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Nonrelativistic and relativistic time-dependent density functional calculations have been performed on the
excited states of the [M(}imdt);] (M = Ni, Pd, Pt) compounds. These complexes are characterized by an
absorption at about = 1000 nm of rarely encountered intensity% 8000 Mt cm™t) compared to those of

similar compounds, attributed to/a— s* electronic transition between the HOMO and the LUMO. The
comparison of the calculated spectra with the experimental data allows a possible assignment of the spectra.
Our results confirm that, in all members of the series, the excited state at the lowest energy corresponds to
a HOMO— LUMO excitation and indicate that a large number of the transitions haimratigand character.

No relevant direct relativistic effects can be observed on the pattern of the excited states and on energy
differences between them as well. The main relativistic effect is due to the-nsetélir bond contraction,

which in contrast has considerable effect on the electronic structures.

1. Introduction provides a first-principle method for calculating excitation
energies and many response properties within a density func-
tional context. Two approximations are made in TDDFT
excitation energy calculations: the former is for the usual
exchange-correlation (XC) potentiak, and the latter is for the

timdt);] (M = Ni, Pd, Pt; R, R = alkyl or aryl) complexes ) oo . .
have been synthesized and fully characterizéd. XC kernelfy (the fun.ctlo(?al derivative of the XC potential with
respect to the density)t

These planar complexes are characterized by several features The relativistic effectd-12have been taken into account using

peculiar to this class of.compoun%issuch as thermal and a combined scalar relativistic (SR) ZOMRA® (zero-order
photochemical stability, existence of several reversible oxidation .
regular approximation) and TDDFT approach.

states, and intense wdNIR absorptior?# In particular, their
UV —vis—NIR spectrum is dominated by an absorption located
at about 1000 nm with unprecedented intensity~( 80 000
M~lcm1)4 In the TDDFT framework, the excitation energies and
Both the metal and the R substituents affect the NIR oscillator strengths are obtained from the solution of the
absorptionmax position, which can be tuned within the range following eigenvalue equatiofr:®
990-1030 nm. This NIR absorption candidates this class of
dithiolenes as dyes for Q-switching and/or mode-locking the QF = w.°F. (1)
Nd:YAG laser ¢ = 1064 nm) and the Nd:YLF laset & 1053 ! b
nm), and in general for possible applications in the nonlinear
optical field$

Since the first preparation in 1995 of some new neutral
dithiolenes of formula [Ni(Rtimdt),] (Rztimdt = monoanion
of dialkylimidazolidine-2,4,5-trithione], numerous [M(R;R

2. Method and Computational Details

The components of the four-index mat@x are determined

An accurate description of the excited states of these by the energies Of. the occupied and virtuals KS orbitals(
dithiolenes and the comparison with the experimental data allow and €ar €by respectlvely) f’md by the elements of the so-called
a possible assignment of the spectra. Furthermore, the analysi€UPling matrixk, containing Coulomb and XC parts:
of the molecular orbitals (MOs) mainly involved in the
transitions in terms of metal and ligand contributions shows €2, = 0,,0;0,€, — e+ 2\/(€a - ei)KiE},‘,'jbt\/(eb )
the influence of the metal on the UWis—NIR spectra.

The pattern of excited states for the [Mghindt),] [M = Ni In eq 1, w; represents the excitation energy, while the
(1), Pd @), Pt @)] complexes has been studied using time- ggcillator strengths are obtained from the eigenvectars
dependent density functional theory (TDDFP)This approach  according to Casida,these eigenvectors can be used for an
approximate description of the excited states. Here it is assumed
7 To whom correspondence should be addressed. E-mail: lelj@unibas.it. that the single determinant of the KS orbitals is a reasonable
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Two steps are involved in the TDDFT procedure: the SCF :
step, generating the KS orbitals and the respective energies, and 3\ /

the post-SCF step, solving eq 1. We have used the ALDA /N3\ —5S, /SI\C/ 1
approximation for the post-SCF step, and we have employed S—¢, |4 \M ©|1 C—s,
both the BP (proposed by Bedkefor the exchange and _ 5\5/ \S/Cz\ / X

Perdew’ for the correlation parts) and the asymptotically LB94 4 s 2 \2
(by Van Leeuwen and Baerendfsgxchange-correlation (XC)
potentials for the XC potential which determines the KS orbitals
and energies.

Relativistic calculations have been performed by combining
the scalar relativistic (SR) ZORAformalism with the TDDFT
approach. This implies that the one-electron KS orbitals and
their respective energies to be used in eq 1 are obtained by
solving the one-electron (SR) ZORA KohiSham equations.

For nonrelativistic calculations, we have used a valence
triple-¢ STO basis set with two polarization functions for main
element atoms (ADF V basis s&tgnd a triple¢ nd, (n+ I)s
basis with onerf+ I)p function for the metal (ADF IV basis
set). The cores (C, N, 1s; S, Ni,12p; Pd,1s-3d; Pt,1s-4d)
have been kept frozen.

For ZORA calculations, we have used an optimized valence
basis set that is of the same size as the ADF V (IV for the
metal) basis described above. The cores (C, N, 1s; S, M, 1s
2p; Pd, 1s-3d; Pt, 1s-4d) have been still kept frozen.

We have used both nonrelativistic and (SR) ZORA-optimized
D2an geometries of the complexes of the [Mghindt),] series.

