes have been characterized by chemical analysis, electronic
reflectance spectra, molecular electrical conductivities, FTIR spectra, magnetic
measurements, stabilities in different solvents (CHCIs;, CH3CN, C¢Hg and CgHs-
CHs3).

2. Experimental part
2.1. Materials and Equipment

All the chemical substances were of analytical grade and were provided by
Merck and Sigma-Aldrich.

FTIR spectra were recorded on Bruker Tensor 27 apparatus, using KBr
pellets technique.

UV-Vis reflectance spectra were recorded on an Able Jasco V560
spectrophotometer.

Electrical conductivities were measured with a Radelkis 101/2
Conductometer.

Magnetic measurements were performed on a Gouy balance.

2.2 Synthesis of diimine ligands

Synthesis of 4,4 ’-dicarboxy-2,2 -bipyridine (dcbpy)

To a solution of 3.14 g (9.7 mmol) of Na,Cr,07 in 10.6 ml of concentrated
sulphuric acid was slowly added, under magnetic stirring, 0.8 g (4.3 mmol) of
4,4’-dimethyl 2,2’-bypiridine. The resultant orange slurry became dark green (the
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Cr(VI) reduction to Cr(III)) after a while and reaction was complete after 30
min). The reaction mixture was then poured into 100 ml of cold water forming a
light yellow precipitate. After filtration and drying, the solid was dissolved in an
alkaline 10% NaOH aqueous solution followed by slow acidification (pH=2) with
10% aqueous HCI solution. This recrystallization afforded the desired compound
free of Cr(IIl) ions. After a second filtration compound was dried under vacuum
(P,0s as drying agent) to provide a white solid (0.9 g, 85%) with m.p.>300°C.
Anal.Calcd.for C,HgN>,O4: C, 59.01; N, 11.47; H, 3.28. Found: C, 58.87; N,
10.95; H, 3.12.

CH
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Synthesis of N.N -dinitro-2,2 ’-bipyridine

Synthesis of N.N’-dinitro-2,2’-bipyridine was achieved in 3 stages:
(a) Synthesis of N.N’-dioxide-2,2 -bipyridine
A solution formed from 10g (64mmol) 2,2’bipyridine, 13 mL H,O, 30% and 75
mL glacial ethanoic acid was heated on a water bath at 80°C for 3 hours.
Hydrogen peroxide (9 mL H,O, 30%) was added and heating continued for 4
hours. The resulted colourless solution was cooled at room temperature and was
added slowly at 1L acetone when a white precipitate of N.N’-dioxide-2,2’-
bipyridine was obtained. This precipitate was collected by filtration and dried in
air (yield 85%). This product is commonly used as obtained from the above
preparation, but recrystallisation from a large volume of ethanol gave transparent
white plates, m.p. 312-315°C (decomp.)
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(b) Synthesis of 4,4 -dinitro-2,2 -bipyridine N,N -dioxide

To a mixture of 2,2’-bypiridine N,N’-dioxid (5 g, 27 mmol) and oleum sulphuric
acid (1:2 v/v, 25 mL) in an ice-water bath, nitric acid (fuming, 20 cm ¥ ) was
slowly added. The mixture was heated up to 100°C for 6 hours with the reflux
condenser fitted with a calcium chloride drying tube. After this time it was cooled
to room temperature and cautiously poured onto 100 g ice-water (crushed ice,
50g) and water (50 mL) to give a yellow solid. This was collected by filtration,
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washed with water and air dried to give 4,4’-dinitro 2,2’-bipyridine N,N’-dioxid
(3.75 g, 49%) m. p. 272-275°C.

NO, N
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(c) Synthesis of N.N -dinitro-2,2 -bipyridine

A suspension of 1.5 g (5.4 mmol) of 4,4’-dinitro 2,2’-bipyridine N,N’-dioxid in
23 ml of anhydrous chloroform was cooled to 0°C and 3 ml (34 mmol) of
phosphorus trichloride was added. The mixture was heated at reflux over a water-
bath for one hour, cooled to room temperature and poured into a mixture of ice
and water. The resulting suspension was made alkaline with aqueous sodium
hydroxide and 1.3 g of unchanged starting material recovered by filtration. The
aqueous layer of the filtrate was extracted with several portions of fresh
chloroform and discarded. The combined chloroform portions were evaporated to
a crystalline residue (0.2 g, m.p.182-185°C) which was recrystallized from 95%
ethanol to yield 0.12 g of orange needles, m.p. 191.5-194.5°C. Repeated
recrystallizations from the same solvent raised the melting point to 195-197°C.
Anal.Calcd.for C;oHgN4O4: C, 48.35; N, 22.11; H, 3.22. Found: C, 47.87; N,

