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DFT Description of the Electronic Structure and Spectromagnetic Properties
of Strongly Correlated Electronic Systems: Ni", Cu" and Zn" o0-Dioxolene

Complexes

Alessandro Bencini,* Chiara Carbonera,* and Federico Totti*!*!

Abstract: The spectroscopic and mag-
netic properties of dioxolene com-
plexes of zinc, copper and nickel
were studied by DFT calculations
on model complexes of formulas
[(NH;).M"(SQ)]* (M=Zn, Ni; SQ=
semiquinonato) and [(NH;),Cu"(SQ)]*.
Standard approaches such as time-de-
pendent DFT (TDDFT), the Slater
transition state (STS), and broken sym-

completely account for the physical
properties of the systems, and complete
active space-configuration interaction
(CAS-CI) calculations based on the
Kohn-Sham (KS) orbitals was applied.
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The CAS-CI energies, properly correct-
ed with multireference perturbation
theory (MR-PT), were found to be in
good agreement with experimental
data. We present here a calculation
protocol that has a low CPU cost/accu-
racy ratio and seems to be very promis-
ing for interpreting the properties of
strongly correlated electronic systems
in complexes of real chemical size.

metry (BS) were found to be unable to

Introduction

Density functional theory (DFT) has been widely used in
the last few years to calculate structural and spectromagnet-
ic properties of a large range of substances, from isolated
molecules to extended solids.!! The success of DFT lies in
its ability to handle systems that reach real chemical com-
plexity with a low CPU cost/accuracy ratio. The use of the
generalized gradient approximation (GGA)® and the adia-
batic connection formula (ACF)® significantly improved the
quality of the results and led to better agreement with ex-
periment. Much attention was devoted to the study of mag-
netic interactions in molecular magnets, a field in which an
accurate treatment of the electron correlation is required
and where modelling of the external ligands can produce in-
correct absolute values of the exchange coupling constants.™!
Among the paramagnetic systems synthesized so far and
studied as building blocks for molecular magnetic materi-
als,>® complexes of polyoxolene radical ligands and transi-
tion metal ions occupy a special place, since they show rich
chemistry associated with their redox properties together
with magnetic activity.”) The o-dioxolene ligands in particu-
lar can exist in the three redox forms quinone (Q), semiqui-
nonato anion (SQ~) and catecholato dianion (CAT?"), and
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their complexes with Mn and Co can exhibit different
ground states depending on environmental conditions such
as pressure and temperature. This phenomenon, which re-
sembles the well-known spin equilibrium observed in a
number of transition metal complexes, is generically called
valence tautomerism.®’! In a localized description of the
chemical bond, the variation of the ground state in these
complexes can be seen as an interconversion between two
localized electronic structures that can be described, for ex-
ample, as [M"(SQ)]* and [M™(CAT)]*. Studying the elec-
tronic structure of these systems is therefore rather complex.
Indeed, in addition to the formal assignment of the oxida-
tion states, the equilibrium between high- and low-spin
forms of the metal ions and the exchange interactions be-
tween the unpaired electron on SQ™ and those on the metal
ions must be correctly described. It is therefore not surpris-
ing that these systems show unusual physical and chemical
properties. It was shown experimentally that the formal oxi-
dation states of the complexes can be reasonably established
by examining the C—O and C—C bond lengths of the o-diox-
olene ligands, which are strongly dependent on the formal
charge of the ligands.®*! Typical values are dco=1.35 A and
dec=1.39-1.40 A for CAT> species, dqo=1.29-1.30 A and
dec=1.44 A for SQ species, and deo=123 A and dec=
1.49-1.50 A for Q species. Assignment of the formal oxida-
tion states by using the above empirical rules greatly helps
in understanding the overall properties of these substances,
but a more exact approach is required to achieve a quantita-
tive description of their chemical and physical properties,
and to predict new physical and chemical behaviours.
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Density functional theory!” has been recently applied
with some success to calculate several aspects of the chemis-
try and physics of metal o-dioxolene complexes, and particu-
larly the reproduction of the magnetic properties of a
number of systems showed that the method is appropriate
to describe the ground and the next excited state of these
systems."!! However, a deeper characterization of their
properties requires knowledge of the energies and geome-
tries of higher excited states. A DFT description of the ex-
cited states of [Co"(SQ),(phen)], particularly those respon-
sible for valence tautomerism, has been published,[“a] and
more recently we applied DFT to describe the electronic
structure of simpler Co" semiquinonato complex.? Al-
though some important information has been obtained on
these systems, some discrepancy with experimental data was
found, and a deeper investigation is needed. The main draw-
back of DFT in describing the electronic states of metal
semiquinonato complexes is due to the single-determinant
(SD) picture, which can be inadequate for nearly degenerate
electronic states. The electronic structure of these systems is
indeed characterized by a manifold of low-energy electronic
states, which can be thermally populated and, in an ap-
proach by wavefunction theory, should be described by mul-
tireference (MR) wavefunctions such as those obtained by
complete-active-space (CAS) configuration interaction (CI)
self-consistent field (SCF) calculations. LaBute et al.™® re-
cently corrected the results of DFT calculations on cobalt
valence tautomers using a variational configuration interac-
tion approach based on a model Hamiltonian. General ap-
proaches to combine multideterminant wavefunctions with
DFT are currently under development,' and recently
PBour™ corrected the Kohn-Sham (KS) wavefunctions
with CI and thus obtained a significant improvement over
the HF results in a number of systems. Although the direct
correction of KS wavefunctions with CI can lead to some
overestimation of the electron correlation, the procedure
can be applied in a straightforward way with available com-
puter code, and the results obtained by Bour prompted us
to investigate the application of this procedure to metal-se-
miquinonato systems.