In the geometry optimization, the usual (nonrelativistic) BP
density functional has been used.

The interaction between the two ionic ligands considered as State XC potential, we have used various approximations:
a single bianionic fragment gt) and the bivalent metal Rt generalized gradient approximation (GGA) by Betkéor
M, dye—y?2d22dy 0 2dy2(n + 1)) has been investigated by —exchange and Perdétfor correlation (BP), the VoskeWilk —
using the fragments analysis proposed by Ziegler and Rtk.  Nusair LDA potentiab® and the Beckelee—Yang—Parr
The interaction energyAE) is split into two physically — (BLYP) GGA1624 .
meaningful termg2 The best agreement with experimental dditet [Ni(Me,Pr-
timdt),] has been achieved using the BP XC potential together
with a valence tripléz STO basis set with two polarization
functions for main element atoms and a trigl&d,4s basis set

. . . with one 4p function for Ni and frozen cores (C, N, 1s; S, Ni,
AEC is known as the steric repulsion energy, whereas\fig 1s-2p) (Figure 2).

term takes_ln_to account t_h_e attractive (_)rb|tal interactions and Regarding the complexes with heavier metals, it has been
can be split into the additive contributions from the various
irreducible representatiorisof the overall symmetry group of - 4oqmetry optimization. In particular, the nonrelativistic DFT

the system. Among several possible formulations, the choice py g pHong length is rather too long compared to experimental
of these charged fragments has been considered the most suitablg. - tor the [Pd(Btimdt),], and the S-Pd—S bond angle is
for describing the final ground-state bonding situation. In fact, - qerestimated. '

this configuration has the advantage that the Pauli repulsion

Figure 1. [M(H »timdt),] neutral model dithiolenes (M Ni, 1; Pd,2;
Pt, 3; Hxtimdt = monoanion of imidazolidine-2,4,5-trithione).
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Figure 2. Percentage error for the nonrelativistic DFT (BLY&,BP,
W) Ni—S bond length (A) in complet with respect to the average
experimental value determined for [Ni(Melfimdt),].*

the

AE,, = AE° + AE,

necessary to take into account the relativistic effects in the

due to the i + 1)s atomic orbital disappears and the enmuty,
orbital acts as the acceptor orbital from the occupied ligand
fragment hg- orbitals.

In addition, we have considered the effects of relativity both
on the geometry of the complexes and on the4S€EF energy.

3. Molecular Ground State and Electronic Structure of
the M(H ztimdt) , Series

Geometries.Nonrelativistic and relativistic density functional
geometry optimizations have been performed for the [pA(H
timdt),] dithiolenes [M= Ni (1), Pd @), Pt 3)] (Figure 1).
UV—vis and NIR transitions have been computed at the
relativistically optimized geometries.

The most important relativistic effect on the geometry is
related to the metalsulfur bond length contraction. According
to ZORA calculations, the bond length contraction is almost
negligible for nickel, 0.010 A, and increases to 0.027 A for
palladium and to 0.095 A for platinum compared to the
nonrelativistic optimized distances. Thus, according to ZORA
geometry optimizations, the order in the metallfur bond
distances is PdS > Pt—S > Ni—S. The same trend is observed
in the geometry optimizations with the Pauli formalidn.
Without the relativistic bond contraction, the-A& bond length
would increase monotonically along the series.

An analogous trend has been experimentally observed for
[M(edt);] complexes (M= Ni, Pd, Pt; edt= ethylenedithiolato;
average distances 2.160, 2.305, and 2.297 A on passing from

To evaluate the best basis set and the best approximation toNi to Pt) 25

the ground-state XC functional, a preliminary study for the
geometry of complexd has been performed: the basis set was
varied from a singlé: STO basis set frozen core up to an all-
electron valence triplé-STO basis set with a single polarization
function for the metal and two for other atoms. For the ground-

Although we have no experimental data for the geometry of
complex3, the relativistic Ni-S and Pé-S bond lengths are in
good agreement with the experimental data found for [Ni(Me,-
Pritimdt),] and [Pd(Estimdt),] complexes, respectivelfTable
1).3,4
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TABLE 1: Theoretical M —S Bond Lengths (A) and SSM—S 0
Bond Angles (degrees) for the Model Compounds 1, 2, and 3

Compared with Those Reported for [Ni(Me,Prtimdt) ;] and 3ay,
[Pd(Etatimdt) ;] Complexes$ -1 "

1 2 3 4oy b LA
method NFS S-Ni-S Pd-S S-PdS PES S-PES 2 S g o,

NRDFT 2190 9453 2350 91.18 2.411 89.58
(SR)ZORA 2.179 9471 2323 9162 2316 91.06
Pauli 2178 9474 2316 9176 2296 91.44
exp? 2.163(1) 94.33(5) 2.295(2) 92.42(7)

aTaken from refs 3 and 4. No structural characterization has been
performed so far on [Pt(R;RBndt),] dithiolenes. 5byq
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Figure 4. Relativistic energy level scheme for complexe®, and3.
Only some selected frontier orbitals involved in the singlet transitions
are reported. For the sake of homogeneity, the orbital numbering of
0.40 complex3 does not include the 4f valence orbitals of Pt.

