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VIP Description of the Ground-State Covalencies of the Bis(dithiolato)

Transition-Metal Complexes from X-ray Absorption Spectroscopy and
Time-Dependent Density-Functional Calculations

Kallol Ray,"”! Serena DeBeer George,'! Edward I. Solomon,'*! Karl Wieghardt,*!*! and

Frank Neese*!"!

Abstract: The electronic structures of
[M(L®),]-  (LP*=3,5-di-tert-butyl-1,2-
benzenedithiol; M =Ni, Pd, Pt, Cu, Co,
Au) complexes and their electrochemi-
cally generated oxidized and reduced
forms have been investigated by using
sulfur K-edge as well as metal K- and
L-edge X-ray absorption spectroscopy.
The electronic structure content of the
sulfur K-edge spectra was determined
through detailed comparison of experi-
mental and theoretically calculated
spectra. The calculations were based
on a new simplified scheme based on
quasi-relativistic time-dependent densi-
ty functional theory (TD-DFT) and
proved to be successful in the interpre-
tation of the experimental data. It is
shown that dithiolene ligands act as

Introduction

Transition-metal dithiolenes play important roles in the cat-
alysis of a variety of formal oxygen-transfer reactions at the

noninnocent ligands that are readily
oxidized to the dithiosemiquinonate(—)
forms. The extent of electron transfer
strongly depends on the effective nu-
clear charge of the central metal, which
in turn is influenced by its formal oxi-
dation state, its position in the periodic
table, and scalar relativistic effects for
the heavier metals. Thus, the com-
plexes [M(L®),]” (M=Ni, Pd, Pt) and
[Au(LP"),] are best described as delo-
calized class III mixed-valence ligand
radicals bound to low-spin d® central

Keywords: density functional calcu-
lations - dithiolenes - S ligands -
transition metals - X-ray absorption
spectroscopy

metal ions while [M(L®),]- (M=Cu,
Au) and [M(L®"),]*” (M=Ni, Pd, Pt)
contain completely reduced dithiola-
to(2—) ligands. The case of [Co(L®"),]
remains ambiguous. On the methodo-
logical side, the calculation led to the
new result that the transition dipole
moment integral is noticeably different
for S;,—valence-m versus S;,—valence-
o transitions, which is explained on the
basis of the differences in radial distor-
tion that accompany chemical bond
formation. This is of importance in de-
termining experimental covalencies for
complexes with highly covalent metal-
sulfur bonds from ligand K-edge ab-
sorption spectroscopy.

active sites of pyranopterin molybdenum and tungsten en-
zymes!"! and in specific model systems.?! Understanding the

enzymatic reaction mechanisms or design of new functional
materials should be based on a thorough understanding of
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the electronic structures of the active sites of the bioen-
zymes. Consequently, a large number of transition-metal di-
thiolene complexes have been synthesized and subjected to
detailed physical characterizations.!

The most characteristic feature of transition-metal dithio-
lene complexes derived from d'- metals is the existence of
an electron-transfer series, the members of which are inter-
related by reversible one-electron steps.”) Initial develop-
ments in the dithiolene field, which have been summarized
by McCleverty,™ led to the recognition and experimental
realization of the three-membered, planar series as shown in
Scheme 1, with M=Ni, Pd or Pt, in which the terminal

ML), I M(L)1

= [M(L),]

Scheme 1.

members are diamagnetic and the monoanion has an S=1/2
ground state. In this series L?~ represents the benzene-1,2-
dithiolato ligand. Mono- and dicationic members of a five-
membered® series are conjecturable, with the latter involv-
ing M" bound to two ligands in the 1,2-dithiobenzoquinone
form. However, no species of the types [M(L),]'*?* have
been detected so far.

The known ambiguities in the limiting descriptions of the
metal and ligand oxidation states are summarized in
Scheme 2. While the structural and electronic properties of
the dianions are consistent with the indicated M"—dithiolate
description, the ground states of the monoanion and the
neutral complexes pose intriguing electronic structure prob-
lems. The [M(L),]- and the related [M(L"®),]” and [M-
(L®"),]” complexes have been interpreted differently in
terms of the presence of a M™ jon bound to two dithiola-
to(2—) ligands™ or a M" ion bound to both the dithiola-
to(2—) and dithiobenzosemiquinonato(—) forms of the

ligand.”) Here LM® and L™ refer to commercially available
4-methyl-1,2-benzenedithiol and Sellmann’s®  3,5-di-tert-
butyl-1,2-benzenedithiol ligands, respectively. The neutral
complex can also be formulated in at least three different
ways (Scheme 2). Possibility I would feature a high valent
central metal ion and is the formulation preferred by Sell-
mann and co-workers in similar complexes.[*'! Formulation
II corresponds to the formulation of Gray et al.” in a series
of related compounds and favors a diradical formulation,
while formulation Il corresponds to Holm’s suggestion®
and is based on ionic resonance structures involving dithio-
benzoquinone and benzene-1,2-dithiolate(2—) forms of the
ligands. Density functional calculations for related com-
pounds, though similar in outcome, have been interpreted
differently in favour of one alternative or the other.”!
Proper determination of the electronic structure of the
transition-metal dithiolene complexes requires identification
of structural and spectroscopic features that allow the un-
equivocal detection and characterization of dithiobenzo-
semiquinonate(—) radical ions in coordination complexes.
Many authors!"'?l have attempted to discern between a di-
thiolato(2—) and its monoanionic radical form in a given
complex by their crystallographically determined structural
parameters. The underlying assumption has always been
that the phenyl ring has either six equidistant C—C bonds in
a thiolate or displays a quinoidal distortion with two alter-
nating shorter C=C bonds and four longer ones in the radi-
cal form and, in addition, the C—S bonds were assumed to
shrink upon oxidation of a dianionic thiolate to a mono-
anionic radical. This behavior had been firmly established
for the corresponding complexes that contain catecholates
and semiquinonates.”® This is, in part, a misconception for
the sulfur analogues. The structures of the phenoxyl and
thiyl radicals have been calculated by theoretical meth-
ods."™) The results show that the expected structural
changes in comparison with their closed-shell phenolate and
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Scheme 2. The three oxidation levels of benzene-1,2-dithiol ligand and depictions of the limiting ligand and metal oxidation levels for planar members of

the electron transfer series [M(L),]" %"
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thiophenolate forms are only observed for the phenoxyl but
not the thiyl radicals. This observation is due to the fact that
the spin-density distribution of the radicals differs. In the
phenoxyl moiety only 38% of the spin density resides on
the oxygen atom, 24% is found at each of the two ortho-
carbon atoms, and 32 % is at the para-carbon. In contrast, in
the thiyl radical 68 % of the spin density resides at the sulfur
atom and only 32 % is delocalized over the ortho- and para-
positions of the phenyl ring. Consequently, the six C—C dis-
tances in a thiyl radical more closely resemble those of the
aromatic thiolate analogue, but the C—S bond is slightly
shorter at 1.75 A. Therefore, structural parameters may be
of only limited value for the identification of the redox state
of benzene-1,2-dithiolate ligands in a given complex.

The problem of correctly understanding the electronic
structure of the ground state of the transition-metal dithio-
lenes is thus a nontrivial problem and insights from sophisti-
cated experiments are a prerequisite for progress in the
field. In particular, the ground-state formulation has a bear-
ing on the reactivity of such complexes, since Stiefel and co-
workers have found that similar compounds can selectively
and reversibly bind olefins!"®! with potentially large impact
on industrial olefin separation processes. Clearly, the ques-
tion whether ligand radicals persist in such complexes or not
is at the heart of the formulation of a correct reaction mech-
anism.

In a series of previous publications"*>!71% from our group
we have elucidated in detail the electronic structures of the
transition-metal dithiolenes involving the (L)*~, (L®%)*" and
(LM)*~ ligands by experimental, DFT, and correlated ab
initio methods. It has been shown that the ligands in such
complexes readily undergo one-electron oxidation, yielding
S,S’-coordinated dithiobenzosemiquinonato (S-centred) radi-
cal (=) monoanions (L'~, LP"", or LM*"). Spectroscopic
markers for such radical ions have been assigned as follows:
1) presence of intense ligand-to-ligand charge-transfer bands
in the near infrared region and 2) for complexes involving
the LB ligands, an intense IR band at ~1100 cm .

