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Abstract

Detailed theoretical studies of Ni(ll) complexes in a distorted square planar form and
containing dithio and (P,P) chelating ligands were performed. These Ni(ll) complexes are
investigated for their use in dye-sensitized solar cells (DSSC). Structures and UV-Vis spectra
are calculated at density functional theory (DFT) and time-dependent density functional
theory (TD-DFT) theories using B3LYP and CAM-B3LYP functionals and 6-31G(d,p) and 6-
31G+(d) basis set. Geometry optimizations result in excellent agreement with the
experimental results. Moreover, the analysis of the frontier molecular orbitals (FMOs)
allowed a detailed assignment and a clear analysis of the electronic transitions. The TD-DFT
calculations reproduce the main spectroscopic properties observed and substituent effects.
The results reveal that all absorption spectra are characterized by mixed character mainly
dominated by metal to ligand and ligand to ligand charge transfer (MLCT and LLCT). We
unveil how the substituent variations affect the DSSCs features of the complexes.
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Introduction

The improvement of dye-sensitized solar cells (DSSCs) still attracts considerable
research [1-3]. To obtain more efficient DSSCs, the improvement of the photoanode, via the
development of the sensitizing dye, is one promising approach [4]. Several theoretical and
experimental investigations have been performed to find sensitizers with good performance
and low manufacturing cost [5, 6]. The ideal dye must (i) absorb UV and visible light,
extending into the near-IR region with high extinction coefficients, (ii) should exhibit strong
adsorption on the surface of semiconductor TiO,, and (iii) for the charge-separation lifetime,
its unoccupied orbitals (particularly the LUMO) must be higher in energy than the conduction
band of the semiconductor while its HOMO energy must be lower than the redox potential of
the electrolyte [1, 2, 7]. Numerous dye sensitizers, using a wide range of transition metal
complexes, have been proposed and synthesized in recent years [8-29]. Among DSSCs on
TiO, semiconductor, the cells containing Ru(ll) based sensitizers are the most efficient
[15,16,30]. However, as suggested by Linfoot et al., their use could present serious
drawbacks, due to the low metal availability and its toxicity[12]. Hence, some other research
groups have synthesized and examined other complexes using more abundant and inert metals
such as platinum [20, 22]. An important step forward is to increase the light absorption
properties of Pt complexes. To do so, Singh et al. and Du et al. have prepared a family of
square planar Pt(Il) (diimine)/diphosphine-(dithiolate) complexes containing 1,1-
dithioligands [dithiocarbimate®, 1-ethoxycarbonyl-1-cyanoethylene-2,2-dithiolate (ecda®).
They indicate that these complexes have good photophysical and electrochemical properties
[20, 22].

Linfoot et al. present the first complex of nickel (1I) showing DSSC functions [12].
Because it contains diimine and dithiolate ligands, the complex exhibits satisfactory light
harvesting properties, convenient redox potential, and sufficient charge-separation lifetime.
From DFT and TD-DFT calculations using B3PW91 functional results compared to
experimental data, the authors conclude that Ligand-Ligand Charge Transfert (LLCT)
transitions occur in the complex and allow the appropriate electron injection to the TiO,
semiconductor. The authors also attribute the low photocurrents to short-lived excited states
of the complex[12]. To take advantage of square planar shape of the first coordination shell,
which has a strong crystal field, Kumar et al. synthetized, characterized and investigated the



