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We report a density functional theory (DFT) study of the magnetic circular dichroism (MCD) spectra for four
molybdenyl complexes: [MoOCl4]~, [MoO(S;CsHy4),], [(Tp*)MoO(bdt)], and [(L3S)MoO(bdt)] (Tp* = hydrotris
(3,5-dimethyl-1-pyrazolyl) borate; L3S = (2-dimethylethane-thiolate)bis(3,5-dimethylpyrazolyl)-methane; bdt =1,2-
benzenedithiolate). The simulation of the temperature dependent MCD-bands (C-terms) that give rise to the spectra
was performed using a method based on time-dependent DFT. In this method, the C-parameters are calculated by
including spin—orbit perturbations. On the basis of the theoretical calculations, new or additional assignments are
made for the MCD spectra of the complexes; specially for [(L3S)MoO(bdt)], for which case only tentative assignments

of the excitations have been proposed in recent years.

Introduction

Molybdenyl ((MoOJ*") complexes have been studied exten-
sively to investigate the relation between molecular geo-
metry, electronic structure, and reactivity of molybdenum com-
plexes.' > For the prototype complex [MoOCl,]~ there is a
considerable body of both theoretical and experimental studies
on the excitation energies,*” and electron paramagnetic reso-
nance (EPR) parameters.*” About 30 years ago, it was found
that enzymes like molybdenum hydroxylases appeared to faci-
litate oxo-transfer reactions.'® Around the late 90’s, the struc-
tures of the active site of various molybdoenzymes were deter-
mined via X-ray crystallography.''~'* Since then, multiple

*To whom correspondence should be addressed. E-mail: ziegler@
ucalgary.ca.

(1) Garner, C. D.; Hill, L. H.; Mabbs, F. E.; McFaden, D. L.; McPhail,
A.T.J. Chem. Soc., Dalton Trans. 1977, 853.

(2) Garner, C. D.; Kendrick, J.; Lambert, P.; Mabbs, F. E.; Hillier, I. H.
Inorg. Chem. 1976, 15, 1287.

(3) Garner, C. D.; Hill, L. H.; Mabbs, F. E.; McFaden, D. L.; McPhail,
A.T.J. Chem. Soc., Dalton Trans. 1977, 1202.

(4) Garner, C. D.; Lambert, P.; Mabbs, F. E.; King, T. J. J. Chem. Soc.,
Dalton Trans. 1977, 1191.

(5) Boorman, P. M.; Garner, C. D.; Mabbs, F. E. J. Chem. Soc., Dalton
Trans. 1975, 853.

(6) Nemykin, V. N.; Basu, P. Inorg. Chem. 2003, 4046.

(7) Wang, F.; Ziegler, T. Mol. Phys. 2004, 102, 2585.

(8) Patchkovskii, S.; Ziegler, T. J. Chem. Phys. 1999, 11, 5730.

(9) Hadt, R. G.; Nemykin, V. N.; Olsen, J. G.; Basu, P. Phys. Chem.
Chem. Phys. 2009, 11, 10377.

(10) Holm, R. Chem. Rev. 1987, 87, 251.

(11) Kisker, C.; Schindelin, H.; Pacheco, A.; Wehbi, W.; Garret, R.;
Rajagopalan, K.; Enemark, J.; Rees, D. Cell 1997, 91, 973.

(12) Li, H.; Temple, C.; Rajagopalan, K.; Schindelin, H. J. 4m. Chem.
Soc. 2000, 122, 7673.

(13) McAlpine, A.; McEwan, A.; Bailey, S. J. Mol. Biol. 1998, 275, 613.

(14) Enemark, J. H.; Cooney, J. J. A.; Wang, J.-J.; Holm, H. R. Chem.
Rev. 2004, 104, 1175.

(15) Sugimoto, H.; Suyama, K.; Sugimoto, K.; Miyake, H.; Takahashi, L.;
Hirota, S.; Itoh, S. Inorg. Chem. 2008, 47, 10150.

pubs.acs.org/IC Published on Web 06/02/2010

efforts to create structural and functional analogues to the
active site of the molybdoenzymes have been undertaken.'*~ ¢
The active site of the mononuclear molybdoenzymes features
an oxo group (Mo =0) binded to the metal and at least one
pyranopterindithiolate entity. This molybdopterin cofactor
closes a five-membered ene-1,2-dithiolate chelate ring.'* Mole-
cules which contain the molybdenyl species as well as one
([(Tp*)MoO(bdt)]) or two ([MoO(S,C>Hy),] ") 1,2-dithiolate
ligands have been synthesized and their structure deter-
mined."”"™® Another molecule, [(L3S)MoO(bdt)], which in addi-
tion to the dithiolate (bdt) ligand contains a thiolate group
coordinated to the molybdenum was recently prepared.'

Magnetic circular dichroism (MCD) and absorption spec-
troscopy are techniques that complement each other in
studies on the electronic structure of molecules. MCD spec-
tra, along with theoretical calculations, may be utilized to
help in the assignment of excitations that are not easily
discernible from the absorption spectrum. Recently it has
become possible to simulate MCD spectra from first princi-
ples by the implementation of computer codes based on time-
dependent density functional theory (TD-DFT)**~* or ab
initio wave function methods.**
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Figure 1. Molybdenyl complexes under investigation (a) [MoOCly]™;
(b) [MoO(S2C5Ha)o] ; (¢) [(Tp*)MoO(bdb)]; (d) [(L3S)MoO(bdy)].

The objective of the present study is to carry out TD-DFT
calculations on the MCD spectra of four molybdenyl com-
plexes to further test the recent implementation within the
ADF program? by simulating temperature dependent MCD
bands (C-terms) and compare the results to experimental
spectra. We shall also model the corresponding absorption
spectra and provide an assignment aided by our MCD
calculations. Our assignments will then be compared to those
proposed previously. The four systems under investigation
are (a) [MoOCly] ", (b) [MoO(S:CoHy) o], () [(Tp*)MoO-
(bdt)], and (d) [(L3S)MoO(bdt)], where Tp* = hydrotris
(3,5-dimethyl-1-pyrazolyl) borate; L3S = (2-dimethylethane-
thiolate)bis(3,5-dimethylpyrazolyl)-methane; bdt =1,2-ben-
zenedithiolate.

Computational Methods and Details

Computational Parameters. All calculations were based on
DFT as implemented in the ADF program version 2009 (www.
scm.com). Use was made of the Becke—Perdew exchange-
correlation functional (BP86)** ?® and a standard triple-¢
STO basis with one set of polarization functions for all atoms.
For the calculations, the s electrons of C, N, and O; the 1s2s2p
electrons of S; and the 1s2s2p3s3p3d electrons of Mo were
treated as frozen cores. The parameter for the precision of the
numerical integration was set to 5.0. The simulated MCD
spectra were based on the approach developed by Seth et al.*
in which the C-parameters are calculated by including spin—
orbit perturbatlons This method makes use of time- de7pendent
DFT (TD-DFT)? to describe the electronic excitations’ and the
zero-order regular approximation (ZORA) formalism to in-
clude relativistic effects.’