Quantum chemical studies"’® have also been performed
to analyze the origin of the IR band at ~1100 cm ™. The re-
sults show that the band originates from a C—S stretch; how-
ever, the IR intensities have to be viewed with caution,
since they strongly depend on substituent effects, and the in-
tensity mechanism is indirect. In contrast, the corresponding
totally symmetric resonance Raman band, also observed at
~1100 cm ™', is found to have an electronic origin related to
radical character of the dithiolene ligands, and hence pro-
vides a reliable vibrational indicator of the open shell char-
acter. However, it is still important to obtain insight into the
electronic structure of dithiolenes from more direct experi-
mental probes of open-shell character. In this respect, ligand
K-edge X-ray absorption spectroscopy (XAS) is an ideal ex-
perimental method for probing the radical character of the
transition-metal dithiolenes."®'! In the case of sulfur, a
ligand K-edge results primarily from an electric dipole al-
lowed S1s—4p transition, the energy of which will depend
on the effective nuclear charge on the sulfur. At lower
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energy additional features may occur that correspond to
transitions to unoccupied antibonding orbitals with sulfur 3p
character. In transition-metal sulfur complexes, pre-edge
features are observed, which correspond to transitions to
molecular orbitals formed by metal-3d-ligand-3p interac-
tions. The intensity of the pre-edge features depends on the
extent of 3p mixing, and thus can be used as a measure of
covalency.”™ This method has been used extensively to
obtain insight into the sulfur-ligated active sites in blue
copper proteins, CuA, Fe—S proteins, and NiSOD (SOD =
super oxide dismutase).?!! It has also been applied to numer-
ous model systems, including [Ni(Me,C,S,),]*”"™ com-
plexes.'’] These studies showed that the acceptor orbitals of
the [Ni(Me,C,S,),]”™ series possess greater than 50%
sulfur character. Therefore, the bonding description is said
to be “inverted”, with dithiolene valence orbitals lying at
higher energy than the Ni d-orbital manifold. This exempli-
fies the noninnocent behavior of dithiolene ligands in many
metallodithiolene complexes.

In this work, an extensive combined experimental XAS
and DFT study of a series of bis(dithiolene) complexes is re-
ported in order to obtain direct insight into the sulfur-radi-
cal character of the systems under investigation. In addition
to sulfur K-edge XAS, we have also performed a number of
measurements on various metal edges to substantiate the
conclusions drawn from the sulfur K-edges. In interpreting
the experimental results we have made use of a new, simple
but nevertheless effective DFT-based technique, which al-
lowed the direct calculation of the sulfur K-pre-edge region
of the XAS spectra. In general, the agreement between
theory and experiment is excellent and greatly aided in the
quantitative interpretation of the experiments in terms of
metal-ligand covalencies and open-shell character. Thus, the
present study complements our previous combined experi-
mental and theoretical efforts to obtain insight into the
nature of metal-radical interactions in coordination com-
pounds,'***1722] and adds the dimension of XAS spectros-
copy to the previously employed arsenal of experimental
techniques.

Experimental Section

Sample preparation: The [M(L®"),]- (M=Ni, Pd, Pt, Cu, Co, Au) and
the neutral [Au(LP"),] complexes were synthesized as described in refer-
ences [15b] and [17]. The neutral [M(L®"),] (M =Ni, Pd, Pt) complexes
were generated electrochemically by one-electron oxidation at a control-
led, fixed potential of +0.2 V versus Fc*/Fc at —25°C of a solution con-
taining the corresponding monoanionic [M(L®"),]~ (M=Ni, Pd, Pt) com-
plexes in 1.5 mM concentration in CH,Cl, (5 mL; 0.10m [N(nBu),]PFy).
The [M(L®"),]*” (M=Ni, Pd, Pt) complexes were also generated electro-
chemically by one-electron reduction at a controlled, fixed potential of
—1.2'V versus Fct/Fc at —25°C of a solution containing the correspond-
ing monoanionic [M(L""),]” (M=Ni, Pd, Pt) complexes in 1.5 mm con-
centration in CH,Cl, (5 mL; 0.10m [N(nBu),]PF,) under totally anaerobic
conditions.

All monoanionic forms of the Au, Ni, Pd, Pt, Co, and Cu complexes (and
the neutral Au complex) were run as both solids and as solution in di-
chloromethane. In all cases the solid and solution data were essentially
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identical, and here only the data on the solid monoanionic complexes are
presented. For the [M(L®"),]*" and [M(L"®"),] (M=Ni, Pd, Pt) complexes,
spectra in CH,Cl, are reported. For the S and metal K-edges (Co, Ni,
Cu) and metal L-edges (Au and Pt) XAS measurements the concentra-
tions were ~1.5 mm. Samples were loaded in an inert atmosphere glove
box and immediately frozen in liquid nitrogen. Samples were maintained
at temperatures of —60°C or lower (for S K-edges) and 10K for all
metal K-edge (Co, Ni, Cu) and L-edge (Au, Pt) measurements. Co, Ni,
and Cu L-edge measurements were made only on the monoanionic com-
plexes as solids.

X-ray absorption spectroscopy and measurements and data analysis: All
data were measured at the Stanford Synchrotron Radiation Laboratory
under ring conditions of 3.0 GeV and 60-100 mA. All S K-edge data
were measured by using the 54-pole wiggler beam line 6-2 in high mag-
netic field mode of 10 kG with a Ni-coated harmonic rejection mirror
and a fully tuned Si(111) double crystal monochromator. Details of the
optimization of this setup for low-energy studies have been described
previously.® All solid samples were measured at room temperature as
fluorescence spectra. Samples were ground finely and dispersed as thinly
as possible on Mylar tape to minimize the possibility of self absorption
effects. Solution samples were loaded by mans of a syringe into an alumi-
num block with a 6-um-thick polypropylene window and measured at
—60 to —90°C using fluorescence detection. Data represent 2-6 scan
averages. All samples were monitored for photoreduction throughout the
course of data collection. The energy was calibrated from S K-edge spec-
tra of Na,S,0;5H,0, run at intervals between sample scans. The maxi-
mum of the first pre-edge feature in the spectrum was fixed at
2472.02 eV. A step size of 0.08 eV was used over the edge region. Data
were averaged, and a smooth background was removed from all spectra
by fitting a polynomial to the pre-edge region and subtracting this poly-
nomial from the entire spectrum. Normalization of the data was accom-
plished by fitting a flattened polynomial or straight line to the post-edge
region (2490-2740 eV) and normalizing the post-edge to 1.0.

Co, Ni, and Cu L-edge data were measured by using the 31-pole wiggler
beam line 10-1 by using a spherical grating monochromator set at
1000 linesmm ' with 20-40 um entrance and exit slits. Samples were
finely ground and spread across double-adhesive conductive carbon tape,
which was attached to either an aluminum (for Cu samples) or a copper
(Co and Ni samples) paddle. The data were measured at room tempera-
ture as total electron yield spectra utilizing a Galileo 4716 channeltron
electron multiplier as a detector. Three to four scans were measured in
order to check reproducibility; the presented data represent a single
scan. CoCOj;, NiF,, and CuF, spectra were used as energy calibration and
were run at intervals between Co, Ni, and Cu sample scans, respectively.
The maximum of the L; edges were assigned as follows: 779.3 eV for
CoCOs;, 852.7 eV for NiF,, and 930.5 eV for CuF,. In all cases, a linear
background was fit to the pre-edge region and was subtracted from the
entire spectrum. Normalization was accomplished by fitting a straight
line to the post-edge region and normalizing the edge jump to 1.0.