Here we apply the MR-CI/KS formalism to calculate the
electronic structure, magnetic properties and electronic
spectra of a series of M" o-dioxolene model complexes of
formulas [(NH;),M"(SQ)]* (M=Zn, Ni; SQ =semiquinona-
to) and [(NH;),Cu"(SQ)]*. Ammonia molecules were used
to mimic the effect of the more complex nitrogen ligands
(usually CTH=dl-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraa-
zacyclotetradecane), which are present in the real com-
pounds. The complexes studied here are not expected to un-
dergo valence tautomerism, since the excited M™—catechola-
to forms should lie at energies higher than the thermal
quantum at room temperature because of their redox poten-
tials. However, complexes of formulas [(CTH)M™(SQ)]*
have been widely characterized” %1 by magnetic and spec-
troscopic techniques, as well as by X-ray diffraction, and
offer numerous experimental data that can be used to test
the MR-CI/KS approach. These systems therefore seem well
suited as tests for calculations aimed at establishing a gener-
al procedure to be applied to systems of chemical dimen-
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sions. In the following, we compare MR-CI/KS with other
standard DFT procedures to calculate the magnetic proper-
ties and electronic spectra of the model complexes
[(NH5),M"(SQ)]* and [(NH;),Cu"(SQ)]* and test the accu-
racy of the methods on the available experimental data for
the real parent complexes.

Methods of Calculation

DFT calculations were performed with Slater-type orbitals (STO) using
the Amsterdam Density Functional program package (ADF2002),'” and
with Gaussian-type orbitals (GTO) using the General Atomic and Mo-
lecular Electronic Structure System (GAMESS)!™! and the NWChem!"
program packages on the model complexes of formulas [(NH;),M(SQ)]*
(M=Zn, Ni) and [(NH;),Cu(SQ)]* shown in Figure 1. C,, symmetry was
assigned to all the complexes. STOs were used in the form of double-¢
orbitals for the core electrons, and triple-¢ orbitals for the valence elec-
trons plus one polarization function for all the metals; double-{ orbitals
plus one polarization function were applied to all the other atoms, except
hydrogen atoms, for which no polarization was added. Coefficients and
exponents of the basis functions were taken from the standard database
of ADF2002. Metal electrons up to the 2p shell were kept frozen. For all
the other non-hydrogen atoms the 1s shell electrons were frozen. GTO
calculations were performed with the all-electron basis sets developed by
Ahlrichs et al.””! as obtained from the Extensible Computational Chemis-
try Environment Basis Set Database.”!! Triple-{ functions were used for
the metal atoms and double-{ functions were applied to all the other
atoms.