spectroscopic and electrochemical properties of four nickel(Il)diimine dithiolato complexes
with the same first coordination shell of Linfoot's complex [25]. From DFT calculations as
well as experimental investigations, Kumar et al. showed that the four complexes exhibit an
absorption band due to LLCT transition from the HOMO (mainly located on the dithiolate), to
the LUMO (located on the diamine). It was also noted that the oxidation of the four
complexes takes the positive charge away from the TiO, semiconductor, so these complexes
can be considered as efficient light harvesting [25]. Homoleptic complexes of nickel with 1, 2
dithiolene also exhibit DSSCs functions [31]. Because they contain only sulfur atoms in the
first coordination shell, these complexes absorb near IR radiation and can easily inject their
electrons into the conduction band of the semiconductor [31]. Metal complexes with 1,3-
dithiole-2-thione-4,5-dithiolate (dmit) ligands are an important class of functional materials.
Therefore DFT and TD-DFT using B3LYP and CAM-B3LYP exchange correlation
functionalwith CEP-121G effective core potentials and 6-31++G basis sets calculations were
carried out to examine the performance of the model [(CHs),][Ni(dmit),] complex as a
sensitizer. Special intention was paid to its spectroscopic and adsorption on TiO, surface
properties [32]. The complex exhibits physisorption on TiO, surface due to dispersion forces
between its dmit @ system and the atoms of this surface. However, this adsorption mode is
unfavorable for electron injection on TiO, conduction band. Furthermore TD-DFT results
show that the model complex doesn’t absorb significantly in the visible spectrum region.
Finally, the authors conclude that these dmit complexes are unsuitable sensitizer for DSSC.

It’s well known that ferrocenes exhibit good optical properties. Several studies in
literature proposed heteropolymetallic complexes containing ferrocene to DSSC application
[21, 26, 33-36]. UV and visible light conversions by Ni, Pd, and Pt complexes incorporated
1,1- dithioligands and ferrocene derivatives have been explored and it was shown that the
Ni(ll) complexes were the best candidate for solar cells sensitizer[36]. 1,1°-
bis(diphenylphosphino) ferrocene (dppf) contains P donors with ability to link to a variety
metal atoms to generate heteronuclear complexes exhibiting effective photophysical and
electrochemical properties which make them the subject of several recent scientific
investigations to develop new dye sensitizers [23,37-39].

This paper is concerned with theoretical investigations of Ni complexes : Ni(dppf)(p-
tolylsulfonyl dithiocarbimate) 1, Ni(dppf)( p-chlorobenzene sulfonyl dithiocarbimate) 2,
Ni(dppf)(p-bromobenzene sulfonyl dithiocarbimate) 3, and: Ni(dppf)(1-ethoxycarbonyl-1-
cyanoethylene-2,2-dithiolate) 4. 2D structures of these complexes are shown by figure 1. K.

Singh et al. reported that these complexes show higher light conversion efficiencies [23].
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Additionally to the (P, P) chelating ligand (dppf), these complexes also involve different (S,
S) coordinating ligands which are aromatic sulfonyl dithicarbimate (dtc®) and dithiolate
derivatives (ecda®). It’s worth noting that these ligands present considerably delocalized -
orbitals which interact with d and p metal orbitals to stabilize square planar geometry of the
complexes and enhance the charge transfer. DSSC functions of the four complexes were
experimentally investigated. The authors conclude that this complexes feature high light

conversion efficiencies.
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Figure 1: 2D structure of complexes 1-4 and nickel first coordination shell atoms numbering

As mentioned before, combination of experimental and DFT and TD-DFT based
theoretical investigations of sensitizers help to clearly identify its molecular properties that
influence its light conversion efficiency. Theoretical studies of the complexes 1, 2, 3, and 4
may complete and provide clear explanations of the published experimental investigations
results. Particular attention is paid to the relationship between (S, S) ligand features and
structural and electrochemical properties and UV-Visible spectra of the complexes 1, 2, 3, and
4. To this end, quantum calculations at density functional theory level were carried out. The
obtained frontier orbitals of the complexes are analyzed and compared. Theoretical spectra of
the four complexes are established in solvent at vertical electron transition and without spin-
orbit effect.