Co, Ni, and Cu K-edge and Au and Pt L; XAS data were measured on
unfocused bend magnet beam line 2-3 or focused 16-pole wiggler beam
line 9-3. A Si (220) monochromator was utilized for energy selection.
The monochromator was detuned 50% (for beam line 2-3) to minimize
higher harmonic components in the X-ray beam (for beam line 9-3 a har-
monic rejection mirror was present). All solid samples were prepared as
dilute matrix in boron nitride, pressed into a pellet and sealed between
38 um Kapton tape windows in a 1 mm aluminum spacer. Solution sam-
ples were loaded into 1 mm Lucite XAS cells with 6 um polypropylene
windows and then frozen immediately by immersion in liquid nitrogen
prior to data collection. Samples were maintained at 10 K during data
collection by using an Oxford Instruments CF1208 continuous flow liquid
helium cryostat. Data were measured in the transmission mode. Internal
energy calibrations were performed by simultaneous measurement of the
appropriate metal reference foil placed between a second and third ioni-
zation chamber. The first inflection points were assigned to 7709.5,
8831.6, 8980.3, 11920.0, and 11563.0 eV for Co, Ni, Cu, Au, and Pt foils,
respectively. Data represent two to six scan averages and were processed
by fitting a second-order polynomial to the pre-edge region and subtract-
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ing this background from the entire spectrum. A three-region cubic
spline was used to model the smooth background above the edge. The
data were normalized by subtracting the spline and normalizing the post-
edge 1.0.

Computational methods: All calculations in this work were performed
with the electronic structure program ORCA.*! The method for predict-
ing S and Cl K-edge spectra will be described in detail in a separate pub-
lication. Briefly, the method consisted of the following elementary steps:

1) Following a ground-state DFT calculation with the BP86 function-
al,”’**! the S-1s orbitals were localized if there are several symmetry
equivalent sulfur atoms in the molecules (“sudden approximation”).

2) The TD-DFT equations were solved in the standard way?’ with the
slight modification that only excitations out of the localized sulfur
1 s-orbital were allowed.

3) Since the absolute calculated transition energies show large errors
due to a variety of reasons including shortcomings in the treatment
of relativity and shortcomings of the DFT potentials in the core-re-
gions, it was necessary to establish a constant shift for each element
studied; this shift was applied to the transition energies.

Using the combination of methods and basis sets described below a value
of 61.22 eV was established for sulfur.

We carefully studied the effects of changing the basis set, functional,
charge-compensation treatment, and different scalar relativistic correc-
tions that were all implemented into the ORCA package. The protocol
below turned out to be the most successful combination for the predic-
tion of S (and Cl) K-edge spectra: The simulated spectra contained both
dipole- and quadrupole contributions, and scalar relativity was included
by using the ZORA method™ in the modification described by van
Wiillen.™ Large uncontracted Gaussian basis sets derived from the
well-tempered basis sets of Huzinaga® were used at the metal and sulfur
centers. For the remaining atoms we used the all-electron polarized
triple-£ (TZVP)®! Gaussian basis sets of the Ahlrichs group, but uncon-
tracted them in order to allow for a distortion of the inner shell orbitals
in the presence of the relativistic potential. Since the compounds studied
in this work are mostly anions, we carried out the calculations in a dielec-
tric continuum using the conductor like screening model (COSMO).!
CH,Cl, (¢=9.08) was used as solvent. Spin unrestricted calculations were
performed for all the complexes.

Experimental Results

Au complexes—S K-edges: Figure 1A shows a comparison
of the S K-edge data for the monoanionic and neutral Au
complexes. The S K-edge of [Au(L®"),]” shows a single in-
tense pre-edge peak at 2471.18 eV (with an integrated area
of 1.89 units, Table 1). The S K-edge of the [Au(L""),]” com-
plex clearly shows two pre-edge features, a lower energy
feature at 2469.8 eV (with an area of 0.70 units) and a
higher energy feature, similar to the monoanionic complex,
at 2471.12eV (with an area of 1.56 units, Table 1). The
rising edge inflection point of the [Au(L?"),]° complex is
shifted 0.25eV to higher energy than in the monanionic
complex.

Au complexes—Au L-edges: Figure 1B shows a comparison
of the Au L;-edge data. The complexes show small changes
in the white line and continuum structure, but the rising
edge inflection points are essentially identical.

Chem. Eur. J. 2007, 13,2783 -2797
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Figure 1. Comparisons of the normalized S K-edge (A) and Au L;-edge
(B) data for [Au(L®"),]” and [Au(L®"),]".

Table 1. Comparison of calculated and experimentally determined XAS
spectra for the series of dithiolenes studied.

Transition Area Exptl Calcd
energies [eV] oscillator oscillator
Caled(+61.22) Exptl strengths  strengths

(x10HE (x10%HP!

[Ni(L),]” 2469.68 2469.78 0.629 634 5.60

2470.90 2470.77 1.090 11.17 12.70

[PA(L),]- 2469.59 2469.61 0718 7.4 6.60

2471.17 247140 1.160 11.89 13.30

[Pt(L),]~ 2469.88 2469.98 0.660  6.66 6.50

2472.00 247230 1220 12.51 11.20

[Au(L),]° 2469.80 2469.80 0.704  7.10 7.10

2471.18 247112 1.560 16.00 16.00

[Au(L),] 2470.83 2471.18 1.890 19.38 15.40

[Cu(L),]" 2469.85 2470.05 1.520 15.59 17.00

[Ni(L),]* 2470.76 247081 0.652  6.69 10.80

[PA(L),]* 2470.83 24714 11.70

[Pt(L),]*~ 2471.40 24721 L 10.80

[Co(L),]" 2469.68 2470.16 0.659  6.48 6.00
2470.06

2471.30 247077 1.161 11.90 11.50

[Ni(S,C,Me,),]”  2469.97 2470.00 0.539  5.44 5.80

2470.98 2471.00 1.295 13.30 12.40

[Ni(S,C,Me,),]*~  2470.94 247120 1320 13.53 10.50

[a] [Au(L),]" calibrated oscillator strengths. [b] Dipolar oscillator
strengths. [c] Feature is not well-resolved from edge and therefore accu-
rate areas cannot be obtained.

Ni, Pd, Pt monoanionic complexes—S K-edges: Figure 2
shows a comparison of the S K-edge data for [Ni(L®),]",
[PA(L®"),]", and [Pt(L®),]". All three complexes clearly
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Figure 2. Comparison of the normalized S K-edge data for [Ni(L""),]",
[PA(L®),]", and [Pt(L®"),] .

show two pre-edge features (Table 1), a weaker low-energy
feature and a more intense high-energy feature. The intensi-
ty of the lowest energy feature increases slightly on going
from [Ni(L®),]” to [Pd(LB"),]” and then decreases slightly
for the [Pt(L"),]” complex, while the highest energy pre-
edge feature increases in intensity across the series. The
transition energy of the lowest energy peak changes by less
than 0.4 eV across the series, while the higher energy feature
increases by ~1.5eV on going from [Ni(L®),]” to [Pd-
(LP),]" to [PE(L™),] .

Ni, Pd, Pt dianionic complexes—S K-edges: A comparison
of the S K-edge data for [Ni(L®"),]*", [Pd(L?®"),]*", and [Pt-
(LB%),]*~ is given in Figure S1. All three complexes show
only a single pre-edge feature, which increases in energy
across the series, from 2470.8 to 2471.4 to 2472.1 eV for the
Ni, Pd, and Pt complexes, respectively. For the Pd and Pt
complexes the pre-edges are not well-resolved from the
rising edge, and hence the areas are not reported.

Ni monoanionic, dianionic, and neutral complexes—S K-
edges. Figure 3 gives a comparison of the S K-edge data for

2.04
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Figure 3. Comparison of the normalized S K-edge data for [Ni(L®"),]",
[Ni(L®"),]7, and [Ni(L®"),]*".
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[Ni(LB),]*", [Ni(L®"),]", and [Ni(L®"),]°, showing very simi-
lar trends to those observed in reference [10]. All three
complexes exhibit a pre-edge feature at ~2471 eV, with sim-
ilar intensity for the [Ni(L®"),]” and [Ni(L®"),]’ complexes,
and a decreased intensity for the dianionic complex
(Table 1). In addition, the [Ni(L®%),]” and [Ni(L®"),]’ both
exhibit a lower energy pre-edge peak at ~2470 eV, with an
~30% increase in intensity (Table 1) observed upon oxida-
tion of the [Ni(L®"),]” complex to [Ni(L®"),]°. The rising
edge position increases by ~0.3 eV on going from the di-
anionic to the monoanionic to the neutral complex.