1 2 3

Figure 3. HOMO—-LUMO energy gapAE (eV) calculated at non- . . . .
relativistic (NR,®), relativistic SCF (RSCFa), relativistic geometry The LUMO Shy resulps from an antibonding lnteractlop
(RG, W) and RGFRSCF () levels. The basis set A (the IV and v between thei,; atomic orbital (10.2%, 6.8%, and 9.6% for Ni,

ADF basis sets have been used for the metal and remaining atoms,Pd, and Pt, respectively) and the empty ligandb,g- (where
respectively) and the corresponding ZORA basis set have been usedhe apex L refers to ligand fragment orbitals), mainly made up
for nonrelativistic and relativistic calculations. of the fournp, atomic orbitals of the sulfur donor atoms and,
to a minor extent, thep, of the carbon and exocyclic sulfur
The remaining bond lengths and bond angles show small atoms. The mixing between thnel,, atomic orbital and empty
changes among the members of the series and are not affecteﬁsz ligand orbitals results in a small but not negligibidack-
by relativistic corrections. The MS bond contraction is very  donation from thend,, atomic orbital into the 4% orbital,
important for the trend of the HOMOGLUMO energy gap,  which acquires a charge of 0.26, 0.20, and 0.24 e for Ni, Pd,
which should follow the observed NIR excitation energy trend. and Pt, respectively. A larger contribution from thg atomic
Both nonrelativistic and relativistic values of the HOMO orbital (39.9%, 18.2% and 19.6% for Ni, Pd and Pt, respectively)
LUMO gap at nonrelativistic geometries show an incorrect trend, is found in the 4py MO, resulting from an antibonding
i.e., the energy gap decreases along the series. In contrast, whejmteraction with the full ligands 3byg-.
the trend is calculated at relativistic geometries, it shows a  Metal-ligand 7 interactions involve the,dorbital, as well,
minimum for complex2, as experimentally observed (Figure in the by, representation.
3). This could be considered as an indirect proof of the validity  |n particular, the 3k is an antibonding MO. Its bonding
of the relativistic contribution in determining the geometry of counterpart is the 2l and the gap of the resultingbonding/
complex3. antibonding pair 2k/3bsg is ~2 eV for the three complexes.
Electronic Structure. Before dealing with the excited states Since the ¢ orbital combines almost exclusively with
of the [M(H.timdlt)] series, it is useful to describe the ground- occupied ligandz orbitals, its charge depletion is negligible
state electronic structure of these complexes, because thg1.94, 1.95, and 1.93 e for Ni, Pd, and Pt, respectively).
analysis of the energy and of the composition of the MOs isa A noteworthy contribution from the metal (40.8%, 36.8%,
good tool to get a first insight into the nature of the excited and 39.0%ndx, character for Ni, Pd, and Pt, respectively) is
states. To this purpose, we present in Figure 4 the relativistic found in the 8k orbital.
energy level scheme of the highest occupied and lowest A significant dy character (37.2%, 26.9%, and 19.7% for Ni,
unoccupied MOs of the [M(kimdt);] series and in Figure 5  Pd, and Pt, respectively) also occurs in theg6drbital (not
some MOs where the metal is mainly involved with the relative reported in Figures 4 and 5), which is the bonding counterpart
composition in terms of the K and L?~ fragment orbitals of the 8h4 one. The large energy gap-4.6, 5.5, and 6.2 eV
(where 12~ indicates the two ionic ligands considered as a single for Ni, Pd, and Pt, respectively) between theSind the 6l
bianionic fragment). MOs, and the considerable population of thgatomic orbital
All the complexes have a closed-shell ground state. Consider-in all the complexes (1.13, 1.18, and 1.11 e for Ni, Pd, and Pt,
ing the molecules lying in they plane, the HOMO is invariably ~ respectively), are indicative of a strong methdjand o interac-
the 5k, orbital, which is an almost pure liganderbital, mainly tion.
localized on thenp, atomic orbitals of the sulfur atoms and In fact, the Ziegler and Rauk energy analysis indicates the
carbon atoms of the dithiolenes core with a very low bonding individual contributionAEBs to the orbital interaction term\E;
contribution from the rf + 1)p, atomic orbital of the metal, as the largest one-(1156.6,—1231.4, and-1172.4 kJ/mol with
decreasing along the series (2.3%, 2.0%, and 1.8% for Ni, Pd,respect to the bonding energy 6f3440.0, —3355.2, and
and Pt, respectively). —3495.6 kJ/mol for Ni, Pd, and Pt, respectively), in line with

AE (eV)
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8 by, D nd, Ni: 40.8%
Pd: 36.8%
Pt: 39.0%
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Figure 5. Contribution of the metal-d atomic orbitals to the frontier molecular orbitalslf&, and3.

the analyzed donation from the ligand to the Myglorbitals. As expected, the relativistic effects mostly affect the Pt

In contrast, the orbital contribution&EB2s and AEBsq, which complex; therefore, both in the RG and RERSCF calculations

account for the weaket interaction, are negligibleAEB2s = its HOMO—LUMO energy gap is larger than that calculated

—79.6,—101.9, and—110.5 kJ/mol;AEBss = —44.5, —33.6, for the Pd complex. In the NR and RSCF calculations, the

and —45.4 kJ/mol; both for Ni, Pd, and Pt, respectively). difference between the two energy gaps becomes almost
The AEAs term contributes to thes interaction as well negligible.