Computational details



The ground state geometry Sy of the 1-4 Ni(ll) complexes was optimized using the
popular hybrid functional B3LYP (the combination of Becke’s 3-parameter hybrid treatment
with the Lee—Yang-Parr correlation functional)[42]. Cl and Br atoms were described using
the 6-31+G (d) Pople basis set, and the remaining atoms were described using 6-31G(d,p)
ones[45]. The geometric structure of complexes 1-3 taken from X-ray data was the starting
point of a full optimization in gas-phase and in CH,Cl, solvent [23]. The X-ray data of the
complex 4 are not available; however these data are available for its Pd analog. The Pd atom
was replaced by Ni in the experimental geometry of the Pd complex to build the starting point
of the geometry optimization of complex 4.

In order to study the electronic spectroscopy properties of these complexes, the TD-
DFT scheme was applied [46]. This is indeed an effective tool to investigate the interactions
and transitions between ground and excited states of organometallic complexes. This level of
theory can be as accurate as correlated ab initio techniques for the description of excited states
[47, 48, 49, 50, 51]. All optimized structures were characterized as minimum on potential
surface by frequencies calculations. The geometries of the complexes 1-4, optimized at the
CAM-B3LYP/6-31+G(d) level, were used in the calculations of vertical excitation energies.
The experimental spectra of Ni(ll) complexes are determined in CH,Cl, solution. The
calculations were performed at PCM-TDDFT theoretical approach using CAM-B3LYP
functional and 6-31+G(d) basis set. As it will be detailed below, the frontier molecular
orbitals analysis show that metal to ligand and ligand to ligand long-range charge transfers
can held in the transitions from ground state to the first excited state of the studied complexes.
This was confirmed by the small values obtained in the lambda diagnostic calculations
(smaller than 0.30) [52]. Then results of TD-DFT calculations carried out for the studied
Ni(Il) using CAM-B3LYP hybrid exchange correlation functional including long range
corrections will be be presented [53]. This functional provided appropriate results in the
investigations of nickel complexes [10, 32]. The dichloromethane solvent effects were
included by the mean of polarizable continuum model (PCM) [54] in DFT and TD-DFT

calculations. All the calculations have been performed with Gaussian09 program package[55].
Results and discussions

Ground state structural aspects

complexes,—webegan—with-a—geometry—opthmization—The structures of complexes 1-4, as
optimized at the B3LYP/6-31G(d,p) level and their atomic numbering are shown in Figure 2.
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Figure 2: Optimized structures of studied complexes (1-4).

Table 1 shows the parameters of the optimized geometries of the first coordination shell of
nickel obtained in gas-phase and the corresponding experimental data published by K. Singh
et al. [23].



Table 1:  Selected X-Ray [23] and optimized bond lengths (in A) and bond angles (in °) of
complexes 1-4.

Complex1 Complex2 Complex3 Complex4
Gas X-Ray Gas X-Ray gas X-Ray Gas

Bond lengths B3LYP B3LYP B3LYP B3LYP
Ni-P(1) 2.224 2.216(1) 2217 2.216(1) | 2219 | 2.223(1) 2.228
Ni-P(2) 2.216 2.207(1) 2.227 2.222(1) | 2.228 | 2.231(1) 2.224
Ni-S(11) 2.229 2.211(2) 2.222 2207(1) | 2.221 | 2.207(1) 2.223
Ni-S(13) 2.218 2.201(1) 2.239 2219(1) | 2.230 | 2.211(1) 2.218
Bond angles

P(1)-Ni-P(2) 102.06 101.85(6) 102.19 | 101.80(4) | 101.78 | 101.75(3) 101.84
S(11)-Ni-P(1) 88.275 89.96(6) 9153 93.15(4) | 91.35 | 93.15(3) 91.92
S(13)-Ni-P(2) 91.72 90.61(6) 88.93 87.77(4) | 89.99 | 87.96(3) 88.98
S(11)-Ni-S(13) 79.04 77.98(6) 78.84 77.85(4) | 79.22 | 77.64(3) 78.39

The optimized geometric parameters in the gas phase and in CH,Cl, of complexes 1-3
are in good agreement with the experimental data. The computed bond lengths and bond
angles have slightly higher or lower values than in the crystal structure. These feeble
differences can be attributed, at least in part, to the environment: theoretical calculations refer
to the isolated molecules, while the experimental values appertain to the molecules in the
crystal. Because complex 4 did not diffract successfully, only X-ray data of complexes 1, 2,
and 3 were provided by K. Singh et al.[23]. Confident in the level of computation, we

performed the geometry optimization of the ground state of the complex 4 at the same level.