Computational Model Systems. Figure 1 displays the four sys-
tems under investigation: (a) [MoOCl,] ", (b) [MoO(S,C>Hy) 5],
(¢) [(Tp*)MoO(bdt)], and (d) [(L3S)MoO(bdt)]. To calcu-
late the excitation energies and MCD parameters, we use the
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experimental structures from the available crystallographic
data'”""3! without any further optimization. For [MoOCl4]~
we also considered a “symmetrized experimental structure” in
which we averaged the Mo—Cl distances and Cl—Mo—Cl angles
to maintain Cy4, symmetry. In this way we were able to gauge
how distortions, as they occur for instance in crystals, influence
the spectra.

Calculation of the MCD C-Parameters. MCD spectroscopy is
based on the measurement of the difference in absorbance (AA)
between left and right circularly polarized light traveling in the
direction of a constant magnetic field B that is applied to the
sample under study.

The MCD dispersion can be expressed as a function that is
linear in the applied magnetic field strength B:*2

AA If (E) C

z —yB[A( °E )+(B+ka(E))
where y is a collection of constants, k is the Boltzmann constant
and T, the temperature. E is the energy of the incident radiation
and f(E) is a band shape function. The constants 4, B, and C are
characteristic parameters specific to a given molecule and to a
particular transition. It is customary to refer to the contribu-
tions in eq 1 containing 4, B, and C as A-, B-, and C-terms,
respectively. It has been pointed out that because the intensity of
the C-terms is inversely proportional to the temperature, the
temperature dependent C-terms dominate the MCD spectrum
of paramagnetic systems.**** and the B-terms may be neglected
at low temperatures.35 Therefore, our discussion of the MCD
spectra is based on the description of the C-terms. We selected
the band shape functions f{£) to be Gaussians centered around
the calculated excitation energy E,

1 2
S ((E;—E)/Wy)
% Jaw,

where the bandwidth parameters W, are chosen to approxi-
mately reproduce the experimental MCD bands. In the imple-
mented method, response theory is employed for the evaluation
of the C-parameters and a detailed description of such calcula-
tions can be found elsewhere.?* In general terms, the C, para-
meter induced by the perturbation of the transition dipole for
the excitation 4 — J in the y direction by spin—orbit coupling
can be written as:*

Croe Y eap(AIM )T 1M 4)O (2)
afy

()

where g4z, is the Levi-Civita symbol. Thus, if a8y is a cyclic per-
mutation of xyz, £45, = 1. For other permutations eqg, = —
When oo = 8, o0 = y, or f = v, then &4, = 0. The operators
M®* and M correspond to the Cartesian components for the
electric dipole moment operator, A refers to the ground state,
J to a given excited state, and the superscripts (1) and (0) refer
to the first order spin—orbit perturbed and unperturbed inte-
grals, respectively. Further, the term (4| M%) of eq 2 can be
written formally as a sum-over-states expression:
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where Hgo is the spin—orbit operator. For qualitative analysis
purposes, inspection of eqs 2 and 3 allows one to write a
simplified expression for the C-parameter as:

Cr=Ci+Cy 4)

where C represents the contribution due to the mixing of the
ground state with excited states via spin orbit coupling and C%
represents the contribution due to the mixing of excited state
J with other excited states.

We thus have

(0)
CF = capy y_(KIM NI MP|4)° % )
afy K#4 )
and
CF =3 oy Y (MO0 4)0 % "

ofy K#J

Results and Discussion

We shall now present the results from our calculations on
the absorption and MCD spectra for each of the four systems
considered in this study. First, we identify the transitions that
give rise to the main absorption bands in the four simulated
spectra. In some cases, weak excitations that are relevant for
the MCD spectra are also mentioned. Next, the simulated
MCD spectra are discussed in terms of their principal C-
parameters. Further, the decomposition of the total value of
the relevant C-parameters into C§ and C¥ contributions will
be tabulated. For the calculation of the C;-parameter of
excitation J, it is possible to quantify the contribution from
the spin—orbit mixing of other states K with the primary
state J. We shall do so when the contributions are dominated
by one or two K-states. It also should be noted that several
C-parameters might contribute to the same MCD band if the
transitions associated with the different C-parameters are
closely spaced.

Before continuing the discussion, some notes on the nomen-
clature used throughout the text: “C-parameter” refers to
the calculated numerical value for a given excitation, while
“C-term” or “MCD-term” is used to describe the different
bands that make up the MCD spectrum. Further, C; is the
C-parameter due to excitation 4 —J. The different C-terms in
the experimental or simulated MCD spectra are indicated by
the labels C(E)y for the bands on the experimental spectra, and
C(T) for the bands on the theoretical ones. N is a roman
numeral. The molecular orbitals with dominating contribu-
tions from the ligands are named Lx (x = a,b,c,d; depending on
the molybdenyl system under discussion), while the molecular
orbitals where the major contribution originates from the metal
d-orbitals are the Mo d,;, orbitals. Finally, we will follow the
conventional expression “pseudo A-term” to describe two
adjacent C-terms of opposite sign.

[MoOCly] . Although compounds that involve the
[MOX,4] ™ anion (M = Cr, Mo, W; X = Cl, Br, SPh) are
already well characterized structurally via X-ray crystallo-
graphy,®>®* there is still some disagreement with regard
to the assignment of the electronic absorption spectra.
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Figure 2. (a) Experimental*” and (b) theoretical absorption spectra for
[MoOCly] .

For example, in the case of the molybdenum system
[MoOCl,] ™, the excitation around 34000 cm ™ (Flgure 2a)
was tentatively assigned to a d,,— d.. transition.” But in
another study, it was assigned to a ligand-to-metal charge
transfer (LMCT) transition.*” The former assignment was
suggested on the basis of earlier computational studies.®*!
However, after the implementation of the unrestricted TD-
DFT theory for doublet—doublet excitations it was found
that a ligand to metal charge transfer transition fitted better
to the high excitation energy at 34000 cm™ ' whereas the
dy, — d.. transition was predicted to be at much lower
energy.