Ni monoanionic, dianionic, and neutral complexes—Ni K-
edges: Figure 4 shows a comparison of the normalized Ni K-
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Figure 4. Comparison of the normalized Ni K-edge data for [Ni(L®),]",
[Ni(LE"),]~, and [Ni(L®"),]*". Inset shows an expansion of the pre-edge
and shakedown region of the spectra.

edge data for [Ni(L®),]°, [Ni(L®"),]", and [Ni(L®"),]*". All
three complexes have essentially identical pre-edge transi-
tion energies at ~8332 eV (inset Figure 4). However, there
are small changes in rising edge energies (8340-8350¢eV)
and more pronounced changes in the 8334-8340 eV “shake-
down” region.

Pt monoanionic and dianionic complexes—Pt L;-edges: Fig-
ure S2 shows a comparison of the normalized Pt L;-edges of
the [Pt(L®),]~ and [Pt(L"),]*~ complexes. The virtually
identical rising edge positions indicate that the effective
charge on the metal has not changed.

Ni, Co, Cu monoanionic complexes—S K-edges: A compari-
son of the S K-edge data for [Ni(L®"),]” complex (described
above) to the [Co(LP"),]” and [Cu(L®"),]” complexes is
shown in Figure 5. Fit parameters are summarized in
Table 1. The S K-edge of [Cu(L®),]” has a single pre-edge
peak at ~2470.0 eV, with an integrated area of 1.52 units
(Table 1). The [Co(LP"),]” complex requires two features to
fit the pre-edge at 2470.16 and 2470.77 eV (Table 1). The
rising edge energy and shape for the [Cu(L®"),]” and [Co-
(L®"),]” complexes are very similar, while the rising edge of
the Ni complex (at ~2473.6 eV) decreases in intensity and
shifts to slightly higher energy.
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Figure 5. Comparison of the normalized S K-edge data for [Cu(L®"),]",
[Ni(L™),]", and [Co(L™),] .

Co, Cu monoanionic complexes—metal K- and L-edges:
Figure 6 shows the normalized Cu L-edge data for [Cu-
(L®%),]~ as compared to that of D,,-[CuCl,]*". The L, and L,
energies have increased by =2.5eV relative to Dy,
[CuCl,]*" and the intensity has decreased by ~30 %, consis-

[Cu(L™),]"
[cu'(cn,)”

Normalized Absorption
w

920 930 940 950 960
EnergyleV

Figure 6. Normalized Cu L-edge data for [Cu(L""),]~ compared to that of
Dy-[CuCL .

tent with the changes previously observed for Cu'/Cu™

complexes.®!! Cu K-edge data were also obtained (Fig-
ure S3) and also show an increase (~1eV) in the pre-edge
and rising edge energy relative to that of typical Cu" com-
plexes.

The Co L- and K-edge data for [Co(L®"),]” were obtained
and the spectra are provided in the Supporting Information
(Figure S4). The Co K-edge data are similar in pre-edge and
rising energy to that of known sulfur-ligated Co™ complexes,
while the Co L-edge data appear intermediate between that
of characterized Co" and Co™ complexes.

Computational Results

All calculations have been performed for [M(L),]° com-
plexes containing the unsubstituted benzene-1,2-dithiolato
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L* ligand. The results are then compared with the experi-
ments done on the corresponding [M(L?"),]* complexes con-
taining the 3,5-di-tert-butyl-benzene-1,2-dithiolato  LB**~
ligand.

Electronic structure: The electronic structures of the
[M(L),]* complexes with M=Ni, Pd, Pt, Co and Cu for z=
—1 and M= Au for z=0 have been considered in detail be-
fore.">171% Tt has been shown that the electronic spectra of
such complexes can be well explained in terms of a simpli-
fied molecular orbital (MO) picture (Figure 7). While the

:ﬂ <

s 1b,,

!!-@'LS‘., R =S
MECY - este

1a,
Figure 7. Simplified MO scheme for the [M"(L)(L)]" (M=Ni, Pd, and
Pt) and [Au"(L)(L’)] complexes with a spin doublet ground state. For
the [Co(L),]” complex the ground state is spin triplet with the 2b;, and
2b,, orbitals singly occupied. The corresponding [M"(L),]*” (M=Ni, Pd,
and Pt), and [Cu"(L),]” complexes are diamagnetic with the 2b,, orbital
doubly occupied.

la, and 1b,, orbitals in Figure 7 represent pure ligand orbi-
tals; the 2b,,, 2b;, and the 1b,, orbitals are shown to be delo-
calized over the metal and the ligand orbitals. The question
of metal versus ligand oxidation in a series of transition-
metal dithiolenes has thus been found to be dependent on
the extent of delocalization in the redox active 2b,, orbital,
which is an antibonding combination between the ligand b,,
and the metal d,, orbitals. Its character is mainly controlled
by the effective nuclear charge of the central metal ion in-
volved.

In the valence-isoelectronic [M(L),]” (M=Ni, Pd, Pt) and
[Au(L),] complexes, with the electron configuration (1a,)*
(1b,,)*(2b3,)*(2b,,)'(1b,,)", the b,, orbital is predominantly
ligand-based owing to the high effective nuclear charge of
the metal. The electronic structures of these complexes!™*®!
have been described as being dominated by a closed-shell
low-spin d® center metal bound to a delocalized class-II1
mixed valence radical anionic ligand as described by the res-
onance structures [M"(L)(L")] —[M"(L")(L)]” (M=Ni, Pd,
and Pt) and [Au™(L)(L")]«[Au™(L)(L)] (L'~ represents the
one-electron oxidized radical anionic ligand). On the other
hand, the electronic structures of the isoelectronic [M(L),]*"
(M=Ni, Pd and Pt; L> represents the benzene dithiolato
ligand) and [Cu(L),]” complexes with the electron configu-
ration (1a,)’(1by,)’(2bs,)*(2b,,)*(1b,,)" are best described as
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[M"(L),]>"* and [Cu"(L),] "™ respectively. In all cases,
the high-lying o-antibonding metal d,,-based MO 1b,, is too
high in energy to be able to accept an electron from the li-
gands. A subtle case was met in [Co(L),]” with the ground-
state  electronic  configuration  (1a,)’(1b;,)*(2bs,)!(2by,)’"
(1b,,)°."7 In this case, the 2b,, orbital possesses nearly
equal metal and ligand characters and correspondingly, the
electronic structure!'’ has been proposed to be best repre-
sented by the resonance forms [Co™(L)(L)]«~
[Co(L)(L)] = [Co(L)(L)].

Calculation of sulfur K-edge X-ray absorption spectra

Methodological aspects: It has been previously established
that the analysis of the intensities of pre-edge transitions at
the ligand K-edge provides a direct experimental method to
address the covalencies of metal-ligand bonds."*?’! In a
recent study,'” sulfur K-edge X-ray absorption spectroscopy
(XAS) was used to probe the ground-state wavefunctions of
the [Ni(Me,C,S,),]*™ complexes, which are directly rele-
vant to the results of the present work. As discussed in
detail earlier,® the oscillator strength of a given transition
in the pre-edge region of the S (and Cl) XAS spectrum
(apart from a proportionality constant) may be factored into
two contributions: 1) the fractional sulfur (chlorine) charac-
ter in the acceptor MO (a? referred to as “covalency”) and
2) the radial transition-dipole integral I(S)=|<S|r|Ss;,>|%
Since I(S) depends on several factors addressed below, it
has been found necessary to determine its value for different
types of bonding situations (R—S~, R-S-S-R, S*~ etc) sepa-
rately before values of o” can be determined from the areas
under the experimental XAS absorption curves.