N8R 22158 N4
124° '

Figure 3:  Main geometrical parameters obtained at the B3LYP/6-31G(d) level in CH,CI,) on a
model system



The calculated bond lengths Ni-P and Ni-S are in the range of 2.203-2.259 A in
dichloromethane and 2.187-2.239 A in gas-phase; which are close to the experimental values
2.201(1)-2.223(1)A. Similar agreement was noted by Paes et al. in theoretical studies of Ni
complexes containing only sulfur atoms in its first coordination shell [32]. The computed
bond angles around nickel atom also in very good agreement with X-ray values. As noted by
Pastorek et al in their experimental studies of dithiocarbamate complexes of nickel(1l) with 1-
1’-bis(diphenylphosphino)ferrocene the first Ni coordination shell has a distorted square
planar geometry [56]. It shall be noted that in all the complexes the P(1)-Ni-P(2) bond angles
are greater than 90° by about 10° (100°-102°), and the S(11)-Ni-S(13) bond angles are smaller
than 90° by about 10° (77° - 80°). These two deviations are also obtained in a model
computation (Figure 3), and we attributed the deviations to a kind of size effect of the carbon
atom in the 4-membered ring (Ni-S-C-S). Because the carbon atom is a small atom, the S(11)-
Ni-S(13) angle is smaller than normal. This leaves room for the phosphine substituents around
the planar nickel atom. The dihedral angles Ni-S-C-S are in the range of 5 to 9° in all studied
complexes. Hence, this four-membered ring is essentially planar, which favors & conjugation
with the imine moieties. C-N bond distances confirm the conjugation. Their lengths are in the
range of 1,285-1,376A (B3LYP results) and 1.286-1.302 A (experimental Xrays'). These
values are larger than typical C=N double bonds (1.27 A), yet smaller than usual single bonds
(1.40A). The conjugation effect can be seen also on X-rays' C-S bond distances: at about
1.73A, they are shorter than typical single C-S bond lengths (1.81A). This indicates the
fractional double character of this bond in these complexes [56, 57, 58, 59]. S-N bond
distances are in the range of 1.678-1.692 A (B3LYP), close to a single bond [60]. In
complexes 1, 2 and 3, the phenyl ring of the sulfonic group is perpendicular to the four
membered ring S(11)-M-S(13)-C(12). This geometry unfavors m electrons delocalization
beyond the imine. In complex 4 the C(12)-C(14), C(14)-C(15) and C(15)-N(16) bond
distances are calculated at 1,376, 1.474 and 1.165 A respectively (B3LYP). The first C-C
bond has a distance very close to C-C double C-C bond (1.34 A), when the second has an
intermediate distance between double and single C-C bond (1.54 A). The C-N bond has a
typical C-N triple bond distances. It should be concluded a = electrons delocalization on Ni-S-

C-S and cyanoethene (cye) moieties.

Frontier molecular orbitals



The analysis of the frontier molecular orbitals (FMOs) is very helpful to study
electronic and electrochemical properties of the complexes, on which depend their DSSC
functions [6, 10, 24, 32]. This analysis allows the identification of the electronic transitions
related to the appearance of bands in the electronic absorption spectra. The plot of computed
frontier molecular orbitals of 1-4 complexes with B3LYP are shown in Figure 4 and the
HOMO-LUMO diagram shown in Figure 5 summarizes the results obtained for the

complexes 1-4 together with (i) the energy levels of the TiO2 semiconductor conduction band
(-4.00 eV) [61] and (ii) the redox potential of I /I3 (-4.80 eV) [62]. A graphical
representation of the composition of the five highest occupied and five lowest unoccupied