Figure 2 displays the experimental and the theoretical
absorption spectra for [MoOCl,] . The simulated ab-
sorption spectrum in Figure 2b corresponds to the un-
symmetrical crystal structure of [MoOCly] . The exci-
tation energies and oscillator strength values for the
model with the X-ray coordinates are very similar to
those of our symmetrized-Cy4, model and to the energies
from a previous unrestricted-TD-DFT study that used
models optimized under C,, symmetry.” Table 1 contains
the corresponding excitation energies, oscillator strengths
and assignments of the transitions labeled 1—7 on the
calculated spectrum in Figure 2b. According to our
calculations there are four distinct bands, with those at
low energy (<22000 cm™ ") being very weak. This is in
agreement with the experimental results. The first experi-
mental band A (E) was assigned as a d,, d}z .
transition*** and it corresponds to A(T) of the simu-
lated spectrum in Figure 2b. A (T)is assigned to thed,, —
d,. - transitions. Under the Cy, point group, the d,. and
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Table 1. Theoretical Excitation Energies, Oscillator Strength ( /), and Assign-
ment of Excitations in Terms of Selected One-Electron Transitions for the
Complex [MoOCly]™

band excitation

An(T) excitation  energy’ transition” %°¢ f

A 1 14510 aMod,, —Mod,. 99.7 0.0002
A, 2 20390  ALal ~Mod,, 98.6 0.0002
Ay 3 24720 p La2 —Mo d,, 77.8 0.0103
4 25470 oLal —=Mo d,. 75.1 0.0058
5 25660 B La3—Mod,, 95.4 0.0254
6 27310 p La5—Mo d,, 96.2 0.0085
Ay 7 30850 o La4 —Mo d,. 82.0 0.0078
“@Energies in cm™'. ® The orbitals are shown in Figure 3. ¢ Percent

contribution of the leading one-electron transition to the 4 — J excita-
tion, where A4 represents the ground state.

d.. orbitals are degenerate and constitute the 3e set in
Figure 3.When the crystal structure is used, the slight
distortion from the ideal Cy4, symmetry causes the oscil-
lator strength for the d,, — dxz - transitions to be small
but nonzero with = 1.5 x 10~ ®a.u. for dy,—d,.andf =
1.8 x 107% a.u. for d,, — d,. . On the basis of its polari-
zation and vibrionic structure, the band A2(E) was pre-
viously assigned as a dy, = dya- )2 transition.™ For the
crystal structure, this excitation is calculated to occur at
22520 cm ™ '. However, its oscillator strength is negligible
(8.1 x 1077 a.u.). Moreover, the d,,—d, . transition is
dipole forbidden under Cy4, symmetry. In our calculations,
the theoretical band A,(T) arises from the ligand to metal
charge transfer (LMCT) Lal— d,, (excitation 2, Table 1).
The Lal orbital may be related to the a, irreducible
representation and the SOMO d,,, to b, (Figure 3). The
a, — b, transition is electric dipole forbidden, but since
the crystallographic structure is slightly distorted, it is
possible to obtain a weak intensity. In light of these results,
it cannot be discarded that the a, — b, LMCT may also
contribute to the absorption band (A,(E)) observed around
23000 cm ™. Previously, the a, — b, LMCT transition was
assigned to an excitation observed at ~24000 cm ™' but only
in the single crystal absorption spectrum of [MoOCl,-
(H>O)] . It was argued previously that such a transition
could became allowed via spin—orbit coupling.*

The theoretical spectra fails to reproduce the experi-
mental shoulder that corresponds to band A;(E) around
27000 cm ', This band was assigned as a b; — b, transi-
tion* (La4 — Mo d,,, according to Figure 3). This transi-
tion is symmetry forbidden in Cy,. Our calculations
indicate that for the crystal structure, this excitation
occurs at 25220 cm ™' with a very small oscillator strength
(9.6 x 1077 a.u.). Therefore, this excitation is not shown
in Figure 2b. The strong band A4(T), which has its
experimental counterpart in A4(E), is made up of several
excitations, those labeled 3 to 6 were chosen for having a
large oscillator strength. These excitations are all LMCT
transitions. In line with the previous assignments,*”*
excitations 3 and 5 are the La2 — d,, and La3 — d,,
transitions, respectively. La2 and La3 belong to the 2e
orbital set (Figure 3). In line with the previous assign-
ment, excitation 6 is assigned to the La5 — d,,, transition,
where the orbital La5 can be considered as one element of
the degenerate out-of-plane Cl & le orbital set. The
experimental excitation at 30000 cm ™' was assigned to
the charge transfer transition from the out-of-plane Cl s
orbitals of e symmetry to d,, One excitation that was not

Inorganic Chemistry, Vol. 49, No. 13,2010 6069

1B e o

i \Mod,, Mod,,
ot .»ua 3 g +
Ll
L.l] ~!: ——La2 La3

Ve *it*

Lad

Lah
b, e

fe

Mo d,
.i v —Mod;,

e
TP Mod,

Figure 3. Plots of the molecular orbitals involved in the main transitions
that give rise to the calculated electronic excitations for [MoOCly] . Also
shown is a qualitative orbital energy level diagram.

previously assigned corresponds to the Lal — Mo d,.
transition. We calculated this transition at 25470 cm -
(excitation 4 of medium-intensity, Table 1 and Figure 2).
The equivalent transition, a, — 3e, for the Cy4, model is
calculated at 25520 cm™'. The comparison of the experi-
mental and calculated absorption spectra exhibits a rea-
sonable qualitative agreement although the transition
energies of the LMCT excitations were underestimated
by approximately 0.7 eV (5500 cm ™).

The MCD spectrum of [PryN][MoOCl,] and [PPh4]-
[MoOCl,] has been recorded by Sabel and Gewirth,*® as
well as by Carducci et al.** Figure 4a d1splays the experi-
mental spectrum for [PryN][MoOCl4].** The low energy
region of the spectrum reveals a pair of weak positive and
negative MCD bands, C{(E) and Cy(E) respectively, cen-
tered around 16000 cm™'. They are followed by a sloping
positive band (Cyj1(E)) that contains the previously as-
signed d,, — d,»—,» and b; — b, transitions. The most
intense band has the shape of a pseudo A-term, Cyy(E),
centered around 31000 cm™'. Finally, a slightly weak
negative band Cy(E) was identified around 38000 cm ™ ".

The theoretical MCD spectra for the crystal (dotted
line) and symmetrized (broken line) structures are plotted
in Figure 4b. The superposition of the symmetrized and
distorted (crystal) structures is displayed in Figure 4 to
make clear that both structures are very similar to each
other. Nevertheless, the slight distortion is enough to
create qualitative differences in the MCD spectra. The
main difference between the spectra of the symmetrized
and distorted (crystal) structures is found at low energies
(inset of Figure 4b) For the Cy, system, the dy, —d,. -
transition glves rise to a pseudo-A term feature around
15000 cm ™~ '. The pseudo-A term derivative shape signal
appears because of the splitting of the degenerate e orbi-
tals via spin—orbit coupling. However, it can be seen that
the derivative signal is not symmetric. This is because the
C-parameter due to the perturbation of the excited state
by other excited states is calculated to be negative, thus
decreasing the intensity of the positive end of the pseudo-
A term. In the case of the distorted (crystal) structure, a
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Figure 4. (a) Experimental (in poly(dimethylsiloxane) at 4.2 K and
6 T),%° and (b) theoretical MCD spectra for [MoOCl,] . Two theoretical
spectra are plotted: one from the Cy, symmetrized structure (broken line);
a second one from the crystal X-ray coordinates (dotted line). The most
prominent individual C-parameters are shown with labels from 1 to 7.
Also shown is the superposition of the symmetrized-Cy, and distorted
(crystal) structures.

very weak negative band around 15000 cm™' (band Cj,
dy, — d,. transition) is calculated. For the crystal struc-
ture, the d,,—d.. transition gives a C-parameter 10 times
less intense than the C-parameter for the d,,—d, .. transi-
tion; thus, in practical terms it is not able to give rise to a
visible C-term. The consequence is that the theoretical
spectrum for the distorted (crystal) structure does not give
rise to a pseudo-A term around 15000 cm ™, in line with
what one would expect on theoretical grounds from a un-
symmetrical structure where the d,, — d,. .. transitions
are no longer degenerate.