21.95; H, 3.10.
NO;  NO, NO,  NO,
e @
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Synthesis of [M(diimine)(bdt)] complexes
(where M = Ni,Pd, Pt ;diimine = dmbpy, dcbpy, dnbpy Htdt = 1,2 benzenedihtiol)
A solution of diimine in dichloroethane was mixed with a methanolic solution of
NiCl,:6H,0, (PdCl, or PtCl,) and Hybdt (in M(II) : diimine : Hobdt = 1: 1: 1
molar ratio) and was refluxed at 60°C for 3 hours. From the red-brown solution
(for Ni(II)), yellow-orange (for Pd(II) or Pt(Il)) that was initially obtained, it was
separated at slowly evaporation of the solvents (room temperature) a dark blue
compound (for Ni(Il)), bright orange (for Pd(Il)) or brown (for Pt(Il)) that was
filtered, washed with methanol and chloroform and then dried in vacuum on P,0Os.
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White [Zn(dnbpy)(tdt)] complex was obtained in the same conditions using
Zn(CH3COO)2.

3. Results and discussions

Molar electrical conductivity for all complexes in DMF solution
established their non-electrolyte nature.

Electronic Reflectance Spectra and magnetic measurements

To better understand the electronic structures of the studied complex
compounds, we have examined their absorption properties in solid state. The
electronic spectra of the solid complexes and the assignments of each maximum
are done in table 1.

At first glance the reflectance UV Vis spectra appear very similar to those
of other [Ni(II)(diimine)(dithiol)] complexes. An intense, structured band
maximizing near 250-300 nm has been assigned to the lowest diimine-centered
spin-allowed n-m transition. On the analogy of the electronic spectra (in 200-
360 nm range) of the studied compounds, we conclude that all Ni(II) complexes
have the same structure.

The absence of some absorption bands under 10 000 cm™ (over 1000 nm)
indicates that the most probable structure of the all tetracoordinate complexes is
square planar.

Table 1.
UV-Vis absorption bands of the studied complexes and their assignments
Complex A (nm) Assignment
[Ni(dmbpy)(bdt)] (1) 250 ;370 | Intraligand dmbpy, tdt; d-d band 'B <A,
470 CT Lo-LorM—L
[Ni(dcbpy)(bdt)] (2) 250 ;370 | Intraligand dcbpy, tdt; d-d band 'B ¢ 'A,
485 CT Lo>LorM—L
[Ni(dnbpy)(bdt)] (3) 240 ;380 | Intraligand dnbpy, tdt; d-d band 'B;, <—'A,,
520 CT Lo>LorM—L
[Pd(dmbpy)(bdt)] (4) 400 CT LoLorM—L
[Pd(dcbpy)(bdt)] (5) 410 CT LoLorM—L
[Pd(dnbpy)(bdt)] (6) 427 CT LoLorM—L
[Pt(dmbpy)(bdt)] (7) 465 CT Lo>LorM—L
[Pt(dcbpy)(bdt)] (8) 479 CT Lo>LorM—L
[Pt(dnbpy)(bdt)] (9) 500 CT Lo>LorM—L
[Zn(dnbpy)(bdt)] (10) 495 CT L—>L

dmbpy = 4,4’ dimethyl-2,2” bipyridil; dcbpy =4.,4” dicarboxy-2,2’ bipyridil; dnbpy = 4,4’ dinitro-
2,2’ bipyridil; H, tdt = 1,2 —benzenedithiol



184 Luminita Craciun, loana Jitaru

The low wvalues of magnetic susceptibilities under that for the
paramagnetic, octahedral species of Ni(II) (under 3.2 BM) sustain a possible spin
equilibrium square planar (diamagnetic) <> octahedral (paramagnetic) that is
probably present in crystalline lattices of the studied complexes.