molecular orbitals are showed in Figures 6 and 7 respectively.
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Figure 5:
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complexes 1-4 (B3LYP level). For each orbital, this decomposition expresses the main
contributors of the complex (square : sulfur, circle : Fe atom of the ferrocene, triangle
up : Cps’ of the ferrocene, triangle down : Nickel atom, diamond for the Cyanine). The
color indicates the complex (1 in black, 2 red, 3 blue, 4 pink).
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Figure 7 :
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The HOMO of complexes 1-4 are at about the same energy level. These remarks are
consistent with their shape, which indicates that similar interactions occur between Ni orbitals
and those of the atoms of the first coordination shell. These results are in agreement with the
anodic redox potential, which indicates that the HOMOs are lower than the I/~ redox
potential, and that the variation of the substituent of the thioligand has no effect on the
HOMOs [23]. This means that these dyes would ensure efficient dye regeneration [1, 2, 7].
LUMO of complexes 4 is about 0.4 eV lower than LUMO of complexes 1-3, which have
similar energy values. These complexes exhibit calculated virtual orbitals energies higher than
the conduction band edge of TiO,, which would be a sufficient driving force for electron
injection [1, 2, 7]. The complexes 1-3 exhibit similar HOMO-LUMO gap while complex 4
shows a smaller one and that indicates that it might very well be less stable than the former
ones. The HOMO-LUMO gap is related to intramolecular charge transfer. It is a parameter of
electronic transport properties and stability of molecules[63] [64]. The molecules having a
large energy gap, need large energy to excitation and exhibit good stability [64] [65]. The
molecules having a small energy gap are more polarizable with low stability, they need small
energy to excitation[56] [65].

The values of HOMO-LUMO gap for the studied complexes present the most
important information about the electronic absorptions; these values specify the energy
transition of an electron from the HOMO to the LUMO which can be used to predict the
performance of the solar cell. The HOMO-LUMO gaps are ranked in ascending order AE, <
AE, < AE3 < AE;. Similar ranking is obtained from the experimental peak potential
separation derived from cyclic voltammogram [23]. The results show that the solvent effect
pushes down the HOMO and LUMO energy level and increases slightly the HOMO-LUMO
energy gap. Upon changing the substituent element X, we note a small effect on the HOMO
and LUMO levels. Due to distorted square planar geometry of first coordination shell, d-

orbitals of Ni (1) interact differently with ligand orbitals; tog type dy, , dy, and d,2 contribute

yz
to the more stable orbitals HOMO, HOMO-3 and HOMO-4 when ey type orbitals d,,, and
d,2_jz2contribute to the virtual orbitals.

The HOMO of complexes 1-3 consists of d,,, orbital of the Ni atom and p orbital of
the S atoms of dithiocarbimate (dtc) where, in complex 4, there is a contribution of .y and
¢c bonding type orbitals of cyanoethylene (cye) to this orbital. ecda®and aromatic sulfonyl

dithicarbimate® (dtc®) provide electron delocalization beyond NiS, bond. The substitution of
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dtc® by ecda® induces a large HOMO delocalization. HOMO of the four complexes are based
on Ni atomic orbital which indicate that their regeneration occur by electronic transfer from
electrolyte to the nickel atom. The electronic transition from HOMO orbital should be of
MLCT character as required for dye sensitizer[6]. HOMO-1 in complex 4 results from
interactions between d,., of Ni, p of S, and 7y and . of cye orbitals. In 4, it has an energy
closer to HOMO than in the 3 other complexes.