In the case of the [Ni(Me,C,S,),]>” " complexes, the tran-
sition dipole integral has been determined from the correla-
tion of sulfur 1s—4p XAS edge energy positions of sulfide-,
thiolate-, and enedithiolate. The M—L covalencies (a*) were
then determined on the basis of the relationship, D,=(A/
3n)a?I(S), in which D, is the oscillator strength per sulfur
atom, A is the ground state degeneracy, n is the number of
S atoms contributing to the pre-edge feature (n=4 in the
present case).'”) For all the three oxidation states, the analy-
sis revealed more than 50 % sulfur character in the acceptor
orbitals demonstrating the noninnocent behavior of the di-
thiolene ligand. The experimental covalencies were also cor-
related with DFT calculations to obtain further insight into
geometric structure, spin distribution, spin polarization, and
reactivity of the complexes."”!

A critical point in the analysis is the value of the radial in-
tegral I(S). Neither this value nor the value of a” is a physi-
cal observable. However, their product is directly related to
the oscillator strength which is an observable. Since there
always is an ambiguity in any factorization of an observable
quantity, it is difficult to judge the accuracy of this method-
ology in the quantitative estimation of the metal-ligand co-
valencies. In this work, we have therefore chosen a different
approach and directly calculated the physically observable
quantity, for example, the oscillator strengths of the ob-
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served transitions. We apply the factorization of I(S) and o’
after the correlation of the calculated and experimental os-
cillator strengths has been established. However, one still
has to choose a reference complex for which the calculated
metal-ligand mixing is accepted as reasonable before semi-
empirical estimates of metal-ligand covalencies can be
made for the remaining compounds. To this end we apply a
rather simple but surprisingly successful TD-DFT based pro-
tocol that has been established from studying a series of
simple metal-chloride complexes. Details of the calculations
are described under “Computational methods”.

Au Complexes—S K-edges: Figure 8 gives a comparison be-
tween the experimental and the TD-DFT-calculated S K-
edge XAS spectra for the monoanionic and the neutral gold
complexes. For the neutral [Au(L?"),] complex two pre-edge
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B
Q
[
g 0 T T T T
T 29 Exptl
S ¢
S
£
& 11
=
o T T T T
2468 2469 2470 2471 2472

EnergyleV

Figure 8. Experimental (bottom) and calculated (top) XAS spectra for
the [Au(LP"),]™ complexes obtained from scalar relativistic ZORA-
BP86 TDDFT calculations as described under “Computational meth-
ods”.

transitions are calculated at energies of 2469.80 and
2471.17 eV, respectively, with an intensity ratio of 1.00:2.25.
This is in excellent agreement with the experimentally ob-
served transitions at 2469.80 and 2471.12 eV (intensity ratio
1.00:2.21). Owing to the agreement between the calculated
and experimental results, the neutral [Au(L®),] complex
was further used as a reference for the conversion of experi-
mentally determined peak areas to experimental oscillator
strengths, which can then be directly compared with the cal-
culated values. The results are summarized in Table 1 and
show, with a few exceptions, very good agreement between
the theoretical and experimental values. One of the less suc-
cessful results has been met in the monoanionic [Au(L®"),]~
complex. In agreement with the experimental results, a
single pre-edge transition is calculated. However, the calcu-
lations significantly underestimate the intensity of this tran-
sition, as is apparent from Figure 8.

Ni, Pd, Pt monoanionic complexes—S K-edges: Figure 9 rep-

resents the calculated XAS spectra for the [M(L?"),]” M=
Ni, Pd, and Pt) complexes and their comparison with the ex-
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Figure 9. Experimental and calculated XAS spectra for the [M(L""),]
(M =Ni, Pd, and Pt) complexes obtained from scalar relativistic ZORA-
BP86 TDDFT calculations as described under “Computational meth-
ods”.

perimental spectra. Two pre-edge transitions are predicted
for each of the complexes, in agreement with the experimen-
tal results. For all three complexes, the transition energies of
the two pre-edge peaks, their splittings, and their intensities
are very well reproduced in the calculations (compare
Figure 9, and Table 1).

Co, Ni, Cu monoanionic complexes—S K-edges: As shown
in Figure 10, the calculated pre-edge transitions for the [M-
(L®"),]” (M =Co, Cu, and Ni) series are in reasonable agree-
ment with the experimental results. For the [Co(L?"),]” com-
plex three pre-edge transitions are calculated at 2469.68
(fre=1.9x107%), 2470.06 (fo.=4.1x10"*), and 2471.30 eV
(fose=11.5x107%), respectively. However, experimentally

2.3{ Caled [Cu(L®“)]

[Ni(LB").]” [Co(LBY)

Normalized Absorption

0.0 T T r .
2468 2469 2470 24N 2472
Energy / eV

Figure 10. Experimental and calculated XAS spectra for the [M(L),]”
(M=Co, Ni, and Cu) complexes obtained from scalar relativistic ZORA-
BP86 TDDFT calculations.
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only two pre-edge transitions are observed at 2470.16 (f,,.=
6.48x107") and 2470.77 eV (f,,.=11.90x107*). A plausible
explanation is that the small splitting of ~0.4 eV is simply
not resolved in the experiments and hence a single peak at
2470.16 eV has been considered in the fitting. Note that the
sum of the oscillator strengths for the first two calculated
transitions (6.0x107*) is in good agreement with the experi-
mental oscillator strength for the first pre-edge transition in
[Co(L®"),]” (6.48x10°*). The third transition is calculated
~0.6 eV too high in energy, which, based on the experience
gained so far, is on the high side of the typical errors ob-
served in the calculations. For the [Cu(L®"),] complex, a
single pre-edge transition is calculated at 2469.85 eV (fi,.=
17.0x107*), which is in good agreement with the experimen-
tally observed transition at 2470.05 eV (f,. =15.59x107%).

Ni monoanioinic, dianionic, and neutral compolexes—S K-
edges: The relative trends in energy and intensity for the
[Ni(LB),]>"~ complexes are all well reproduced by TD-DFT
calculations (Figure 11 and Table 1). The calculations have
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Figure 11. Experimental and calculated XAS spectra for the [Ni(L""),]
complexes obtained from scalar relativistic ZORA-BP86 TDDFT calcu-
lations as described under “Computational methods”.

not been extended to the neutral [Ni(L®"),]°. As explained
previously,™® the ground state of this system features signif-
icant diradical character that cannot be adequately de-
scribed in a single determinantal framework. Consequently,
a linear-response treatment based on an inadequate ground
state cannot be expected to yield reasonable results for ex-
cited states for which the intricate problems related to mul-
tideterminantal character are usually amplified in electroni-
cally excited states.

[Ni(Me,C,S,),P"™" S K-edges: Since the previous study on
the [Ni(Me,C,S,),]*"" complexes!'”! differed in significant
details in the data analysis and interpretation to the present
study, our calculations were extended to the [Ni-
(Me,C,S,),]* " series. The calculated XAS spectra for the
monoanionic [Ni(Me,C,S,),]” and the dianionic [Ni-
(Me,G,S,),]*~ complexes are shown in Figure 12. For the
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Figure 12. Calculated XAS spectra for the [Ni(S,C,Me,),]>”~ complexes
obtained from scalar relativistic ZORA-BP86 TDDFT calculations as de-
scribed under “Computational methods”.

monoanionic complex two pre-edge transitions are calculat-
ed at 2469.97 and 2470.98 eV, respectively, with an intensity
ratio of 1:2.24. These transitions are experimentally ob-
served at 2470.0 and 2471.0 eV, (intensity ratio 1:2.41),
which must be considered as excellent agreement between
theory and experiment. Interestingly, the SOMO to LUMO
covalency ratio is calculated to be 1.23, which is in agree-
ment with the results of the previous calculations. However,
the covalency estimated from the pre-edge data of [Ni-
(Me,C.S,),]™ by using the Z corrected transition dipole in-
tegral in reference [10] gave a reverse SOMO to LUMO co-
valency ratio (0.83) with respect to the calculations. This ap-
parent discrepancy is resolved by the present calculations,
which are in full agreement with experiment. The pre-edge
transition for the dianionic [Ni(Me,C,S,),]*~ complex is cal-
culated at a slightly lower energy and intensity relative to
the values found by experiment, but the results are still rea-
sonable. For the neutral complex no calculations were per-
formed, owing to the limitations of the TD-DFT methodolo-
gy in dealing with diradical systems alluded to above.