Considering that the obtained complexes are of the type
[Ni(diimine)(dithiolate)] which contain two different ligands in which one is more
easily reduced and the other one more easily oxidized, it is very probable that the
band from the spectra of the complexes in visible range is not only a d-d band but
also a CT band (probably the CT band is overlapped over a d-d one).

To support this idea and to assign the nature of CT band (L— M; M— L;
L — L’) we have also studied the spectrum of [Zn(dnbpy)(tdt)] complex.

Replacing Ni(I) ion with Zn(I) give a complex which absorbs in visible
range (495 nm). This band is very probable of © - n* type (ligand-ligand band)
because Zn(II) (d'’) does not absorb in visible range and MLCT or LMCT bands
are also very little possible for Zn(II) (due to the Zn high redox potential).

The influence of the nature of the metallic ion and the nature of diimine
(with electron-attractive or repulsive substituent group) on the position of the CT
band can be also examined on the basis of the aspect of the electronic spectra of
complexes.

An increasing of both the wavelength and the intensity of the charge
transfer — to diimine absorption band in order Ni(Il), Pt(II), Pd(IT) complexes is
observed. This trend in wavelength (table 1) follows the trend in the second
ionization potentials of the metals (E; =1753 for Ni, 1791 for Pt and 1870 for Pd).
This observation strongly supports metal orbital involvement in the CT to diimine
excited state

Hobdt Hobat

po

dnbpy dnbpy
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dmbpy
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dcbpy
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Fig.1. Electronic densities maps of the studied ligands

The influence of the nature of diimine on the position of CT band has been
also studied by using dipyridine ligands which contain substituents of electron-
donating (methyl) type or electron-withdrawing groups (carboxyl or nitro).
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Fig.2. UV-Vis absorption spectra of complexes in dichloromethane solution

It is observed that the longer wavelength charge transfer to diimine
absorption band for [Ni(dnbpy)(tdt)] compound relative to that for
[Ni(dmbpy)(bdt)] compound is consistent with the fact that the nitro group is a
stronger electron acceptor than methyl group.
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Fig.3. UV-Vis absorption spectra of [Ni(dmbpy)(bdt)] (1); [Ni(dcbpy)(bdt)] (2); [Ni(dnbpy)(bdt)]
(3) in toluene solution.

The spectra in dichloromethane solution (Fig.2) of the studied complexes
present a bathochromic shift of LLCT bands in function of the central metal
nature Pd, Pt, Ni.

The nitro groups with reducing power decreases the redox potential of
2,2’-dipyridine ligand and determine the diminishing of the energetic difference
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between the HOMO (especially existent on dithiolat ligand) and LUMO
(especially on diimine ligand).

FTIR Spectra measurements

In the IR spectra (table 2) of the studied complex compounds in comparison with
those of free ligands are some changes due to the coordination of the ligands at
the metallic center:

the absence of vsy dithiol characteristic frequency and the shift to lower
values of vc.s sustain the tdt ligand coordination in the dithiolate form
through the two sulfur atoms ;

the shift to lower values of vc—y from dipyridine cycle in the spectra of
complexes with dimethyldipyridine ligand sustains the coordination of the
ligand (dmbpy) to the metal through the heterocyclic nitrogen atoms (this
is also sustain by the electronic density map in which heterocyclic nitrogen
has 6 =-0.153 — Fig .1)

the same values of dicarboxilic acid characteristic frequency as in the
spectrum of the free ligand and the shift to lower values of vc-n from
dipyridine cycle sustain the coordination of the ligand (dcbpy) to the metal
through the heterocyclic nitrogen atoms (this is also sustain by the
electronic density map in which heterocyclic nitrogen has 6 = -0.129 —
Fig.1)

the same values of nitro group characteristic frequency as in the spectrum
of the free ligand (dnbpy) and the shift lower values of vc-y from
dipyridine cycle sustain the coordination of the ligand (dnbpy) to the metal
through the heterocyclic nitrogen atoms in [M(dnbpy)(tdt)] complexes
(M = Ni, Pd, Pt, Zn) (this fact is also sustain by the value of heterocyclic
nitrogen in the ligand, 6 =-0.124- Fig.1).