Next, the positive band Cy;(T) at ~20000 em s due to
the excitation 2 (a, — b, transition, forbidden under Cy,,
but not for the crystal structure). We are currently not
able to account for the positive sloping C-term (Cy(E)) of
the experimental spectra. It has been discussed already
that the b; — b, transition is symmetry forbidden and that
such a transition is calculated to be zero even for the
distorted (crystal) structure. Not surprisingly, the calcu-
lated C-parameter is also zero for the crystal structure.

A negative pseudo-A term centered on 25000 cm ™ is
calculated for the symmetrized model. This pseudo-A
term is made up itself by the superposition of 3 negative
pseudo-A terms from the following transitions: 2e — d.,
(excitations 3 and 5 for the crystal structure), a, — 3e
(excitation 4, not considered in the experimental assign-
ment), and 2e — d,, (excitation 6). The pseudo-A term
due to the 2e — d,, transitions is calculated to be the
dominant MCD term. For the crystal structure, although
the band C;y(T) shows the alternation in sign, it is not
quite obvious that it may constitute a pseudo-A term
because the positive band is at least twice as intense as the
negative one. However, the C-parameters at excitations 4
and 5 actually arise because of a pseudo-A mechanism. In
this mechanism, for a contribution to C% (e.g., J = 4 or 5)
from excited state K = 5 or 4, respectively, there will be a
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Table 2. Principal C-Parameters” from the Complex [MoOCly]™

C-term J? oS cg? che
C 1 —0.09 0.29 —0.38
Ch 2 0.35 0.09 0.26
Crv 3 24.45 1.76 22.69

4 37.39 1.74 35.65

5 —48.15 3.57 —51.72

6 —4.70 1.38 —6.08
Cy 7 —~7.68 0.01 —~7.69

“Values in au x 107>, ®See Table 1 for details on the excitations.
¢ Total value of the C-parameter of excitation J.  Contribution due to the
spin—orbit coupling perturbation of the ground state, eq 5. ¢ Contribution
from the perturbation of the excited state J, eq 6; for details, see eq 4.

contribution of the opposite sign to C% from the excited
state J. The same situation occurs with excitations 3 and 5.
This is in line with the results from the symmetrized
structure where the dominant term also arises from the
2e —d,, transition.

The assignments that have created most controversy
are the ones at higher energies, since they were originally
assigned to a d,, — d.» transition. It has been suggested
that the assignment might be changed to a LMCT transi-
tion instead.” Considering that the experimental and
calculated MCD spectra are in good qualitative agree-
ment in the high-energy region, we thus provide an
additional argument in favor of the LMCT assignment.
The excitation at 38300 cm ™' was not explicitly assigned
previously. For the crystal structure, we find that it may
correspond to a by (La4) —d,. transition and that it gives
rise to a negative C-term (band Cy/(T). See excitation 7 in
Figure 4b), in line with the experimental observation.
Moreover, the corresponding excitation for the Cy, sym-
metry is to a by (La4) — 3e transition. This excitation
generates a positive pseudo A-term. Therefore, the nega-
tive band Cy(E) around 38000 cm ™' could be assigned to
the negative portion of the pseudo A-term due to the
transition from the out-of-plane Cl & to the metal d,. ..
orbitals. Finally, with respect to the origin of the C)-
parameters, Table 2 shows that the contribution C% due
to the spin—orbit perturbation of the excited state J is the
leading term of the total C; parameter. As it was already
mentioned, it was generally not possible to identify a
single excited state K that would account for the leading
contribution to C%. The only exception is, as expected, for
the C,; parameters that generate pseudo-A terms, that is,
J = 3,4, and 5, as discussed earlier.

[MoO(S,C,Hy),] . Both the absorption and MCD
spectra have been measured experimentally,*? and the
excitations of this complex were assigned mainly based on
the MCD spectra aided by the use of a model idealized to
C,, symmetry and the application of the Slater transition
state formalism** (ASCF DFT) to estimate the transition
energies. The experimental and theoretical absorption
spectra are presented in Figure 5. It has been pointed
out that the approximations made in TD-DFT sometimes
yield systematic errors in the calculated results.**~*

(42) McMaster, J.; Carducci, M. D.; Yang, Y.-S.; Solomon, E. I;
Enemark, J. H. Inorg. Chem. 2001, 40, 687.

(43) Slater, J. C. Adv. Quantum Chem. 1972, 6, 1.

(44) Jacquemin, D.; Perpete, E. A.; Ciofini, I.; Adamo, C. Theor. Chem.
Acc. 2008, 120, 405.

(45) Le Guennic, B.; Hieringer, W.; Gorling, A.; Autschbach, J. J. Phys.
Chem. A. 2005, 109, 4836.
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Figure 5. (a) Experimental (in dichloromethane solution at 298 K)*
and (b) theoretical absorption spectra for [MoO(S,C,Hy),] . The theore-
tical excitation energies in (b) have been blue-shifted by 3000 cm ™'
compared to the calculated values.

Thus, for a better quantitative comparison between the
experimental and simulated spectra, a global blue-shift of
3000 cm™ ! is applied to create the theoretical spectrum.
The orbitals involved in the excitations are given in Figure 6
whereas the MCD spectra are displayed in Figure 7.

The first band in the experimental MCD spectrum is
found at 11900 cm ™' (C{(E) of Figure 7a) with a corre-
sponding weak feature in the experimental absorption
spectrum at approximately 13400 cm™' (Figure 5a). The
positive term Ci(E) corresponds to Cy(T) of the simulated
MCD spectrum (Figure 7b) and is assigned to the LMCT
transition Lb3 —Mo d,, (excitation 1 of Table 3) that in
C,, symmetry can be termed b;(w) — (Mo dy,). The
experimental weak feature at 13400 cm ™' as well as Cy(E)
were previously attributed to both the b,() —Mo d,,
and b,() —*Mo d,, transitions based on ASCF DFT
calculations.*” The first distinct band in the experi-
mental absorption spectrum is found at 15 600 cm ™'
and it corresponds to the positive C;(E) MCD term at 15
400 cm ™. We attribute both features to the b,(7r) —

d,, transition (Lb4 —Mo d,, excitation 2 of Table 3)
Wthh is responsible for the positive Cyj(T) term as well as
(in conjunction with excitation 1) the simulated absorp-
tion band A(T). It is likely that the energy separation
between excitations 1 and 2 is underestimated in our cal-
culations. In contrast, the Cy;(E) term has previously been
assigned to the transitions b;(0) —~Mo d,, and b,(0) —~Mo
dyy. 2 We find these transitions at higher energy as next
discussed for the MCD-bands Cy(T) and Cy(T).
The positive Cyyy(E) term at 18800 cm ™' is ascribed to a
b,(o) —~Mo d,, transition (Lb5 —Mo d,,, excitation 3 of

(46) Autschbach, J. ChemPhysChem. 2009, 10, 1757.
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Figure 6. Plots of the molecular orbitals involved in the main transitions
that give rise to the calculated electronic excitations for [MoO-
(S2C,Hy)o] . Also shown is a qualitative orbital energy level diagram.
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Figure 7. (a) Experimental (in 1,2-dichloroethane/DMF 1:1 frozen glass
solution at 42 K and 5 T),** and (b) theoretical MCD spectra for
[MoO(S,C,Hy),] . The excitation energies in (b) have been blue-shifted
by 3000 cm ™' compared to the calculated values.