Discussion

Bonding description: Previously, it has been established that
XAS spectra of transition-metal complexes with partly filled
d-shells display intense pre-edge features in the region of
the ligand K-edge that can be attributed to transitions from
ligand 1s core electrons into delocalized MOs which are
shared between the metal and the ligands."*?! In the recent
work™” these ideas were applied to the case of square-
planar bis(dithiolene) ligands in order to obtain quantitative
insights in their noninnocent nature. As developed ear-
lier,'*171% and as evident from the bonding scheme shown
in Figure 7, the 2b,,, 2b,,, and 1b,, orbitals are important in
the bonding description of these transition-metal complexes,
since they represent the half-occupied or empty low-lying
metal- and ligand-based MOs that can be probed by ligand
K-edge XAS. Thus, in the pre-edge region of the S K-edge
XAS spectra, transitions from the sulfur 1s levels to these

www.chemeurj.org — 2791


www.chemeurj.org

CHEMISTRY—

F. Neese, K. Wieghardt, et al.

A EUROPEAN JOURNAL

orbitals dominate the observed features. The 1b,, orbital
(antibonding combination of M nd,, and the bis(dithiolene)
b,, orbitals) provides an efficient pathway for the ligand-to-
metal o donation, whereas the 2b;, (antibonding combina-
tion of the M 3d,, and the bis(dithiolene) bs, orbitals) and
2b,, (antibonding combination of the M 3d,, and the bis(di-
thiolene) b,, orbitals) orbitals account for the metal-to-
ligand m-electron back-donation. This super-exchange path-
way has been found to be dominant for the highly efficient
antiferromagnetic coupling in the neutral, diradical bis(o-di-
iminobenzosemiquinonato) (L") transition-metal complexes
[MY(LN)(LM)] (M=Ni, Pd, Pt),*® which have closely analo-
gous electronic structures to the analogous bis(dithiolene)
complexes studied here. The diamagnetic [M(L),]* (M=Ni,
Pd, Pt for z=2—; M=Cu, Au for z=1-) complexes possess
the ground state electronic configuration (1a,)’(1by,)*(2bs,)*
(2by,)*(1b,,)". A single pre-edge transition is observed in the
XAS spectra,'”! which is assigned to a sulfur 1s to 1b,, tran-
sition (referred to as a “o transition”) on the basis of the
TD-DFT calculations. In contrast, two pre-edge transitions
are observed in the XAS spectra of the spin doublet
[M(L)(L))* (M=Ni, Pd, Pt for z=—1; M=Au for z=0)
complexes with the ground-state electronic configuration
(1a,)’(1b,,)*(2bs,)*(2b,,) ' (1by,)". The higher energy feature
again corresponds to the sulfur 1s to 1b,, transition. The ap-
pearance of a second lower energy pre-edge feature in the
[M(L)(L)J* complexes is attributed to a sulfur 1s to 2b,,
transition (referred to as a “m transition”).!” The corre-
sponding [Co(L),]” complex possesses a spin triplet ground
state with an electronic configuration of (1a,)’(1by,)*(2bs,)'-
(2by,)'(1b,)". Due to the presence of an additional (S3p)
hole in the 2b;, orbital, the three pre-edge transitions (two w
and one o) can only be resolved experimentally as two
peaks—a low-energy peak corresponding to the two m tran-
sitions and a higher energy peak corresponding to the o
transition.

Figure 13 establishes the correlation between the experi-
mental and the calculated results for the complexes. A
linear dependence between the experimental peak area and
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Figure 13. Experimental pre-edge area versus ZORA BP86 TDDFT cal-
culated dipole contribution plot for the complexes.
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the calculated oscillator strength is observed for all com-
plexes except the monoanionic [Au(L),]” and dianionic
[Ni(L),]*" complexes, for which the dipolar intensities have
been largely underestimated and overestimated, respective-
ly, in the calculations. Moreover, the calculated oscillator
strengths for the 2b,, 2b,, and 1b,, transitions show an
almost exact linear dependence on the amount of S3p char-
acter (based on a Lowdin partitioning analysis) in the parti-
ally occupied acceptor MOs in all of the [M(L),]* complexes
(Figure 14), in agreement with the results of previous exper-
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Figure 14. ZORA BP86 TDDFT calculated dipole contribution versus
percentage S3p character per hole plot for o (V¥; slope=0.144) and =
transitions (m; slope =0.120) in [M(L""),]* complexes.

imental and theoretical studies."®*") The slope of this plot
will then yield the transition dipole integral, I(S), for the
benzenedithiol ligand. It is most interesting to observe, that
the present study reveals that the dipole integrals obtained
in this way are lower for the m transitions than for the o
transitions, as reflected by the 20% decrease in the slope.
The dependence of I(S) on the acceptor orbital is particular-
ly important for quantitative measures of S3p character in
highly covalent complexes. This is a new result, since in pre-
vious studies, the transition dipole integral has been as-
sumed to depend only of the effective charge on the sulfur
and to be independent of the acceptor orbital.

Our rationale for the observed dependence is analogous
to the previous analysis of anisotropic “central-field” cova-
lency in transition-metal complexes: based on the funda-
mental results of Riidenberg and co-workers,*" atomic orbi-
tals in bonding MOs tend to contract, while those in anti-
bonding orbitals tend to expand in order to maintain the en-
ergetic balance required by the virial theorem. The degree
of radial distortion depends on the amount of overlap be-
tween the constituent atomic or fragment orbitals. There-
fore, it is not entirely surprising, that & and o bonds differ in
their degree of radial distortion and this is naturally reflect-
ed by the calculated oscillator strengths. The present analy-
sis indicated that the orbitals involved in the m transitions
are more contracted than those involved in the ¢ transitions,
which is consistent with the fact that these orbitals are less
strongly antibonding than their ¢ counterparts involved in
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the 1b;, MO. Consequently, the value of /(S) is considerably
smaller for a & relative to a o transition.

These results indicate that different standards are necessa-
ry for o and m pre-edge transitions in order to accurately
quantify the covalency of the valence orbitals of the
[M(L),]* complexes; this fact is of particular importance for
highly covalent complexes, in which the difference in the
radial distortion of m versus o bonds will be most pro-
nounced. Once more, the neutral [Au(L),] complex will be
used for this purpose, since the calculations accurately re-
flect the trends in transition energy and intensity in this
case. Based on this reasoning, 1.56 units of o pre-edge inten-
sity correspond to 110% sulfur 3p character over the two
1b,, holes (e.g. 55% sulfur character in the 1b,, orbital).
Likewise, 0.704 units of m pre-edge intensity correspond to
60 % sulfur 3p character in the 2b,, (or 2b,) hole. Based on
these values a semiempirical estimate of metal-ligand cova-
lencies is obtained for the remaining complexes in the
[M(L),]* series. The results are summarized in Table 2.

Table 2. Calculated and experimental covalencies for the complexes.

Transitions Experimental Calculated
covalency! covalency
[Ni(L),]~ S—2b,, 53.6 47.9
S—1b,, 76.8 84.6
[Pd(L),] S—2b,, 61.1 56.0
S—1by, 81.8 94.0
[Pt(L),] S—2b,, 56.2 56.7
S—1by, 86.0 82.0
[Au(L),]’ S—2b,, 60.0 60.0
S—1by, 110.0 110.0
[Au(L),]” S—1by, 1332 109.2
[Cu(L),]” S—1b,, 107.1 115.2
[Ni(L),]* S—1by, 459 77.6
[Ni(L),] S—2b,, 76.7 (vl
S—1by, 74.0
[PA(L),]* S—1by, Ll 88.2
[Pt(L),]*~ S—1b,, (el 83.1
[Co(L),]~ S—2bs, 56.1 52.5
S—2b,,
S—1by, 81.8 80.0
[Ni(S,C,Me,),]~ S—2b,, 46.2 51.2
S—1by, 91.2 83.4
[Ni(S,CMe,),*™ S—1by, 93.0 76.8

[a] Neutral [Au(LP"),]° calibrated experimental covalency. [b] Calcula-
tions were not performed. [c] Feature is not well-resolved from edge and
therefore accurate areas (covalencies) cannot be obtained.