Table 2
FTIR frequencies of [M(dmbpy)(tdt)] complexes
Compound Ve Vee Ve=N Ve-s Vs.H Vc=0 VNO2 Vs,asCH3
Vo-u py Py Py
cycl cycle | cycle
dmbpy 3150 1460 1580 - - - - 2910
dcbpy 3150 1460 1580 - - 1780 - 2910
1720
dnbpy 3150 1460 1580 655 - - 1560 2926
1370 2860
tdt - - - 680 2580 - - 2920
2860
), %), (7) 3150 1580 655 - - - 2926,
2860
2),(5),(8) 3150 1770 1560 650 - - - 2926
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1720 2860
3),(6), 9 | 3150 1460 | 1560 | 655 1560 2926
1370 2860

Stability of complex compunds

The stability of complex compounds in solutions of different organic
solvents has been also spectrophotometricaly studied. The stability of
[Ni(dnbpy)(bdt)] complex in acetonitrile solution after the preparation, at different
times is presented in figure 3.

The studies achieved with solutions of other complexes in different
organic solvent (like benzene, toluene, dichlormethane, acetonitril) conduct to the
observation that these are stable in air and light.
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Fig.4. Stability of [Ni(dnbpy)(bdt)] complex in acetonitrile solution after the preparation, at
different times : (1) 5 min ; (2) 10 min ; (3) 30 min

Solvatochromism studies of [Ni(diimine)(dithiol)] complexes

The solvatochromism behavior of all [Ni(diimine)(dithiol)] complexes was
investigated for solutions at concentration of 2.5x10* M in different solvents:
benzene, toluene, dichlormethane, chlorophorm, acetonitril.

The solvatochromic shift of the LLCT band is characteristic of a large
dipole moment change (Ap) between the ground and the excited state and
frequently suggestive of a large hyperpolarizability. Importantly, a negative
solvatochromism, i.e., a hypsochromic (blue) shift with increasing solvent polarity
indicates a reduction of the dipole moment upon electronic excitation.

The analysis of all Ni(II) complexes spectra in different solvents give to
the conclusion that the solvatochromic shifts of LLCT absorption follow a general
trend, i.e. the higher polarity of the solvent generates a lower A value of LLCT
bands.
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Table 3.
Solvatochromic shifts of LLCT absorption bands
Complex/
Solvent C6H6 C6H5CH3 CHClz CH}C] CH2C12 CH}CN
[Ni(dnbpy)(tdt)] 600 610 560 540 535 510
[Ni(dcbpy)(tdt)] 580 590 525 520 510 495

A hypsochromic effect of LLCT bands from nonpolar solvents (like
benzene) to polar solvents (like acetonitril) for all Ni(Il) complexes is observed in
table 3.
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Fig.5. UV-Vis absorption spectra of [Ni(dcbpy)(tdt)] complex in solutions of: CsHg (1); CH,Cl,
(2); CH;CN (3).

4. Conclusions

This study analyzed the influence of the metallic ion nature and diimine
ligands nature from highly polarizable [M(diimine)(dithiolate)] complexes (where
M" = Ni, Pd, Pt, Zn; diimine = 4,4’dimethyl-2,2” bipyridine (dmbpy), 4,4’-
dicarboxy-2,2” bipyridine (dcbpy) or 4,4’-dinitro-2,2’bipyridine (dnbpy) and
dithiol = 1,2 benzene dithiol (H2bdt)) on the LLCT band present in their UV-Vis
spectra.

Substituents like potential electron withdrawing nitro groups on 2,2’-
dipyridine ligand greatly lengthen the wavelength of absorption maximum of
[Ni(diimine)(tdt)] complex. This is due to the fact that the reducing nitro group
lowers the redox potential of the 2,2’dipyridine ligand, which in turn diminishes
the energy gap between HOMO (mainly composed of the dithiolate ligand) and
LUMO (mainly composed of diimine ligand). The longer absorption wavelength
in common organic solvents found for [Ni(dnbpy)(tdt)] complex than found for
[Ni(dcbpy)(bdt)] and [Ni(dmbpy)(bdt)] is consistent with the fact that the nitro
group is a stronger electronic acceptor than methyl group.
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Solvatochromic shifts of LLCT absorption follow a general trend: the
higher polarity of the solvent (like acetonitril) generates a lower A value of LLCT
bands for all Ni(II) complexes.
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