Table 3) which gives rise to the positive Cyy;(T) term. The
first negative C-term (Cyv(E)) in the experimental MCD
spectrum appears at 21200 cm ™. It seems at first glance
not to have a counterpart in the simulated spectrum.
However, transition 4 (Lb6 —Mo d,, of Table 3) has a
calculated negative C4 parameter that is masked in Cyyy(T)
by transition 3, as it can be seen from Figure 7b. We
suggest that Cyy(E) should be designated to transition 4.
This transition can be termed a (1) —Mo d,, in Cy,
symmetry and should likely have been separated further
from transition 3 so that it would not be masked by
Cii(T). The terms Cy(E) and Cyv(E) have previously
been attrlbuted toa;(0) ~Mod,,and b, »(7) ~Mod,., ves
respectlvely The positive Cy(E) term at 23500 cm™ |
isattributed to transition 5 (Lb7—Mod,, of Table 3) that
is responsible for the positive Cy(T) band. It can be des-
cribed as by(0) —~Mo d,,. The Cy(E) band has prev1ously
been associated with the by »(1) =Mo d.. - transitions. 42
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Table 3. Theoretical Excitation Energies, Oscillator Strength (), and Assign-
ment of Excitations in Terms of Selected One-Electron Transitions for the
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Table 4. Principal C-Parameters” from the Complex [MoO(S,C,Hy),] ™

Complex [MoO(S>C,Ha)s] ™ C-term J loh g (o
band excitation G ! 1.36 0.53 0.83
An(T) excitation energy® transition ” %"* f Cu 2 1.71 —0.93 2.64
Cim 3 5.09 7.72 —2.63
Al 1 13230 pLb3—Mod,, 93.3  0.0058 4 —1.11 0.23 —1.34
2 14570 p Lb4—Mod,, 93.1 0.0043 Cy 5 0.95 —0.80 1.75
A2 3 19300 A Lb5—Mod,, 98.8  0.0065 Cvi 6 —6.57 —0.07 —6.50
4 19810 pLb6 —Mod,, 98.8  0.0008 Cynr 8 8.41 —0.33 8.74
5 21200 B Lb7—Mod,, 99.1  0.0018 9 9.01 0.15 8.86
A3 6 25550 o Lbl —Mo d,. 95.5  0.0081 10 13.05 —0.26 13.31
A4 7 27890 A Lb8 —Mod,, 78.3  0.0072 Cvin 11 —19.42 0.25 —19.67
8 28380 aLbl —=Mod,. 96.7  0.0072 12 1.94 0.13 1.81
9 29560 o Lb2 —Mo d,. 38.4  0.0133 13 —3.53 0.02 —3.55
A Lb2—Mod,. 29.3
10 30360 aLb3—Mod,. 68.7 0.0118 “Values in au x 107>, ”See Table 1 for details on the excitations.
11 30800 S Lb2—Mod,. 62.5 0.0030 “Total value of the C-parameter of excitation J. ¢Contribution due
12 31840 o Lb2 —Mo dy_, 649 0.0014 to the spin—orbit coupling perturbation of the ground state, eq 5.
13 32180 o Lb4d —Mo d,. 30.9 0.0045 ¢ Contribution from the perturbation of the excited state J, eq 6; for
B Lb4 —Mo d,. 26.6 details, see eq 4.
“Energies in cm™'. ® The orbitals are shown in Figure 6. ¢ Percent

contribution of the leading one-electron transition to the 4 — J excita-

tion, where A represents the ground state. ¢ The theoretical excitation
energies have been blue-shifted by 3000 cm ™.

The three terms Cm(E)_Cng) are contained in the
absorption around 20000 cm ™ as well as the low energy
band of the visible spectrum at 23500 cm ™. In the simu-
lated absorption spectrum, transitions 3, 4, and 5 make up
A5(E). It is likely that the energy spacing between the
three transitions is underestimated in our calculations.

The dominant feature of the MCD spectrum for
[MoO(S,C5Hy),]  is the pseudo A-band with a negative
C-term (Cyy(E)) at 27600 cm™ ' and a positive C-term
(Cyn(E)) at 29900 cm™'. We attribute Cyy(E) to excita-
tion 6 (Lbl —Mod,.). Here, Lbl is an a,() a-spin orbital
with strong contributions from the sulfurs of the dithio-
late ligands and a smaller contribution from the Mo d,,
atomic orbital (Figure 6). Thus excitation 6 is both a d-d
transition and a LMCT, as it was already inferred.*? The
positive C-term Cyyi(E) at 29900 cm ™' contains excitations
8 (ax(m) —Mod,.),9 (a;(r) ~Mod,.), and 10 (b;(;r)) —Mo
d..), all with significant positive C-parameters. Our assign-
ments of Cyi(E) and Cyy(E) are essentially in line with
those given previously.** Excitation 9, followed by excita-
tion 10, have the strongest oscillator strength. They give rise
to the dominant absorption band in the UV/vis spectrum at
31600 cm™'. This is matched in the simulated spectrum by
A4(T). The experimental spectrum shows the onset of a
negative C-term at ~35000 cm ™' which is mirrored in the
simulated MCD spectrum by Cyy(T). This feature is
dominated by transition 11 (a;(7r) Mo d,.). The remain-
ingexcitations 12 and 13 are assigned to a;(r) —~Mod,. and
by(t) Mo d.. transitions, respectively.

In general the data in Table 4 indicates that C% yields
the largest contribution to the value of the C, parameters,
except for C5. Moreover, the only case where the pseudo-
A term mechanism plays a significant role on the origin of
the C-parameters is for excitations 10 and 11. Once again,
except for Cyy and Cy; it is not possible to single out a
leading interaction with a specific excited state to account
for the total value of the calculated C; parameters.