(—307.4, —288.6, and—502.2 kJ/mol for Ni, Pd, and Pt,

respectively). In particular, the 1280 is an almost pure £ 4. Electronic Spectra of the [M(H,Timdt) ;] Series

with a low contribution from ther(+ 1)s atomic orbital and . .

the 94" ligand orbital. The neutral [M(R,Rimdt),] (M = Ni, Pd, Pt) complexes are

ot ; ; characterized by an intense absorption at about 1000 nm. In
traﬂ;?ern;lrﬁrr:]gtﬁén ;i)I?egd t;eaﬁy&i;rggarﬁclr:ﬂgﬁzz zi;lm((:)h;rge the se_ries of the reported d_i'_thiolenes, both the me'_tal and th_e R
(n+ 1)s orbital, whose population comes also from ligand- substituents affect the position of the NIR absorption, ranging
orbitals, in particular the 9 one (0.55, 0.49, and 0.85 e for Petween 990 and 1030 n.
Ni, Pd, and Pt, respectively). Probably the larger charge transfer W€ have referred to the UWis—NIR spectra of the [M(Et
for the Pt complex can be ascribed to the large relativistic imdt)] (M = Ni, Pd, Pt) recorded in CHglsolution for our
stabilization of therf + 1)s atomic orbital by the indirect effect ~ €Xcitation energy calculations and for the successive assignment
of the largely filled relativistically expanded d valence shell. ©f the spectra (Figure 6). Using their decomposition by means
Indeed, the nonrelativistic atomic orbital population analysis ©f Gaussian and Lorentzian curves, we have compared the
indicates that just a charge of 0.51 e is transferred to the Pt ©€XPerimental band maxima with calculated energies of transi-
(n+ 1)s orbital. As reported below, this relativistic effect is i0ns with significant oscillator strengths. .
very important for the stability of Pt complex. However, oscillator strength should be used rather qualita-
It is noteworthy that, according to the calculated MOs t|Ve|y to dIStIﬂgUISh allowed transitions from forbidden, very
composition, among the MOs contributing to singlet transitions weak transitions to ot_her excited states that also occur in the
reported below, just the 8 the 3k, the 12g, and the 4k, analyzed spectral regions.
MOs have large amplitudes on the metal. In contrast to these Assignment of the Ni Complex SpectrumTo establish the
MOs, the HOMO (5k,) and the LUMO (5hy) have a influence of the chosen XC potential, we have compared the
predominant ligand character (Figure 5). The HOMQUMO results obtained in the BP potential and in the LB94 potential
energy gap is particularly interesting, since it can be related to for the most important transitions of compléx
the energy of the intense NIR transitibnyhich shows a The compound belongs to th#y, point group, the ground
minimum for the Pd complex. configuration beingAq representation, and the pure electronic
As we have mentioned above, the correct trend is obtained transitions'Aq — By, *Ag — By, and*Ag— Bg, (z, y-, and
at relativistic geometries, with only small increases in the energy x-polarized, respectively) are orbitally and spin allowed.
gap when relativistic effects are included also at the SCF level Only the singletsinglet excitation energies to the states
(<0.05 eV). belonging to the B, and By, representations are examined,
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Figure 6. Experimental UV-vis—NIR spectrum of [Ni(Eitimdt),] recorded in CHJ solution and decomposition in Gaussian and Lorentzian
curves. Assignments of the singlet configurations involved in the electronic transitions calculated by TDDFT are evidenced. The inset contains an
enlargement of the region ranging between 550 and 950 nm.

TABLE 2: Excitation Energies (eV) Calculated for Complex TABLE 3: Selected KS Orbital Energies (eV) Calculated for

1 at LB94/ZORA and BP/ZORA Levels, along with the Complex 1
Value of —€HOMO a funci
unctional BP LB94
state LB94/ZORA BP/ZORA basis set A AB A AB
1'Bsy 1.30 (0.20) 1.44 (0.38) : a ab . _ . ab a ab . _ . .ab
2By, 1.72 (0.26) 1.99 (0.18) orbital e&f e a— < il ar Gz
31B,, 2.47 (0.08) 2.69 (0.06) 3a, —-0.94 —0.85 0.38 —5.86(13g° —5.86  0.01
11B,, 2.50 (0.00) 2.71(0.01) Llliéb —1-22 —i-gg 8-23 —Z-gg (3a)° —2-21 8-23
4'B 3.40 (0.51 3.73(0.43 g —Llo4 —L . —o. —o. .
21323 354 50.043 3.94 50_013 6y —176 —1.70 0.03 —6.81 -6.75  0.02
31B,, 3.89 (0.00) 4.02 (0.00) 6byy —-1.80 —1.73 2.29 —6.84 —6.77 2.03
51B., 3.90 (0.49) 4.20 (0.51) 8byg —4.14 —4.02 0.45 —8.88 —8.80 0.42
4'B,, 4.15(0.13) 4.38(0.12) Shyg —4.57 —4.47 0.63 —9.30 —-9.22 0.59
6'Ba 4.32 (0.05) 4.58 (0.10) Sy =520 ~5.10 —9.89 —98l
5132u 4.51 (0.00) 4.66 (0.00) aThe IV and V ADF basis sets have been used for the metal and
7'Bay 4.69 (0.04) 4.85(0.15) remaining atoms, respectiveOne s, one p, and one d diffuse
6182u 4.68 (0.00) 4.88 (0.04) functions on the four sulfur and four carbon atoms of the dithiolenes
glgw igi Eg (1)8; g% Egg(l)g core have been addetThe energy order of these two orbitals is inverse
2u : ' : : in the LB94 potential.
98y, 4.95 (0.08) 5.23 (0.03) i fhe FEES potentia
8B 5.00 (0.01 5.24 (0.00 . .
10@; 527 Eo.llg 531 E0.00% one d diffuse functions on thg fgur sulfur dono.r atoms and on
—eHomo 9.88 5.19 the four carbon atoms of the dithiolenes’ core (since these atoms