Both HOMO-1 and HOMO-2 are a mixture of 7, _rr, Orbital of cp-ferro fragment
and d,, (HOMO-1), d,2_,- (HOMO-2) orbital of Fe in 1-3, so they are essentially ferrocene
fragment orbitals. The same remarks are noted for HOMO-2 and HOMO-3 of complex 4. The
HOMO-3 of complexes 1-3 is almost a pure d,, orbital of Ni. We note small contributions of
p orbital of N and S atoms of SCS. The HOMO-4 of 1-4 is mainly the d,z of Ni atom with
small contribution of pS (SCS). The orbital p, and p, of Cl and Br atoms in complex 2, 3
contribute in different orbitals that have a low energy as p,Cl in HOMO-11 and p, Br in
HOMO-8. It is worth noting also that phosphorus atoms have a small contribution of p orbital

in low energy levels.

In all complexes the LUMO is a mixture of d,,, and d,2_,2 of Ni atom and anti-
bonding =~ orbital of SCS. We note a small contribution of np. and m;. of phenyl
moiety(pph2 — 1,pph2 — 2). The LUMO+1 of 1-3 complexes is mixture of g and 7, orbital
of ph, noting the slight contribution of m&.y and gy of dtc?. Likewise the contribution of 7.
orbital of pph2 — 1,pph2 — 2. On the other hand, the LUMO+1 in 4 is a combination of n;y of
cye, mqc orbital of pph2 — 1 and msqs , 750, Orbitals. The LUMO+2, LUMO+3 and LUMO+4
for all complexes are essentially composed from np , 7 orbital of pph2 — 1 and/or pph2 — 2
and m;- orbital of ph. It can also be noted that the ferrocene moiety has a modest
contribution of dFe and 7., _ fery, iIn LUMO+7, LUMO+8 and LUMO+9. It is noted that the
supposed anchoring CO, fragment orbitals contribute only in the LUMO+1. Hence, it is the
photo excitation to this orbital that allows the electron injection to the TiO, semiconductor
conduction band [1, 2, 7].
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UV-visible absorption spectra

In this section, we study the absorption spectra of complexes 1-4. The original
experimental absorption spectra of complexes 1-4 published by K. Singh et al. have been
regrouped on one graph so they can be compared one to the other (Figure 8) [23]. All
complexes display a similar somewhat broad absorption band in visible region (250-350 nm).
These bands were attributed to the intraligand charge-transfer (ILCT) transitions in the first
coordination shell of nickel atom [23]. Three bands were observed in this region for the
complexes 1 and 4 while only two bands were observed for complexes 2 and 3. The not
observed band at 267 nm for complexes 2 and 3 can be interpreted as an effect of the
substitution of methyl group by CI or Br atom on its absorbance. It is to be noted that the
structurally ligand different complexes 1 and 4 have similar ILCT transitions. Moreover, the
studied complexes show a medium broad absorption bands in the ultra violet region (421-475

nm). K. Singh et al. as some research groups have assigned these low energy bands to the d—d
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Figure 8:  Superposition of experimental spectra of 1-4, spectra produced via digitizing
figures of reference [23] with authorization of its authors.
transitions from the d,? orbital of Fe and to the LMCT transition from dithio ligand to nickel
ion [23, 36, 40]. The complexes 2, 3 and 4 display only one absorption band in the range from
480 nm to 400nm when complexes 1 show two bands in this spectral region. For complexes 2
and 3, the absence of the absorption band at 421 nm is to be related to the substitution of the
methyl group by CI or Br atom. Complexes 2 and 3 have very similar electronic spectra,
which indicates that the substitution of the ClI by a Br has little effect. The absorption band at

328 nm is observed only in the complex 4 spectrum. The changes induced on m orbitals
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features by the substitution of cye by ecda® are reflected by the differences on the absorptions
of complexes 1 and 4 in UV region. The experimental absorption spectra of complexes 1-4
were used as a guide for the analysis of the computed absorption spectra. TD-DFT results

discussed below will help to interpret the differences between the four spectra.
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Figure 10: Calculated electronic absorption spectra (blue line) and digitized
experimental electronic absorption spectra from ref [23] (red line) of
complex 1 (CAM-B3LYP).