Geometry optimizations: The geometries of the model complexes were
optimized with ADF by using the Vosko-Wilks—Nusair formula (ver-
sion V)2 for the local density approximation (LDA) part of the ex-
change-correlation functional and the nonlocal (GGA) corrections of
Becke™! and Perdew!™ to the exchange and correlation part of the func-
tional, respectively. This functional is indicated by the abbreviation BP
below. The Broyden—Fletcher-Goldfarb-Shanno (BFGS) Hessian update
was used throughout, and default criteria of convergence on energy, dis-
placements and gradients were applied. Optimizations were always per-
formed on the highest spin state of each system, since it can be meaning-
fully described by a single Slater determinant. Dihedral angles between
the hydrogen atoms of the NH; ligands were fixed to impose a local C;
axis around the M—N bond.

Magnetic properties: The exchange coupling constant J between the
metal ion and the semiquinonato radical was calculated by using the
broken symmetry formalism (BS), as described at length in the litera-
ture.! In this approach J is obtained from two independent SCF calcula-
tions: the first on the highest spin state of the system (the ferromagnetic
state, F), and the second on the antiferromagnetic state (AF), in which
the metal ion is in its internal highest spin state with a electrons, and the
electron on the SQ™ radical has spin . The exchange coupling constant
of the spin Hamiltonian®/H =JSw'Sso can be calculated from the ener-
gies of these two single determinants, E(F) and E(AF) according to
Equation (1), where Sy is the total spin on the metal centre and Sgo=1/2.

E(F)—E(AF)

g K o

This equation results from the projection of the AF state, which is not an
eigenfunction of $%, onto the pure spin state corresponding to the antifer-
romagnetic alignment of the magnetic electrons. The use of Equation (1)
most often leads to an overestimation of the calculated J value with re-
spect to the experimental values, and sometimes the AF (or BS) state
was instead considered as a pure spin state.””! For two §=1/2 spins, this
approach means that the factor of 2 in the denominator is omitted. Both
approaches are considered in this paper.

Modelling the external CTH ligand with NH;, although justified, since in
both cases the bonding atoms are tertiary nitrogen atoms, and already
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practiced in the literature,'"*?! can alter the absolute value of the calcu-
lated J and prevents their quantitative agreement with the experimental
data.”! Furthermore, small deviations of bond lengths and angles from
the real values can affect the actual value of J, and the agreement with
the experimental data presented in this paper can therefore be consid-
ered good when the sign and the order of magnitude of J is reproduced.
Other excited states: Energies of excited states were calculated in more
general ways by using DFT based methods and MR-CI/KS calculations.
The Slater transition state?® (STS) procedure was applied to calculate
the energy of excited states having the same spin multiplicity as the
ground state that originate from one-electron excitations from the
ground-state single Slater determinant. All these calculations were per-
formed with ADF.

The reference configurations of the MR-CI/KS approach were chosen
within a complete active space (CAS), and we also refer to these calcula-
tions as CAS-CI calculations. The states obtained from the CAS-CI were
the zeroth-order states of a second-order perturbation approach. MR-CI/
KS calculations®! were performed with GAMESS using as reference
space the KS orbitals obtained from DFT/restricted open shell (DFT/
RO) calculations with the B3LYP hybrid functional,” as described in
more detail below. The results of the CAS-CI calculations were corrected
for dynamic correlation effects by using the multireference second-order
perturbation theory® (MR-PT), as implemented in GAMESS, with the
multireference quasidegenerate perturbation theory approach® (MC-
QDPT) applied to a single zeroth order state at the time. Intruder states
were eliminated by using an energy denominator shift®™ in the perturba-
tion expression of 6 =0.0011 a.u. for all the states.

Time-dependent DFTP® (TDDFT) in the Tamm-Dancoff approxima-
tion,”” as implemented in NWChem, was also applied. Oscillator
strengths of the allowed transitions were calculated from CAS-CI and
TDDFT calculations.

UV/Vis spectra were calculated using the results of MR-PT calculations
by broadening each absorption transition at w, with a Gaussian function
according to Equation (2), where f,, is the oscillator strength, and w,, the
bandwidth.

2 2 2
glw) =12 \/;efzwl ™, @)

Way

The bandwidths were arbitrarily chosen to mimic the features of the ex-
perimental spectra.

Details of the calculations: All calculations were performed on an eight-
node AMD Athlon 2000 double-processor cluster. The most expensive
calculations (MR-PT) were performed on four processors using 320 MB
RAM on each node with 60 min (average) total CPU time.