are mainly involved in the composition of the studied virtual
orbitals), both in the BP and LB94 potentials (Table 3). The
energy difference between consecutive virtual orbitals is similar
in the two potentials. Furthermore, the orbital energies are not
particularly sensitive to the radial extension of the basis set

standard GGA) potential gives remarkably good results for those orbltalls, tsu?gestlng that t?e fsttra]lecte? \f['.rt:Jal orbitals do not
states whose excitation energies are lower thama MO (or sampie the (?ng-range part ot the po _en .|a. )
—eseaOMO) and whose transitions do not involve a major _Thus, the difference between the excitation energies calculated

contribution deriving from promotion to virtual orbitals too close With the BP potential and those calculated with the LB94 may
to or above the threshold in the LDA (or GGA) potenfi&l2? be related to the different behavior of the two potentials in the

Thus, in Table 2, also the value of minus the orbital energy inner region of the molecule.

a Calculated oscillator strengths are given in parentheses.

because those relative tqBstates have very small oscillator
strengths. All the calculated spectra refer to relativistic calcula-
tion, described above. It is well-known that the LDA (or the

of the highest occupied KS orbitat-¢"OMO) is reported. An analogous analysis has been performedZ@nd 3 as
In our case, just a few calculated excitation energies in the well, confirming the above conclusions.
BP potential are close to theegpHOMO threshold, and these To analyze the experimental spectrum of [Nitndt),]
are not important for the assignment of the spectra. dithiolenes, its decomposition by means of Gaussian and

In addition, the sensitivity of the energy of the bound virtual Lorentzian function® has been performed. In particular, for
orbitals involved in the most important transitions with respect the NIR peak both a Lorentzian curve and a Gaussian curve
to the basis set has been investigated. The orbital energy hasiave been used, and the region ranging between 600 and 900
been calculated in the basis set used in the optimization (A) nm has been fitted by two Gaussian curves centered at 665 and
and in a basis set obtained by adding a set of one s, one p, and52 nm, respectively, and a Lorentzian one at 869 nm.
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Figure 7. Experimental U\*-vis—NIR spectrum of [M(Eftimdt),] (M = Pd, Pt) recorded in CHEkolutions.

In Figure 6, the experimental spectrum, its decomposition, BP potential (for the sake of simplicity, only the results
and the assignment based on the calculated excitation energiesalculated by the LB94 potential have been reported in Figure

with the largest oscillator strengths have been reported. 6).
An examination of Figure 6 shows that the fitting functions Regarding this mismatch, it is noteworthy that the excitation
correspond to calculated dipole transitions. energies involved in the above-mentioned spectral region are

Present calculations show transitions falling in the region close to the thresholere"OMO in the BP potential, so the BP
ranging between 550 and 950 nm, although they are symme[ry-FSSU'tS could be not very reliable. On the other hand, the LB94
forbidden in theD2, point group. However, the results calculated Potential generally underestimates the excitations energies with
in the two potentials do not agree about the energy order of the respect to those calculated by the standard GGA potentials. The
mentioned excited states, not allowing an unambiguous assign-composition of both BP/ALDA and LB94/ALDA solution
ment of these peaks. It is noteworthy that the two curves, fitting vectors points to a multiconfigurational character of the states
the NIR absorption peak, are both assigned to the sameunder consideration. The compositions are similar in the two
transition. In fact, our calculations do not reveal dipole-allowed potentials; in particular, they present the same predominant
transitions to excited states at energy lower than #a,lone. transitions for the calculated states. Of particular interest is the
Therefore, a possible suggestion for the NIR band assignmentexcitation to the 83y excited state, which, being dominated
might refer the Lorentzian curve to the most important vibronic by the 3g—3a, one-electron transition, from a largely metal
component of the electronic transitiéAy— Bs,, not neces-  orbital (the 3k, with 67.4% 3d; character) to a pure ligand
sarily the G-0 one, whereas the additional Gaussian curve can orbital, has a predominant metal-to-ligand charge-transfer
be referred to the remaining components of the vibronic (MLCT) character, with a minaintraligand contribution. Also
progression. in the solution vector for the B3, and 9B, excited states,