The wavelength, oscillator strengths of the 50 first singlet calculated transitions for
complexes 1, 2, 3 and 4 have been converted to simulated spectra via Gaussian convolution
using width at half height of 4nm. The figures 10, 11, 12 and 13 show the simulated and
experimental spectra of complexes 1, 2, 3, 4 respectively.

It should be noted that the inclusion of the solvent dielectric field, as considered in the
PCM solvation model, improves the agreement between simulated and experimental
absorption spectra of complex 1. When non-specific solvent effects are considered a
systematic slight hypsochromic shift (blue shift) is observed on most of the bands [66]. Red

shifts are noted on reduced number of bands particularly in the low energy region.

17



T T T
Simulated spectra =—

1 L Exp — B
N Calculated transition —

| |

06 - 0.1 N

Mormalized Intensity

04 1

_.:—‘I\I_‘__‘.L\'—‘—

0.2 - 0 .
400 450 500 550 600

200 250 300 350 400 450 500 550 600

Wawvelength{nm)

Figure 11: Using CAM-B3LYP Calculated electronic absorption spectra (blue line) and
digitized experimental electronic absorption spectra from ref [23] (red line) of
complex 2.

For all the complexes (1, 2, 3, and 4) simulated and experimental spectra are in
significant agreement. The observed bands are well reproduced both in transition energy and
relative intensity. Both in simulated and experimental, high energy absorptions are largely
more intense than those of low energy.
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TD-DFT calculations indicate that the four complexes absorb upper 520 nm at the
same five wave lengths with the same intensities, which is interpreted by the negligible effect
when the substituent R is modified. It is noted for the four complexes that these transitions are
not pure HOMO to LUMO electron transfer. Furthermore, in-addition the atomic orbital d of
Ni contribute less than 50% to these orbitals which allow us to describe these transitions as
mixed d-d, metal to ligand, and ligand to ligand charge transfer (d-d, LLCT, MLCT)
character. Experimentally, Singh et al suggested that the absorptions in this spectral region are
due to Ni d-d transition [23]. Singh et al, ascribed the observed band at 560 nm in solid as
Nujol mull of Ni complex with the same first coordination shell of the studied complexes to
d-d transition [58].
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Figure 12: Using CAM-B3LYP Calculated electronic absorption spectra (blue line)
and digitized experimental electronic absorption spectra from ref [23]
(red line) of complex 3,

In the range from 530 to 345 nm of simulated spectra the four complexes exhibit five
bands having slightly the same wave length and oscillator strength. Only two bands are
observed for complex 1 and 4 when one band is observed for complex 2 and 3. These
transitions of mixed MLCT and LLCT character are local and occur on ddppf moiety. The
calculated transitions about 467 nm can be considered equivalent to the observed ones at 478