Results and Discussion

The geometries of the model complexes [(NH;),M"(SQ)]*
(M=Zn, Ni) and [(NH;),Cu"(SQ)]* calculated with ADF/
BP are shown in Figure 1, together with relevant geometri-
cal parameters. The calculations were performed on the
highest spin state of each molecule, namely, S=1/2 for
[(NH;),Zn(SQ)]*, S=1 for [(NH;),Cu(SQ)]* and S§=3/2
for [(NH;),Ni(SQ)]*. These spin states were found to be the
ground spin states of each system, in agreement with the ob-
served magnetic properties of the analogous real complexes.
The C-O and C—C bond lengths are close to those experi-
mentally observed for semiquinonato species and allow the
assignment of a 2+ formal charge to the metal centres. The
bond lengths around the metal atoms compare favourably
with those reported in the literature,”*! except for the
Ni—O bonds, which are somewhat shorter than the experi-
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Figure 1. Optimized structures of model complexes [(NH;),M(SQ)]*
(M=Zn, Ni; SQ=semiquinonato) and [(NH;),Cu(SQ)]*. The relevant
geometrical parameters are shown.

mental values (2.06-2.08 A)."""l The charge and spin densi-
ties calculated by Mulliken population analysis are reported
in Table 1. The spin densities are quite well localized onto
the [M(NH;),] and SQ fragments: 0.17 and 0.30 electrons

Table 1. Charges and spin densities calculated® for [(NH;),Zn(SQ)]*,
[(NH;),Ni(SQ)]" and [(NH,),Cu(SQ)]".

Atoms Charge Spin density
Zn 0.66 —-0.01
(NH,), 0.89 0.02
SQ —0.55 0.99
Ni 0.58 1.47
(NH,), 0.92 0.37
SQ —0.50 1.17
Cu 0.84 0.52
(NH,), 0.48 0.18
SQ -0.32 1.30

[a] Results of ADF/BP calculations. Atomic contribution were added to
form the relevant fragments.

are transferred from the metal to the semiquinonato ligand
in the Ni and Cu complexes, respectively. These findings
suggest that the usual spin Hamiltonian approach, which is
based on a localized picture of the spin of the unpaired elec-
trons, can be a valid tool for rationalizing the magnetic
properties in these systems.
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The compositions of the SOMOs and of two of the lower
unoccupied orbitals for the three complexes are shown in
Figure 2 as isosurface plots of the relevant wavefunctions
with ¢ ==40.05 a.u. An MO localized on the ammonia mole-
cules was found to be the LUMO in all complexes and is

shy ©=307

da; e=306

by

Figure 2. Isosurface plots (1 ==+0.05 a.u.) of the SOMOs and of two of
the unoccupied orbitals (4b; and 4a,) for [(NH;),M(SQ)]* (M=Zn, Ni)
and [(NH;),Cu(SQ)]*.

not shown. The 4b, and 4a, orbitals shown in Figure 2 are
therefore the LUMO+1 and LUMO +2 orbitals.

For the zinc(i) complex, the orbitals shown in Figure 2
closely resemble those calculated in the HOMO-LUMO
region for the SQ™ radical anion by DFT calculations on the
free radical using the same atomic coordinates as found in
[(NH;),Zn(SQ)]*. The electronic structure of the semiqui-
nonato radical anion has already been studied in some
detail® and will not be described here. The 3d orbitals in
the zinc(m) complex lie quite low in energy and are doubly
occupied. It is evident that charge transfer from the metal to
the HOMO 3b, orbital, which can be described as Zn"-
CAT states, are expected to be high in energy.

The contribution of the 3d orbitals to the magnetic and
redox properties of the complexes becomes more important
in the copper(m) and nickel(m) complexes, for which the 1b,
and 2a, orbitals, mainly centred on the metal ion, enter the
SOMO region, as shown in Figure 2. In the copper(1) com-
plex the magnetic orbitals are 1b, and 3b,. Charge-transfer
states originating from electron transfer between these two
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orbitals are expected to be the low-lying Cu™-CAT (1b)
3b?) and Cu-Q (1b2 3bY) configurations, while the singlet
(*A,) and triplet (°A,) states, arising from the ground (1b}
3b!) configuration, give rise to the magnetic properties of
the complex. A more complicated magnetic and redox be-
haviour is expected for the nickel(i) complex. From the
ground (3b; 1b} 2a}) configuration one quartet (*A,) and
two doublet (*A,) states arise, which are responsible for the
magnetic properties. Charge-transfer between the ground
configuration give rise to Ni'-Cat [*B, € (3b¢ 1b} 2a?)] and
[*A, € (3bY 1b% 2a})], and Ni-Q [*B,€(3b? 1b} 2a%) and
A, € (3b? 1b) 2a})] states. Other configurations arising from
excitations from lower lying states are also possible, and it is
evident that, since many states have the same spin and
space symmetry, only methods allowing for static electron
correlation effects, that is, for multideterminant states, can
be appropriate for describing the electronic structure of the
nickel() complex.