[(Tp*)MoO(bdt)]. This complex of approximate C,
symmetry possesses a single dithiolene ligand, and it may
be considered as a good starting approximation to the
structure of the active site of molybdoenzymes. The first

experimental C-term C;(E) appears in energy close to the
first observed absorption band A;(E) at 9750 cm™'. We
associate A;(E) with the lowest calculated excitation A;(T)
at 5820 cm™ ' (1 of Figure 8b and Table 5). It corresponds to
an Lcl —Mo d,._ . transition, where the “out-of-plane”
orbital Lcl may be related to the a’ irreducible representa-
tion of the C, point group. It is consistent with this assign-
ment that C, is calculated to be positive. The next MCD
band Cyy(E) is negative and corresponds to the absorption
A,(E) around 11000 cm™'. We attribute it to the to the
“out-of-plane” Lc2 (a')—~Mo d..,. transition which give
rise to the negative C-term Cyy(T) and the weak absorption
band A,(T) in our simulated spectra. We note that similar
assignments for A;(E) and A,(E) have been given pre-
viously.*”

The third absorption band A5(E) at 17,980 cm ™' has
been characterized both as a d-d transition®® as well as a
“in-plane” a’ ligand to d,.— )2 transition.*” A5(E) is clearly
related to the positive Cyi(E) term. We attribute it to the
Lc4 —Mo d,._,» transition A3(T) (excitation 3) which
gives rise to the positive Cyyy(E) term. Under C; symmetry
this transition may be regarded as an “in-plane” a”’ —SOMO
transition. The negative Cpv(E) term at 20,000 cm ™' is well
reproduced in the simulated MCD spectrum by Cpy(T).
According to our calculations Cyy(T) draws contributions
from the “in-plane” ligand to d ., transitions 4, 5, and 6 as
well as the d-d transitions 7 and 8. The Cyy(E) term trans-
lates in the absorption spectrum to A4(E) which has its
match in Ay(T) of the simulated UV spectrum. The A4(E)
band was greviously assigned to an “in-plane” a’ —SOMO
transition.*

The positive Cy(E) band around 25,000 cm ™' is part of
a pseudo A-term for which Cy(E) represents the negative
part. A similar feature is apparent in the simulated MCD
spectrum with the bands Cy/(T) and Cy(T). For Cy/(T) the
contributing excitations are 9, 10, and 11 of Table 5. Here
9is a “in-plane” Lc8 (a’) to Mo d -, transition whereas
10and 11 are excitations from the “out-of-plane” Lc2 (a’)
orbital to d,. and d,., respectively. The corresponding
negative band Cy(T) is the result of the excitations 12, 13,

(47) Kirk, M.; Peariso, K. Polyhedron 2004, 23, 499.

(48) Inscore, F. E.; McNaughton, R.; Westcott, B. L.; Helton, M. E.;
Jones, R.; Dhawan, I. K.; Enemark, J. H.; Kirk, M. L. Inorg. Chem. 1999, 38,
1401.
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Figure 8. (a) Experimental (in 1,2-dichloroethane solution at room
temperature)*’ and (b) theoretical absorption spectra for [(Tp*)MoO-
(bdy)].

Table 5. Theoretical Excitation Energies, Oscillator Strength (), and Assign-
ment of Excitations in Terms of Selected One-Electron Transitions for the
Complex [(Tp*)MoO(bdt)]

band excitation
AL(T) excitation energy” transition ? %" f
Ay 1 5820 pLcl Mo d,. ) 99.6  0.0049
A, 2 9200 fLc2—Mod,. . 99.7 0.0005
As 3 16900  BLc4—Mod, 97.4 0.0182
Ay 4 19190  BLcS—Mod. . 80.2 0.0130
5 19390 pLc6 —~Mod,. 77.0 0.0080
6 19920 BLcT—Mod, 83.4 0.0055
7 20040 aMod.—.—Mod,.. 67.1 0.0164
As 8 214990  aMode .—Mod,. 51.2 0.0054
9 21660  BLc8 —Mody e 91.7 0.0236
10 23130 p L2 —Mod,. 50.6 0.0480
11 23740 pLc2—Mod,. 85.3 0.0265
12 24330 BLc9—Mod, 80.7 0.0265
13 25320 o Le3 —Mo d,. 86.2 0.0095
Ag 14 27610 B Lc3—Mod,. 78.3 0.0229
15 29130 S Led—Mod,. 56.7 0.0046
16 29260 p Led —Mod,. 30.9 0.0076

“Energies in cm ™~ '. ® The orbitals are shown in Figure 10. ¢ Per cent
contribution of the leading one-electron transition to the 4 —J excita-
tion, where A4 represents the ground state.

and 14. Here 12 is an “out-of-plane” Lc9 (a’) to Mo
d,_,»transition whereas 13 and 14 constitute excitations
from Lc3 tod,.. Here Le3 contains contributions mainly
from the axial pyrazolyl ring. Excitation 10 is very
intense and responsible for the strong absorption band
A4(E) which also have contributions from 11 and 12.
On the other hand, As(E) arises according to our calcu-
lations from 9 with a considerable oscillatory strength.
An earlier theoretical study assigned As(E) to “out-
of-plane” (a”) to d,..d,. transitions whereas A¢(E) was
attributed to “out-of-plane” ligand (a’) tod,., d,. transi-
tions.*® We finally have at highest energy on both the
experimental and simulated MCD spectrum a positive
C-term Cy(T)/Cyvi(E). We find that Cy(E) stems

Inorganic Chemistry, Vol. 49, No. 13,2010 6073

Table 6. Principal C-Parameters” from the Complex [(Tp*)MoO(bdt)]

C-term J oS cg4 che
C 1 0.70 1.06 —0.36
Cn 2 -1.02 —0.85 —0.17
Cim 3 487 6.54 —-1.67
Civ 4 5.56 —3.46 9.02

5 —6.44 —1.77 —4.67
6 —11.34 -2.16 —9.18
7 4.94 1.47 3.47
8 —9.83 —1.68 —8.15
Cy 9 7.83 6.29 1.54
10 35.93 1.11 34.82
11 —15.93 1.13 —~17.06
Cvr 12 —7.14 —5.39 —-1.75
13 -5.22 —0.89 —4.33
14 1.25 —0.44 1.69
Cvir 15 9.49 —0.03 9.52
16 8.05 —0.12 8.17

“Values in au x 107>, ®See Table 1 for details on the excitations.
“Total value of the C-parameter of excitation J.  Contribution due to the
spin—orbit coupling perturbation of the ground state, eq 5. ¢ Contribution
from the perturbation of the excited state J, eq 6; for details, see eq 4.

from the excitations 15 and 16 because of “in-plane”
Lc4 (a”) transitions to Mo d...

Table 6 shows that, except for the excitations 3 and 9,
the total value of the C-parameters is dominated by the
spin—orbit coupling of the excited states. For excitations
3 and 9, the CY term that arises from the spin—orbit
perturbation of the ground state represents the major
contribution to the total value of the C-parameter. Some
pairs of states like (4,5) and (10,11) are coupled strongly
by spin—orbit coupling. We get as a result within each
pair C-parameters of opposite signs, Figure 9 and Table 6.