Both of the potentials used confirm the assignment of the Which have a predominairitraligand character, we find a non-
intense NIR absorption, attributed to the HOMOLUMO negligible contribution (19% and 14%, respectively, in LB94)
transition, although the excitation energy for this absorption is PY the 3Bg = 3a, transition.
better described in the LB94 potential. Since the one-electron  The excitation to the 'B,, excited state has a predominant
transition HOMO— LUMO contributes to the Bs, excited ~ MLCT character as well, due to the gb~ 6by, transition, in
state with a percentage larger than 80%, this excited state hagvhich the 6l orbital is mainly localized on the ligand.
been optimized in a spin-unrestricted calculation. The most A partial MLCT character is also found in the excitations to
relevant geometry change associated with the electronic excita-the 2By, 6'Bay, 4'Bay, 5'Bay, and 8By, states, although they
tion to the B3, excited state is the NiS bond stretching. Thus, have a prevalerintraligand character.
vibrational modes involving the MS bond might be mostly Finally, the excitations to the'Bs,, 2'B,,, and 3Bg, states
responsible for the mentioned vibronic structure. As a confirma- have a partial ligand-to-metal charge-transfer (LMCT) character
tion, it was previously pointed out, and will be thoroughly because are dominated by transitions which are from nearly pure
discussed in the section Vibrational Spectra, that the Nd:YAG ligand orbitals (8k, 10k, and 7b,, respectively) to the 8
laser excitation enhances just the mewullfur Raman-active orbital with a large, although not predominant, metal contribu-
bands>4 tion (40.8% 3¢, character).

Our calculations suggest that the band at about 450 nm should Al the transitions to the other calculated excited states have
be attributed to the two excitationdB, and 3By, although a predominantintraligand character.
the 2B, has an excitation energy too low with respect to the ~ Assignment of the Pd and Pt Complexes’ SpectraThe
experimental value. The peaks at 342 (3.62 eV), 322 (3.84 eV), spectra of Pd and Pt complexes are similar to the spectrum of
and 295 nm (4.21 eV) could be mainly attributed to thBz, the Ni complex (Figure 7). In particular, they are dominated
51Bs,, and 4By, excitations, respectively. by the very intense absorption at about 1000 nm, identified as

Finally, the absorption at 255 nm (4.86 eV) cannot be a s — xr* transition, and by intense absorption bands in the
unambiguously attributed since the LB94 and BP results do not 250-400 nm range.
agree on the excitation energies falling in this region. Hence, The calculated dipole-allowed excitation energies and oscil-
this band can be due to the transition to tAB43 excited state lator strengths of complexesand 3 are reported in Tables 4
(and in part to the 1¥Bg, one), as calculated by the LB94 and 5, respectively, together with the values resulting from the
potential, or that to the 68 and 7B, ones calculated by the  decomposition of the experimental spectrum recorded for [Pd-
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TABLE 4: Absorption Maxima Resulting from the Decomposition of the Experimental UV—Vis—NIR Spectrum of
[Pd(Et,timdt) ;] and TDDFT-Calculated Excitation Energies (eV) for Optically Allowed Excited States of Complex 8

state LB94/ZORA BP/ZORA LB94/NR BP/NR expt
11B3, 1.21 (0.26) 1.31 (0.36) 1.19 (0.24) 1.28 (0.34) 2.¢025)
2'Ba, 1.86 (0.13) 2.17(0.10) 1.82 (0.14) 2.11(0.11) 2.29 (8826)
31Bg, 2.35 (0.10) 2.55 (0.10) 2.34(0.12) 2.54 (0.12) 2.50 (8028)
418y, 3.37 (0.50) 3.71 (0.50) 3.36 (0.54) 3.70 (0.56) 3.69 (42040)
51Bg, 4.09 (0.67) 4.40 (0.58) 4.07 (0.68) 4.36 (0.58) 4.56 (60309)
6'Bay 4.36 (0.00) 4.72 (0.00) 4.36 (0.00) 4.54 (0.00)
7'Ba, 4.61 (0.06) 4.80 (0.17) 4.60 (0.05) 4.79 (0.14)
8'Bay 4.98 (0.31) 5.25 (0.22) 5.02 (0.34) 5.31 (0.23) 4.56 (60309)
9'Bs, 5.12 (0.03) 5.40 (0.00) 5.16 (0.02) 5.43 (0.00)
—¢Homo 9.85 5.16 9.85 5.16

aMolar absorptivities resulting from the decomposition of the experimental spectrurhqiid ) and calculated oscillator strengths are given
in parentheses; only the excitation energies to singlet excited states belonging tp simBietry have been reportédOnly the Lorentzian curve
has been considered for the NIR band.

TABLE 5: Absorption Maxima Resulting from the Decomposition of the Experimental UV—Vis—NIR Spectrum of
[Pt(Et,timdt) ;] and TDDFT-Calculated Excitation Energies (eV) for Optically Allowed Excited States of Complex 2

state LB94/ZORA BP/ZORA LB94/NR BP/NR expt
11Ba, 1.33(0.38) 1.41 (0.47) 1.28 (0.33) 1.36 (0.42) .@39641)
21B3, 2.34 (0.08) 2.63 (0.01) 2.17 (0.10) 2.49 (0.06) 2.41 (1131)
3'Ba, 2.45 (0.05) 2.71(0.10) 2.39 (0.09) 2.60 (0.11) 2.64 (2083)
418y, 3.42(0.33) 3.76 (0.34) 3.41(0.44) 3.75 (0.45) 3.81 (17755)
5'Ba, 4.24 (0.43) 4.58 (0.41) 4.24 (0.54) 4.56 (0.48) 4.29 (8312)
6'Bay 4.54 (0.04) 4.79 (0.06) 4.48(0.12) 4.81(0.03)
7'Bay 4.79 (0.45) 5.11 (0.16) 4.70 (0.25) 4.93 (0.39) 4.96 (22241)
8'Bay 4.86 (0.18) 5.15 (0.47) 5.01 (0.26) 5.30 (0.11)
9'Bs, 5.08 (0.00) 5.28 (0.12) 5.17 (0.00) 5.40 (0.23)
10'Ba, 5.22 (0.33) 5.49 (0.24) 5.30 (0.34) 5.56 (0.27)
— oMo 9.87 5.17 9.88 5.18