Multiplet structure of [(NH;),Zn"(SQ)]* and SQ: To apply
MR methods, an appropriate interaction space (complete
active space) must be chosen. A minimum active space
would be that formed by the 3d metal orbitals and the 3b,
orbital of the semiquinonato anion, as already chosen by
La Bute et al.'¥ in a different context. However, this active
space cannot account for the UV spectrum of the zinc(1)
complex, for example, whose interpretation requires at least
that all low-lying states of SQ~ lie in the active space, ac-
cording to the assignment by Dei et al.“” In order to have a
“spectroscopic” active space we added to the minimum
active space the highest energy KS MOs of SQ™ to yield a
13-orbital active space. The orbitals forming this complete
active space (CAS) used for the CAS-CI/KS calculations on
[(NH;),Zn(SQ)]* are shown in Figure 3 as an isosurface
plot with 1 ==0.05 a.u. together with their symmetry labels
and numbering. In the calculations on the other metal com-
plexes we used the same numbering of the energy levels in
order to quickly compare transitions arising from homolo-
gous orbitals between different metal complexes. The CAS
include two o-like (1b,, 2a,) and three m-like (1a;, 1b,, 1a,)
3d metal orbitals; all the m-type MOs of the semiquinonato
ligand with relevant contributions from the oxygen atoms at
higher energies (2a,, 2b;, 3a,, 3b,); the two low-lying empty
orbitals of SQ~ (4b,, 4a,); and the two highest occupied o-
type orbitals of SQ~ (2b,, 3a,) that have the appropriate
symmetry to interact with 3d, atomic orbitals.

We tested the quality of the active space by calculating
the electronic excitations in the zinc(1) complex and in the
free semiquinonato ligand. The results of the calculations
are reported in Tables2 and 3. In Figure 4 the calculated
spectra are compared with the UV/Vis electronic spec-
trum™! of [Zn(SS-CTH)(DTBSQ)|PF; (SS-CTH=(S.S)-
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane;
DTBSQ=anion of 3,5-di-tert-butylbenzo-o-semiquinone).
The spectra were obtained by plotting the transition ener-
gies obtained by MR-PT calculations with oscillator
strengths calculated on the CAS-CI zeroth order states ac-
cording to the procedure described in the Methods of Calcu-
lation. The reference space for the calculations on the zinc
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Figure 3. CAS used for MR-CI/KS calculations on [(NH;),Zn(SQ)]*. Iso-
surface plot of the relevant wavefunctions with i ==+0.05 a.u. The same
symmetry labels and numbering scheme was used in the CAS-CI calcula-
tions on all the other model systems.

complex contains 21 active electrons, CAS(13/21), and that
for the SQ~ radical is CAS(8/11). Electronic transitions to
B,-symmetry states are forbidden in C,,, but can appear as
extra bands in the experimental spectra due to the lower
symmetry of the complexes. The intensities of these transi-
tions, as well as those of the transitions to A, states, which
were calculated with zero oscillator strengths, are expected
to be low, and these transitions should appear as shoulders
on the main absorptions. The
overall agreement between the
calculated spectrum for the zinc

Efem-1x10° —»

Figure 4. a) UV/Vis electronic spectrum of [Zn(SS-CTH)(DTBSQ)]PF,
(8S-CTH=(S,5)-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetrade-
cane; DTBSQ=anion of 3,5-di-fert-butylbenzo-o-sequinone). b) Spec-
trum of [(NH;),Zn(SQ)]* calculated with MR-PT/KS. ¢) Spectrum of the
SQ" radical anion calculated with MR-PT/KS.

Table 2. Calculated electronic transitions [cm™'] for [Zn(NH;),(SQ)] ™.