Au complexes: The pre-edge intensity of the monoanionic
[Au(LP"),]~ complex corresponds to 133 % of S3p character
(a?). In the calculation, however, the S3p character (109 %)
of the 1b,, level is underestimated. For the neutral [Au-
(L®%),] form, the pre-edge intensity of the high- and low-
energy pre-edge features give 110 and 60% of S3p charac-
ter, respectively. The total ligand character is, in fact, larger
due to the non-negligible contributions from the C and H
atoms in the aromatic ring. (10-30%; Table S1). The oxida-
tion of [Au(L®"),]", thus, creates an additional hole in the
2b,, level with more than 50 % of S3p character. This means
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that, upon oxidation of the monoanionic form, more than
50% of the electron density is lost from a sulfur-based orbi-
tal, which is consistent with a predominantly ligand based
oxidation of the [Au(L®"),]™ couple. This is in agreement
with the results of the previous EPR, '’ Au Méssbauer, and
DFT studies on the [Au(L®),]™ complexes.*®>!" The
ligand-based oxidation is further supported by the ~0.25 eV
increase in the S K-rising-edge inflection point on going
from the monoanionic (2473.0eV) to the neutral
(2473.25 eV) complex, and also from the identical Au L;-
rising-edge inflection points in [Au(L®"),]~ and [Au(L""),].

Ni, Pd, Pt monoanionic complexes: The [M(L),]- (M=Ni,
Pd, Pt) complexes possess a common ground state *B,,, with
an electronic configuration of (1a,)’(1b;,)*(2bs,)*(2by,)'-
(1b,,)". All three complexes show two pre-edge features; a
lower energy feature corresponding to a sulfur 1s to 2b,,
transition and a higher energy feature assigned to a sulfur 1s
to 1by, transition. The calibrated experimental covalencies
yield more than 50% of S3p character in the singly occu-
pied molecular orbital (2b,,, SOMO) for each of the Ni, Pd,
and Pt monoanions (Table 2). Thus the SOMO is predomi-
nantly ligand-based, which is consistent with the findings of
our previous studies on the [M(L®"),]” complexes, in which
their electronic structure has been described in terms of an
M" d@® ion bound to both the dithiolato(2—) and the dithio-
benzosemiquinonato(—) forms of the ligand.!'®>'1 The
lowest unoccupied molecular orbital (1b;,, LUMO) is, how-
ever, predominantly metal-based in the whole series
(Table 2). The energy of the lower energy pre-edge transi-
tion to the 2b,, level is therefore independent on the central
metal ion, and does not change significantly (Figure 9)
across the [M(LP"),]” series. The pre-edge transition to the
1b,, orbital, on the other hand, shows dramatic changes
(Figure 9) in energy as the effective nuclear charge of the
central metal ion is increased. Consequently, this higher
energy S K-edge XAS feature in the series directly provides
insight into the strength of the metal-ligand o bonds. The
bond strengths increase with increasing transition energy,
which reflects the increasing destabilization of the 1b;, orbi-
tal through increased metal-ligand interactions.

Experimentally, a decrease in the SOMO covalency in the
order [Pd(L),]”>[Pt(L),]”>[Ni(L),]” is observed (and a
similar trend is observed for the dianionic complexes across
this series, Figure S1). This trend is also nicely reproduced
in the calculations (Table 2). This supports the “inverted-
bonding scheme” for the complexes, in which the ligand or-
bitals are situated higher in energy than the metal d orbitals,
as has been suggested previously by Szilagyi et al. for similar
complexes.'”! In the present study, this dependence is formu-
lated in terms of increasing radical character of the bis(di-
thiolene) ligand which, as described in reference [15b], exist
in a delocalized class III mixed valence situation in these
monoanions.

Ni monoanioinc, dianionic, and neutral complexes: The in-
tensity of the only observed pre-edge peak in the dianionic
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[Ni(L®"),]* complex corresponds to 46% S3p, character,
while, for the monoanionic form, the high- and low-energy
pre-edge features give 77% S3p, and 54 % S3p, character,
respectively. Finally, the intensities of the high- and low-
energy features in the neutral [Ni(L®),] complex corre-
spond to covalencies of 74 % S3p, and 77 % S3p, character,
respectively. Based on the MO picture shown in Figure 7,
the calculated covalency of the 1b;, orbital increases on
going from the dianionic to the monoanionic complex, in
good agreement with the pre-edge data. On a quantitative
level (Table 2), the calculations on the [Ni(L®"),]*~ dianion
significantly overestimate the ligand character in the 1b,, or-
bital (78 %) compared to the experimental estimate (46 %).
The calculated covalencies (85, 48%) for the monoanionic
complex are, however, in quite good agreement with the ex-
perimental values (77, 54 %). In any case, the frontier orbi-
tals of the [Ni(L®"),]*'° complexes have mainly S-ligand
character, which is in agreement with the results of the
study by Szilagyi et al.'”! The 0.3 eV shift of the edge posi-
tions to higher energy in going from the dianionic to the
monoanionic and to the neutral complex further supports
the ligand based redox processes in the [Ni(L®),]*” series.

To confirm this conclusion from the perspective of the
central metal atom, an additional set of XAS data was mea-
sured at the Ni K-edge. The spectra of the [Ni(L®),]>”'~"
complexes possess essentially identical pre-edge transition
energies (/8332 eV, inset in Figure 4), indicating that the
effective nuclear charge on the metal is similar in all the
three complexes. Comparison to known Ni! complexes?
shows all three edges to be slightly more oxidized than typi-
cal Ni" complexes with similar ligation. For the [Ni(L®"),]”
and [Ni(LB"),]° complexes, the rising edge regions (8340
8350 eV) are essentially identical, further supporting a simi-
lar oxidation state on the metal in both complexes. Howev-
er, for the [Ni(L®"),]*” complex, the rising edge has shifted
down by ~0.4 eV, indicating that the metal in this complex
may be more reduced than that of the monoanionic and
neutral complexes. In addition, there are pronounced
changes in the spectra in the 8334-8340 eV region. The
shoulder that appears in this region is assigned as a 1s-to-4p
and ligand-to-metal charge-transfer (LMCT) shakedown
transition. This is formally a two-electron transition, which
occurs due to the relaxation of primarily metal-based levels
below that of the primarily ligand-based levels due to the
formation of a Nils core hole. This feature increases by
~1.0 eV on going from the dianionic to monoanionic to the
neutral complex. Even if one accounts for the 0.4 eV shift
observed in the rising edge of the [Ni(LB"),]>~ complex,
there is still a 0.6 eV change that is not accounted for and
this may be attributed to changes at the ligand. In particular,
the increase in the shakedown transition energy on going
from [Ni(L®*),]*" to [Ni(L®"),]” to [Ni(L®"),]’ is consistent
with increasing ligand oxidation, which would lower the
ligand 3p orbitals and result in a shakedown feature at
higher energy. This trend further supports the primarily
ligand-based redox processes in this series of nickel com-
plexes.
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Co, Ni, Cu monoanionic complexes: Three pre-edge transi-
tions are calculated for the [Co(L®"),]” complex correspond-
ing to sulfur 1s to 2bs, 2b,,, and 1b,, transitions (Table 1).
The first two transitions occur at similar energies and are
not resolved in the experimental spectra. The calculated
combined S3p, character of the 2b,, and 2b;, orbitals in
[Co(LP"),]™ is 53% (18 % for 2b,, and 35% for 2b,,), which
is in good agreement with the experimentally estimated co-
valency of 56% from the intensity of the low-energy pre-
edge feature in [Co(L®"),]”. The higher energy pre-edge in-
tensity leads to an estimate of 82 % of LUMO (1b,,) o cova-
lency compared to 80 % obtained in the calculation. It is in-
teresting to compare this data to the results obtained for
[Ni(LB"),] . In this case, the experimental covalencies of the
2b,, and 1b,, orbitals have been estimated to be 54 and
77 %, respectively (vide supra). Thus, experimentally a con-
siderable increase in the m covalency is observed upon going
from the [Co(L®"),]” complex (56 % of S3p, character over
two holes) to the [Ni(L®"),]” complex (54 % of S3p, charac-
ter over a single 2b,, hole). This result confirms the notion
that the radical character in the Ni series is considerably
higher than in the case of a central cobalt ion and is also
nicely reproduced in the calculations (Table 2). A S3p char-
acter of 107% over the two 1b;, holes has been estimated
for the corresponding [Cu(L®"),]” complex in reasonable
agreement with the calculated covalency of 115%. It is of
interest to note that the rising-edge energy and shape for
the [Cu(LP"),]” and [Co(L""),]” complexes are very similar,
while the sulfur 1s—C—S o* transition of the Ni complex (at
~2473.6 eV) decreases in intensity and shifts to slightly
higher energy. This indicates that the ligand in [Ni(L®"),]” is
more oxidized than that of the corresponding cobalt and
copper complexes. All of these results are in agreement with
the earlier conclusions™™ that the monoanionic copper
complex features an essentially innocent ligand, while the
case of cobalt is ambiguous.