aMolar absorptivities resulting from the decomposition of the experimental spectrafnc(ivi!) and oscillator strengths are given in parentheses;
only the excitation energies to singlet excited states belonging to sheyBimetry have been reportédOnly the Lorentzian curves have been
considered for the NIR band.

(Etztimdt),] and [Pt(Egtimdt),]. We have presented both the Most of the calculated transitions involve MOs mainly
relativistic and nonrelativistic TDDFT calculations because localized on the ligand. Only the'Bs, state and the'B3, and
relativistic effects are non-negligible with heavier metals. 2'B3, states show strong participation of a MLCT transition
It is noteworthy that the four sets of results do not show the (3bzg— 3a,) and a partial LMCT transition (2/8h,, — 8byg),
same order (and compositions) of the excited states for bothrespectively. Anyway, it is noteworthy that the s3b> 3a,
complexes. However, for the Pd complex, the four sets all transition does not have a predominant MLCT character for the
agree on the lowest energy dipole-allowed transition (the Pd and Pt complexes. In addition, since thB4 state of the
HOMO — LUMO one) and on the principal states relevant for Pt complex is dominated by the 4b— 6by, transition, it has a
the spectrum assignment. non-negligible MLCT character.
In the case of the Pt complex, the differences among the four o
sets of results are much more relevant. In this case also the- Vibrational Spectra
results agree on the nature of excited states with larger oscillator To better characterize these complexes, their vibrational
strengths, and these are the same as those found for the Ni andpectra have been analyzed.
Pd complexes. Only the promotion to th&Bg, excited state The experimental IR spectra of the [M(Rtigdt),] dithio-
features a large oscillator strength for the Pt complex by both |enes in the 3500500 cni?! region are practically super-
the BP and LB94 potentials, whereas in the case of the otherimposable, because they are characterized by bands relative to
two complexes this configuration is not among the principal the ligand normal modes.
ones used in the spectra assignments based on the LB94 results. Much more interesting is the 5500 cnt? region (far-IR),
Furthermore, the 183, excited state could contribute to the where metatsulfur vibrations are observed.
absorption at 250 nm (4.96 eV) just like in the case of complex  The far-IR spectra show two main bands: the most intense
1, although the composition is different. one falls at 435(2), 427(3), and 425(3) chfor Ni, Pd, and Pt
The reasonable agreement between our results and expericomplexes, respectively; the latter falls at 380(2) and 339(2)
mental data for the Pd complex and the same assignment ofcm~1 for Ni and Pd complexes, respectively, whereas it is not
the spectrum found for all the complexes may support the visible for the Pt complef.The Raman spectra show only two
validity of the approach used. very intense peaks at 330(4) and 434(1) énfor the Ni
In fact, the complexes show a similar composition of the most complex, at 342(2) and 429(2) cthfor the Pd complex, and
important excited states, at least as far as the same predominarat 377(3) and 422(1) cni for the Pt complex. [Note: These

components are concerned. Nevertheless, tBg,2nd 3Bg, data refer to the average experimental vibrational frequencies
states of the Pt complex switch their composition in the BP recorded for [M(R,Rimdt),] dithiolenes reported in ref 4. The
potential, and the B3, state is dominated by the 4p— 6by, standard deviations have been reported in parentheses.]
transition, instead of the b— 8by, one calculated for Ni and DFT calculations can be useful to understand the nature and

Pd complexes. the type of these vibrational bands. We have calculated the
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TABLE 6: Nonrelativistic (NR) and Relativistic (R) Vibrational Frequencies (cm~1; IR Relative Intensities in Parentheses in
km mol~1) for Complexes 1, 2, and 3 Compared to the Average Experimental Vibrational Frequencies (cr) Recorded for
Several [M(R,R'timdt) ;] Dithiolenes

expt 1 2 3
mode mode descriptién Ni Pd Pt NR R NR R NR R
FIR bsy S,—M-§; 435(2) 427(3) 425(3) 431 430 421 421 421 422
Ni—Cs—N, (120.7)  (126.1)  (164.9) (161.1) (157.6)  (173.0)
bay M-S 380(2) 339(2) - 370 367 336 327 364 336
(43.7) (38.6) (8.8) (14.9) (17.5) (5.2)
by M-S 375 378 341 333 353 321
(7.0) (5.8) (5.9) (6.8) (6.2) (5.8)
Raman El M-S 330(4) 342(2) 377(3) 334 332 340 336 382 369
b1g S—Ci—N; 434(1) 429(2) 422(1) 423 423 426 425 431 427
ay S,—M-§; 429 429 425 426 429 428

N1—C3—N:2

aThe assignments are in terms of the most relevant internal coordinates (all their related-symmetry internal coordinates are not reported for the
sake of simplicity); all assignments involving three and two atoms are bending and stretching, respectively.