[(L3S)MoO(bdt)]. This complex represents a model
compound that closely approximates the active site struc-
ture of the reduced forms of the molybdoenzyme sulfite
oxidase because in addition to the dithiolate ligand, there
is an extra equatorial thiolate ligand coordinated to the
molybdenum (Figure 1d). The absorption and MCD
spectra for this complex have been measured recently,’
and their respective experimental and calculated spectra
are shown in Figures 11 and 12. The 9750 cm ™' band was
suggested to be a LMCT originating from some out-of-
plane dithiolate ligand orbital to the SOMO. Likewise,
the excitation at 17980 cm ™' was tentatively assigned as
the in-plane a’ — SOMO transition. However, no definite
assignments were proposed.?” The good agreement be-
tween the experimental and calculated absorption spectra
is clear from Figure 11. Table 7 lists the main transitions
that give rise to the six distinct bands that appear on the
calculated spectrum shown in Figure 11b. We assign the
weak excitation at 9400 cm ™' as an “out-of-plane” Ld2 a”’ —
Mo d,, (SOMO). Note that here we have used the same
nomenclature as for the previous complex [(Tp*)MoO-
(bdt)]. This is possible because the orbitals Lc2 (Figure 10)
and Ld2 (Figure 12) are essentially similar. A stronger exci-
tation 2 appears approximately at 14000 cm™ ' and is
assigned to the Ld3 —Mo d,, transition. Notably, the Ld3
orbital has a considerable contribution from the S p. orbital
on the thiolate. At 15400 cm ™' (excitation 3), there is a weak
Ld4 —Mo d,, transition where the molecular orbital Ld4
contains major contributions from “in-plane” p-orbitals of
both the thiolate and the dithiolate. Excitation 4 at 19460 cm ™'
is assigned as an “out-of-plane” Ldl —Mo d,. transition.
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Figure 9. (a) Experimental (in poly(dimethylsiloxane) at 5 K and 7 T),¥’
and (b) theoretical MCD spectra for [(Tp*)MoO(bdt)].
-

x

.iﬁiﬁ :%5‘3 g P Y

Lel (o 22 (a” :
alel (a7) Le2 (a™) Le3 —pModz
—Lu Lel
# —aModz 2
.ﬁ& M b —t2
L\.
Led
Led (a™) LS
Lo
— L7
— LeB
'& '%1 “:1!‘! —
Le8 (a) Le9 (a’)

Figure 10. Plots of the molecular orbitals involved in the main transi-
tions that give rise to the calculated electronic excitations for [(Tp*)-
MoO(bdt)]. A qualitative orbital energy level diagram is also shown.

Next, as in the case of [(Tp*)MoO(bdt)], the excitation
around 20000 cm ™" (excitation 5), is the first d-d transi-
tion with a Mo d,, —Mo d,. assignment. Following excita-
tion 5, according to Table 7, between 21100 and 23320 cm ™!
we find some excitations (6 to 9) that include LMCT
transitions from the Ld2 and Ld1 orbitals to Mo d,. and
Mo d,.. Judging from the intensities of those excitations,
the “out-of-plane” L.d2 orbital (with major contributions
from the S p. orbitals on the dithiolate ligand) interact
poorly with the Mo d,. orbital. Because excitations 11 and
13 are also very weak (Figure 11b), there is also a poor
overlap between the orbital Ld2 and the orbitals Mo d,.
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Figure 11. (a) Experimental (in 1,2-dichloroethane solution at room
temperature)*’ and (b) theoretical absorption spectra for [(L3S)MoO-
(bdt)].
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Figure 12. (a) Experimental (in poly(dimethylsiloxane) at 5 K and
7 T),*” and (b) theoretical MCD spectra for [(L3S)MoO(bdt)].

and dw—l—pr, respectively. The most intense excitation
(10) is calculated at 23560 cm ™' and its main contribution
comes from the Ldl — d,.+Np,, transition. The orbital
d,-+Np, is shown in Figure 13, and we see a 7 antibond-
ing interaction of the p, orbital from the nitrogen of the
equatorial pyrazolyl ring with the d,. molybdenum orbi-
tal. In contrast to the weak excitation 11, excitation 12
is very intense, and although the biggest contribution is
from the a-spin Ld2 — Mo d,. transition, Table 7 reveals
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Table 7. Theoretical Excitation Energies, Oscillator Strength (), and Assign-
ment of Excitations in Terms of Selected One-Electron Transitions for the
Complex [(L3S)MoO(bdt)]

band excitation
AL(T) excitation  energy transition ? Y% ¢ I
Al 1 9420 pLd2—Mod,, 98.5 0.0018
2 11440 pLd3—Mod,, 97.8  0.0098
A2 3 15410 p Ld4—Mod,, 99.2  0.0034
A3 4 19460 o Ldl —Mo d,. 77.0 0.0009
5 19550 o«Mod,,—Mod,. 733 0.0009
A4 6 21120 a Ld2—Mod,. 61.4 0.0022
7 22740 B Ld2 —Mod,. 42.4 0.0055
8 23010 o Ldl —d.+Np, 35.7 0.0102
9 23320 pLd3—Mod,. 49.2  0.0044
10 23560 o Ldl —d,.+Np, 40.6  0.0258
11 23990 o Ld2—Mod,. 65.6  0.0005
AS 12 25720 pLd2—Mod,. 29.9 0.0073
o Ld3 —Mo d,. 253
A6 13 27920 o Ld2 —d.+Np, 46.7  0.0004
f Ld2 —d,.+Np, 42.8
14 28170 B Ld3—Mod,. 29.1 0.0122
o Ld3—Mod,. 26.8

“Energies in cm~ ', ® The orbitals are shown in Figure 13. ¢ Percent
contribution of the leading one-electron transition to the A — J excita-
tion, where A represents the ground state.

that this contribution accounts only for 30% of the total
composition of the excitation. A quantitatively similar
contribution of 25% comes from the o Ld3 — Mo d,.
transition, where the Ld3 orbital contains an interaction
with the S p. from the thiolate ligand. Finally, an excitation
of medium intensity at 28170 cm ™' isalsoan Ld3—Mod,.
transition. Thus, the S p. thiolate orbital overlaps more
efficiently with the Mo d,. orbital, compared to its S p.
dithiolate counterpart.

The good agreement between the experimental and
calculated MCD spectra can be verified in Figure 12.
According to the results in Table 8, the C-parameters that
give rise to the three MCD bands between 9400 and 15500
cm ! are all dominated by the contribution of the
spin—orbit perturbation of the ground state, C§. Experi-
mentally, a very broad negative band, Civ(E), was mea-
sured around 20000 cm™'. According to the calculated
C-parameters, this negative MCD band arises from at
least seven different excitations. The majority of those
excitations give rise to negative C-parameters. However,
at 19460 cm ' (excitation 4) appears a positive C-para-
meter dominated by the C¥ contribution. For C¥, the
mixing of excitation 4 with excitation 5 is the main
contribution to the term. Likewise, the mixing of excita-
tion 4 with excitation 5 constitutes the principal contribu-
tion to the C% term with the direct consequence of giving
a negative parameter at 19550 cm™'. A relatively intense
negative parameter Cg arises from the Ld2—Mo d,. tran-
sition. Next, the positive band Cy(E) around 26000 cm ™'
may be made up of several excitations. The simulated
term Cy(T) contains C-parameters, most of them posi-
tive, except C; and Cq (Figure 12b). The intensity of
those negative parameters is not enough to overcome the
more intense and positive parameters such as Cg, Co, and
C11. The relative intensity of the parameter C;, calculated
around 26000 cm ™' is enough to make a negative band,
Cyi(T), that also is measured experimentally around
29000 cm ™ '. The C;, parameter arises from the combina-
tion of the Ld2 —Mo d,. and Ld3 —Mo d,. transitions.
Finally, a positive band Cyy;(T) is calculated to arise from
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Figure 13. Plots of the molecular orbitals involved in the main transi-
tions that give rise to the calculated electronic excitations for [(L3S)MoO-
(bdt)]. Also shown is a qualitative orbital energy level diagram.