To further corroborate this assignment, an additional set
of XAS data was obtained at the Cu L-edge. The XAS spec-
trum of [Cu(LP"),]” shows an increase in the Cu L;,-edge
energies by ~2.5 eV relative to that of [CuCl,]*~ (Figure 6),
thus supporting the previous Cu™ oxidation state assignment
for this compound. It is of interest to note that the L; and
L, intensities decrease dramatically in the [Cu(L?"),]” com-
plex relative to [CuCl,]*". This decrease in intensity, despite
the formation of an additional d-hole, reflects the highly co-
valent nature of the [Cu(L®"),]” complex, which must be ex-
pected for the oxidation state Cu™ ligated by thiolate sulfur
atoms. Indeed, the highly covalent nature of the Cu"-S,,
bond has been extensively discussed for the blue copper
proteins.*®* as well as for Cu, centers."*¥*# Finally, Co
K- and L-edge data of the [Co(L®"),]” complex have been
obtained. On a phenomenological level, they lead to con-
flicting assignments of the oxidation state of the central Co
ion. The K-edge data support a Co" assignment, while the
latter appear intermediate between Co" and Co™; however,
without a full multiplet analysis, which is beyond the scope
of the present work, a definitive assignment cannot be made
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and we take these results, together with the extensive set of
theoretical and experimental data obtained previously,'™ as
an additional indication that the oxidation state of Co is am-
biguous in [Co(L®"),] .

Conclusions

The most important goal of the present investigation is the
experimental quantitation of ground-state covalencies in a
series of square-planar bis(3,5-di-tert-butyl-benzene-1,2-di-
thiolato) transition-metal complexes, based on S K-edge
XAS pre-edge intensities. The analysis together with the
considerable body of previous work”1%**17 reveals that
the question of metal versus ligand oxidation in such com-
plexes can be addressed by comparing the covalency of the
redox-active 2b,, orbital (an antibonding combination of the
metal d,, and out-of-plane ligand-rt orbitals with significant
sulfur contribution). The present work complements previ-
ous structural, electrochemical, EPR, absorption, MCD and
resonance Raman investigations.'">!”) Here, quantitative es-
timates of the open-shell character of the dithiolate ligands
have been achieved though XAS spectroscopy at the ligand
K-edge together with complementary measurements at the
metal K- and L-edges. The data were analyzed by direct
TD-DFT-based calculations of the XAS spectra. The calcu-
lated transition energies and intensities are, with a few ex-
ceptions, in very good agreement with the experimental
values. Semiempirical estimates of the metal-ligand covalen-
cies are then made considering the neutral [Au(L®"),] com-
plex as a reference, for which the calculated metal-ligand
mixing is considered to be reasonable. Thus, the present
study deviates in an important methodological aspect from
previous interpretations of S K-edge data.l>?!l All previous
studies are based on the factorization of the oscillator
strengths into a factor coming from the metal-ligand mixing
(o) and a radial transition dipole integral I(S). These stud-
ies have obtained a value of I(S) experimentally (using
other spectroscopic methods) for a given type of sulfur (thi-
olate, sulfide, dithiolene, etc.) and extrapolated this to the
metal-ligand complex based on shifts in the rising-edge en-
ergies. In the present work, we have used the fact that nei-
ther I(S) nor a® represent physical observables, but that
their product is proportional to the oscillator strength which
is an observable. Consequently, we have applied the factori-
zation a posteri after the calculation of the oscillator
strengths.'%?! In taking this approach, it was found that for
the present series of molecules, it is necessary to introduce
two distinct values for I(S)—one for 1s—o (1b;, acceptor
MO) transitions and one for 1s—m (2b,, or 2b;, acceptor
MOs) transitions. The change in I(S) has been plausibly at-
tributed to the different degrees of radial distortion of the
sulfur 3p orbitals, which is particularly important in highly
covalent o and 7 bonds.

Based on the combined experimental and theoretical esti-
mates, insight into the noninnocent nature of the dithiolate
ligand in the series of [M(L®),]"~ complexes has been ob-
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tained. The results of the semiempirical estimates show
more than 50% S3p character for the 2b,, SOMO of the
monoanions of Ni, Pd, and Pt as well as the neutral Au com-
plex. Thus these complexes are best viewed as delocalized
class III mixed-valence ligand radicals coordinated to a
closed-shell low-spin d® central metal; the radical character
(or the percentage S3p character in the 2b,, SOMO), how-
ever, decreases in the order [Au(L®"),]~[Pd(L®"),]” > [Pt-
(LP),]” > [Ni(L®"),]". This is attributed to the variation in
the d orbital energies relative to the ligand, which in turn is
dependent on the Z.; and the relativistic potential that
mainly influences the energetic position of the d-shell at the
central metal ion. The situation may be explained in a
simple way by reference to Figure 15, in which the calculat-

@
14 [Cr(L),0]'-
©

3 7 [Fe(L),l>-
3 ] Ligand- by, =+
g — @ Orbital
w -4 [CD(L)Z]‘ @ @

= NiL,” @ @ [Py,

5] [Cu(L),]*- [Pd(L)I" o

[Au(L),]

Figure 15. Calculated energy of the metal d,. orbital relative to the ligand
7*-b,, orbital energy for the different complexes in the [M(L),]"" series.

ed energy of the metal d,, orbital relative to the ligand st*-
b,, orbital energy is plotted for the different complexes in
the [M(L®"),]* series. Due to the high effective nuclear
charge of the Pd" and Au™ ions, the metal d,, orbitals in
[PA(L®"),]” and [Au(LP"),] are situated at very low energy
so that the metal-ligand mixing is minimal, providing maxi-
mum ligand character (~60% S3p character in the SOMO)
to the complexes. In the corresponding [Co(L""),]” complex,
however, the Co d,, orbital is situated at a comparable
energy to the ligand orbital providing considerable metal-
ligand mixing in the 2b,, SOMO (45% S3p character).
Thus, as deduced from extensive previous studies,'” an am-
biguous case is met in [Co(L®"),]” in which the oxidation
state of the central cobalt cannot be unambiguously as-
signed. For all metals before Co in the first-row transition-
metal series, the metal d,, orbital is predicted to be at a
higher energy than the ligand orbital. Metal-based redox
processes are thus expected for their bis(dithiolene) com-
plexes. This has been found to be the case in the previous
studies on the [Fe(L®),]> " and [CrO(L®"),] " com-
plexes. The only reason that the redox chemistry does not
occur in the case of [Cu(LP"),]” is the electron count—the
acceptor d,, orbital is filled in the case of a Cu™ with a d®
configuration and the only possible acceptor orbital at the
copper atom, the d,, based by, orbital, is energetically inac-
cessible. Thus, despite the high effective nuclear charge of
the central Cu'™ oxidation of the ligand does not occur.
Taken together, we believe the present study provides de-
tailed insight into the covalencies and bonding descriptions
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of transition-metal dithiolenes. We hope that these insights
will prove useful in further characterizing the biological
Mo~ and W-dithiolenes and biologically relevant model
complexes, and therefore help to address the questions of
whether the dithiolene ligand, in such compounds, could
possibly act as a noninnocent ligand, which would certainly
have significant implications for the reactivity of such sites.
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