nonrelativistic and scalar relativistic ZORA vibrational spectra On the other hand, relativistic effects are essential in order
at ZORA-optimized geometries of the [Mgtiindt),] complexes, to reproduce correctly the geometry, in particular the #bond
with the same basis set used for the geometry optimizationslength trend, that shows a maximum value for the Pd complex,

and the BP approximation to the exchange correlation. as expected.
Table 6 reports a possible assignment of the bands described The calculated nonrelativistic and relativistic vibrational
above. spectra of the [M(Kimdt),] (M = Ni, Pd, Pt) series confirm
Our calculations confirm the previous assigneoit the the previous assignment in the-5800 cnt? region. The second

intense far-IR band, originating from thg thending mode at  far-IR peaks, previously assigned to g btretching mode, can
431, 421, and 421 cm (at 430, 421, and 422 cm in the be instead attributed to thgstretching mode on the basis of
relativistic calculations) for Ni, Pd, and Pt, respectively. The its relativistic intensity, which is in agreement with experimental
assignment of the two Raman peaks is confirmed as well, data.

deriving from the gstretching mode at 334, 340, and 382¢m
(at 332, 336, and 369 cmhin the relativistic calculations) and

’ ; 7. Experimental Section
from the big bending mode at 423, 426, and 431 Efat 423,

425, and 427 cmt in the relativistic calculations) or theya Procedures and Methods.The syntheses of the [M(R'R
bending mode at 429, 425, and 429¢ntat 429, 426, and 428  timdt),] dithiolenes mentioned in this paper have been previously
cmtin the relativistic calculations), respectively. reported® All solvents and reagents were Aldrich products, used

Regarding the second far-IR peak, it has been previbusly as purchased. All operations were carried out under a dry
assigned to a4 stretching mode. On the basis of the present nitrogen atmosphere. The degree of purity of each compound
calculations, it could originate from either thg,lor the b, has been checked by CHNS and TLC analysis. Elemental
stretching mode at 375, 341, and 353 ¢nB378, 333, and 321  analyses were performed on a FISONS EA-1108 CHNS-O
cm1in the relativistic calculations) and at 370, 336, and 364 instrument. Infrared spectra were recorded on a Bruker IFS55
cm™1 (367, 327, and 336 cnt in the relativistic calculations).  spectrometer at room temperature, purging the sample cell with
As already discussed, the experimental intensity of this band a flow of dried air. Polythene pellets with a Mylar beam-splitter
decreases along the series, and the same trend is followed byand polythene windows (56%0 cnt?, resolution 2 cm?), and
the relativistic intensities of thespstretching mode, which are  KBr pellets with a KBr beam-splitter and KBr windows (4600
38.6, 14.9, and 5.2 km mol for the Ni, Pd, and Pt complexes, 400 cnt?, resolution 4 cm?), were used.
respectively. Therefore, the second far-IR peak can be attributed  Electronic spectra were recorded with a cell of 1-cm optical
to the ly, stretching mode instead of thetone, as previously  path, on a Varian Cary 5 spectrophotometer in CH@lution
done. at 20°C in a thermostated compartment.

Computations. Quantum chemical calculations have been
carried out by using the ADF2000 packag®ensity functional

Relativistic time-dependent density functional calculations theory (DFT) and time-dependent density functional theory
have been performed on the excited state of the [Mitlt)] (TDDFT) calculations have been performed by using BP (which
(M = Ni, Pd, Pt) series. Theoretical results have been compareduses the gradient correction proposed in 1988 by Becke for the
to the UV—vis—NIR spectra of [M(Eitimdt),] dithiolenes and exchange part along with the correlation term presented in 1986
their decomposition in Gaussian and Lorentzian curves. by Perdew)®1”and LB94 (which refers to the XC potential of

Our resuh:s’ in particu|ar those related to the Pd Comp|ex' Van Leeuwen and Baerenéi%junctionals. The basis sets used
are in very good agreement with experimental data. We have for all nonrelativistic calculations are the ADF sets IV for metals
found that, in agreement with previous assignments, in all and V for the remaining atoms, and those used for all relativistic
members of the [M(ktimdt);] series the lowest excited state calculations are the ZORA sets IV for metals and V for the
corresponds to the HOME&- LUMO transition, which has an ~ other atoms (included in the ADF package).
intraligand character. All the calculated transitions show a  The basis set superposition errors (BSSHsave been also
prevalentintraligand character, which become stronger and calculated for all studied complexes. The BSSE corrections have
stronger on passing from Ni to Pt. This is also the reason a a very small influence on the bonding energies and do not
large influence of the relativistic effects is not observed on the change the relative order in the bonding energies of the jM(H
most important excited states, especially for the Pt complex. timdt),] series (relativistic bonding energies corrected for BSSE,

6. Conclusions
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—3405.7, —3356.8, and—3486.8 kJ/mol forl, 2, and 3,
respectively).

Furthermore, the excited states of the [Ni(RijRdt),] dithio-
lenes (R= H, R = CHs), with the two R groups in the trans
position, have been calculated. This complex belongs t€the

point group, so some electronic transitions that are forbidden

in the Dy, point group become accessible in this lower
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negligible oscillator strengths, confirming the good choice of
the model complexes used in the present calculations.
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