and 465 nm for the complexes 1 and 4 respectively. The calculated bands about 465 nm for
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complexes 2 and 3 should correspond to the observed ones, at about 463 nm. This mean that
the observed bands about 462-478 nm don’t correspond to same transition in the four
complex, which is interpreted as hypochromic and hyperchromic effects of the substitution of
methyl group by halogen atom. These substitutions have also hyperchromic effect on the
observed bands at 422 nm for the complex 1. The extinction of the band at 422 nm and
observation of the other at 368 for complex 4 should be also interpreted as hypochromic and
hyperchromic effects of the substitution of aromatic sulfonyl dithicarbimate (dtc®) by
dithiolate derivatives (ecda®). Unlike the experimental spectrum of complex 4 the calculated
band at 355 nm has feeble oscillator strength in the same range of the calculated bands with
lower wave length. This discrepancy in relative intensities of bands between experimental and
using CAM-B3LYP simulated was explain by Paes et al as probable defects in the model
[32]. The calculated bands at 332.5, 328.7, 332.6 and 333.9 nm are observed at 328, 324, 323
and 327 respectively for the complexes 1, 2, 3 and 4 respectively. Good agreement is noted
between experimental and calculated intensities of these bands relatively to the others. For
complexes 1, 2, and 3 these bands are mainly due to HOMO to LUMO transition. For the
complex 4 the band is mainly due to transition from H-1 to LUMO. The compositions of these
transitions orbitals help to explain why these d-d/MLCT/LLCT mixed characters bands are
insensible to the modification of the R substituent. In simulated spectra only complex 4
absorbs at 316,9 and 308,2 nm. These bands are mainly ascribed to H-1->LUMO and HOMO-
>LUMO transitions. The strong contribution of cyanure and carboxylic groups to these orbitals
explain why these bands don’t appear in the simulated spectra of complexes 1, 2, and 3. The
bands calculated at 263.1 nm for complex 4 and 267.3 nm for complex 1 correspond to their
observed one at 267 nm. These bands with mixed LMCT/ILCT/MLCT character correspond
to transitions between orbitals located at dppf moiety and Ni and its first shell coordination
atoms. From the calculation for complex 1 of lambda diagnostic parameter, which is 0.24, we
can conclude that long-range charge transfer held in this transition [52]. Unlike experimental
spectra the not observable bands at 267 nm for complexes 2 and 3 the corresponding bands
are calculated with largely higher oscillator strength than the calculated one of complex 4,
which corresponds to observable band. The observable high energy bands with wave length
low then 260 nm have intensities comparable to the observed at 267 nm when they are
calculated with very low oscillator strength relatively to the calculated one about 267-263 nm.
It is to note that in the calculation, in the high energy region where the density of transitions is

large, many transitions present a lambda diagnostic parameter smaller than 0.30, indicating

20



their long range charge transfer [52]. The discrepancies between simulated and experimental
spectra should be attributed to defect in CAM-B3LYP functional.
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Figure 13: Using CAM-B3LYP Calculated electronic absorption spectra (blue
line) and digitized experimental electronic absorption spectra from ref
[23] (red line) of complex 4.

Conclusion

DFT and TDDFT modeling techniques have been used to investigate the geometry,
frontier molecular orbitals and UV-Vis spectra of Ni(ll) complexes. The influences of ligand
substitution and solvent on electronic spectra have been assessed. The geometry optimization
results are in good agreement with the experimental X-ray diffraction results. A distorted
planar square geometry of the first coordination shell of Ni ion is detected and the geometry
parameters make these optimal structures favorable for & conjugaison.

We show that for complexes 1-3, the HOMOs are located on d orbitals of the Ni atom
with some contributions of p orbitals from S atoms of the bidentate SCS ligand. The HOMO
of complex 4 is a result of the same contributions additionally to . and . over cye ones.
So, the HOMO orbital is more delocalized in complex 4 than in complexes 1-3 which can be
interpreted as a result of the substitution of dtc® by ecda®. The LUMOs have a mixed

contribution of d,,, and d,2_,2 of Ni atom, anti-bonding r*orbital of the bidentate SCS part

and mp. and ;. of pph. The calculations reveal that complexes 1-3 exhibit similar HOMO-
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LUMO gap, while complexes 4 shows a smaller one. From LUMO and HOMO energies we
infer that the studied complexes would ensure efficient dye regeneration and exhibit sufficient
driving force for electron injection in TiOz and I'/l3” environment.

Simulated and experimental spectra of these complexes show significant agreement.
As experimentally observed, computational results reveal that all complexes show several
absorption bands in UV region and a very low absorption in the visible region. DFT and TD-
DFT results help to explain the substituent effects on electronic spectra of the studied
complexes. We have assigned the observed bands to their corresponding electronic
transitions. It is pointed out that observed band at same wavelength of complexes 1 and 4
result from different transitions in the two complexes. Moreover, the calculated bands have
been shifted upon the introduction of the electron-donating substituent ecda® in complex 4

compared to the calculated spectra of complexes 1-3 containing the dtc? ligand.

Supplementary
Additional detailed data can be found in the supplementary materials: Choice of the

functional for DFT calculations, solvent effect on the simulated spectra, table of lambda

diagnostic, optimized coordinates of the complexes.
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