Table 8. Principal C-Parameters” from the Complex [(L3S)MoO(bdt)]

C-term J C, cgd che
Cy 1 —0.47 —0.51 0.04
Ch 2 0.67 0.79 —0.12
Cim 3 4.37 5.53 —1.16
Cry 4 1.90 0.40 1.50

5 —1.18 0.13 —1.31
6 —2.36 —0.60 —1.76
7 —2.00 0.47 —2.47
Cy 8 2.63 —0.39 3.02
9 2.11 0.34 1.77
10 —-2.59 —0.25 —2.34
11 2.98 —0.31 3.29
Cyr 12 —4.72 —1.35 —3.37
Cynr 13 0.61 0.05 0.56
14 0.60 —0.54 1.14

“Valuesinau x 107>.” See Table 1 for details on the excitations. ¢ Total
value of the C-parameter of excitation J. “Contribution due to the
spin—orbit coupling perturbation of the ground state, eq 5. ¢ Contribution
from the perturbation of the excited state J, eq 6; for details, see eq 4.

the Ld2 —d,.-Np, and Ld3 —Mo d,. transitions, excita-
tions 13 and 14, respectively.

Influence of the Ligands. Figure 14 displays the influ-
ence of the thiolate ligands on the ligand field splitting
with respect to the effect of the chlorides. This figure
shows the a- and 3 -spin orbital energy level diagram for
all the systems under study. As a consequence of the
relatively low energy of the chlorine orbitals, the first
excitations (around 13000 cm ™ ') are d-d transitions in the
case of [MoOCl,] . However, when the chlorides are
substituted by thiolates with orbitals of higher energy,
the transitions that occur at lower energies (9000 cm ™)
are evidently LMCT in nature. In fact, for [(Tp*)MoO-
(bdt)] and [L3SMoO(bdt)], the d-d transitions are calcu-
lated to appear even at higher energies with respect to the
chloride complex, around 20000 cm™'. The excitations of
[L3SMoO(bdt)] appear at slightly higher energies when
compared to the [(Tp*)MoO(bdt)] system. This can be
explained by observing that the Mo—O distance is shorter
in the former complex than in [(Tp*)MoO(bdt)] (1.66 vs
1.68 A, respectively).*’” The consequence is a destabiliza-
tion of the 7* Mo d,. and Mo d,. orbitals as shown in
Figure 14, thus increasing the excitation energies on the
[L3SMoO(bdt)] complex. The MCD spectra of the
[(Tp*)MoO(bdt)] and [L3SMoO(bdt)] appear to be simi-
lar, especially at higher energies, for the positive C-term at
~25000 cm™~ . In both instances, the C-term originates
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Figure 14. Orbital energy level diagrams for the systems under study.
All the orbital energies have been referenced to the a-spin HOMO of each
molybdenyl complex.

from an “out-of-plane” a’ S dithiolate LMCT (see ex-
citation 10 in Table 5 and orbital Lc2 in Figure 10, and
excitation 11 in Table 6 and orbital Ld2 in Figure 13).
However, the negative C-term around 29000 cm ™' for
[(Tp*)MoO(bdt)] arises from several excitations, one of
them an “out-of-plane” a’ S dithiolate LMCT (excitation
12, Table 5) and another is a LMCT from a ligand with
major contributions from the pyrazolyl ring. On the other
hand, for [(L3S)MoO(bdt)] the C-term arises mainly from
an excitation that contains contributions from the thio-
late ligand (see excitation 12, Table 7). This shows that the
presence of an additional thiolate ligand effectively influ-
ences the electronic structure of a complex with a dithio-
late ligand bound to the metal center.

Concluding Remarks

We have presented the TD-DFT calculation of the electro-
nic excitation and MCD parameters for a series of molybde-
nyl complexes. The qualitative agreement of the theoretical
spectra with the experimental ones appears to be in general
good. Compared to the [MoOCl,]” complex, it was shown

(49) McNaughton, R. L.; Helton, M. E.; Rubie, N. D.; Kirk, M. L. Inorg.
Chem. 2000, 39, 4386.

Hernandez-Marin et al.

how the dithiolate/thiolate ligands induce LMCT transitions
at low energies, while increasing the ligand field splitting
so that the d-d transitions appear around values of up to
20000 cm ™. In contrast, for example, it was previously stated
that the first d-d transition in [(Tp*)MoO(bdt) should azp}%e
around 15800 cm™".*® In line with previous findings,*

our calculations also indicate that the LMCT transitions
originate from molecular orbitals mainly made up of “in
plane” and “out-of-plane” combinations of S p-orbitals at the
dithiolate/thiolate ligands. From the results of our calcula-
tions, we have now proposed more detailed assignments for
the excitations of [(L3S)MoO(bdt)]. Previously, some of the
excitations only at low energies were tentatively assigned.*’
Likewise, new assignments have been proposed for the
[MoO(S,C,Hy),] ™ absorption spectra. Previous work made
use of an idealized Czt model and of the Slater transi-
tion state formalism* to estimate the transition energies.**
For example, the transitions b;(o) Mo d\J and b2(0) ~Mo
d,, were calculated to have the same excitation energy, allowmg
the assignment of the experimental excitation at 15900 cm ™" as
a transition from the b,(0) to the Mo d,,, orbitals. “2 However,
we calculated the same transitions to appear around 19300
and 21200 cm ™', respectively. Therefore we propose that the
experimental ex01tat10n at 15900 cm™' may correspond to a
by(m) —Mo d,, trdnsmon while the experimental excitation
that appears at 18900 cm™ ' may be attributed to a b;(6) —=Mo
d,, transition.

With respect to the theoretical calculations of the MCD
spectra, it was found that most of the C-parameters that
make up the MCD s Epectra are dominated by the mixing of
the excited states (C7). More importantly, the recent imple-
mentation into the ADF program of the methodology based
on TD-DFT that includes the effect of spin—orbit coupling
for the calculatlon of MCD parameters for paramagnetic
systems* has proved to be a valuable tool in the simulation of
MCD spectra showing a good agreement with the experi-
mental results. Likewise, the recent modifications made to
the methodology that allows for orbital degeneracies to be
present, has given promising results for the correct simulation
of the MCD C-terms in the symmetrized Cj, structure of
[MoOCly] .
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