Transition CAS® MR-PT Transition™
B A, 18330 (2.8) 14061 3a,—3b,
2A, 26731 (0.0) 15746 3a,—3b,
B, 32088 16966 2b,—3b,
B, 37700 (2.6) 27345 2b,—3b, ¢
2A, 41843 (8.6) 29812 3b,—4a,
2A, 49934 (22.7) 32366 2a,—3b,
ZBI 46647 (15.3) 33208 3 b1—>4b1[°]
B, 63042 42624 3a,—4a,
A, 63067 (0.4) 45970 3a,—4a,
B, 69564 (8.9) 45977 1b,—3a,
A, 70030 (0.0) 47093 2b, —da,
2A, 65150 (7.5) 47101 3a,—4b,
B, 72115 52137 2b,—db,

[a] Transition energies from configuration interaction on the CAS(13/21)
reference space. Transitions 2B, —2B, are symmetry forbidden. Oscillator
strength (length form [a.u.x100]) in parentheses. [b] Main one-electron
excitation from the reference state. [c] The °B, states from the SOMO-
LUMO (3b,—4b,) and (2b,—3b,) transitions are strongly admixed by
configuration interaction. The calculated coefficients in the CI expan-
sions are: 0.74(2b;—3b,)+0.52(3b,—4b,) and 0.44(2b,—3b,)—0.72(3b,—
4b,) for the transitions at 27345 and 33208 cm ™', respectively. SOMO-
LUMO transition is in boldface.

Table 3. Comparison between calculated electronic transitions [cm '] for SQ~ with different theoretical meth-

. ods.
complex and the experimental
one is apparent Transition CAS® FOCI® MR-PT Transition! STS TDDFTY
For comparison, we also cal- ’B,—’A, 16906 (0.0) 15105 (0.0) 9886
culated the transition energies 23a1ﬂ3b' 2810 11516 (0.0)
s ) B, 21159 18597 12612 2b,—3b, 13726 15370
of the SQ" ligand with other :j, 19873(4.2) 18971(3.4) 16290 3a,—3b, 15536 20765 (2.6)
theoretical methods (Table 3). B, 32433 (3.6) 30833 (3.5) 25982 3b,—4b, 27870 32318 (2.6)
The first correction to the ener- iAz 35111(11.8) 32252(8.6) 26420 3b,—4a, 29142 34335 (4.3)
. B 46939 (13.3) 42685 (8.3) 31650 2b,—3b, 34068 40001 (6.2)
ies of the CAS-CI states was !
gb ed by allowi a ’A, 43732 (13.3) 39987 (9.1) 31626 2a,—3b, 33109 40667 (18)
obtamed by allowing configura- 2, 47350 (0.1) 44174 (0.0) 33273 3a,—4b, 36042 37396 (0.0)
tion interaction with all 48 vir- 2B, 48500 44962 34981 3a,—4a, 37409 39377
tual orbitals (FOCI calcula- B, 50383 46903 35033 2b,—4b, 40881 42472
2A, 52295 (0.1) 48281 (0.0) 36639 2b,—4a, 41785 45331 (0.0)

tions). We thus introduce into

our states all the dynamical cor-
relation effects coming from
the virtual orbitals. Two DFT
approaches, namely, STS and
TDDFT, were also applied. Dy-

1476 ——
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[a] Transition energies from configuration interaction on the CAS(8/11) reference space. Transitions 2B, —2B,
are symmetry-forbidden. Oscillator strength (length form [a.u.x100]) in parentheses. [b] Transition energies
calculated with FOCI calculations on the CAS(8/11) reference space. All 49 virtual orbitals were included in
the calculations. Oscillator strength (length form [a.u.x100]) in parentheses. [c] Main one-electron excitations
from the reference state. [d] Orbitals up to 2b, were kept frozen. Oscillator strength (a.u.x 100) in parentheses.
SOMO-LUMO transition is in boldface.
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namical electron correlation has a large effect on the calcu-
lated transition energies. The FOCI results are intermediate
between the CAS-CI and MR-PT ones, and the MR-PT en-
ergies are always the lowest. Transition energies calculated
with the STS procedure are in nice agreement with the MR-
PT results, while higher energies are -calculated with
TDDFT. The absorption spectrum of SQ~ consists of three
bands: that of lowest energy is a n*—SOMO (3a,—3b;)
transition, the central band contains the SOMO —-LUMO
(3b;—4b;) and SOMO—-LUMO+1 (3b;—4a,) transitions,
and the third band is formed by the 2a,—3b,; and 2b,—3b,
transitions. The ?B, states formed by the Slater determinants
with 3b;,—4b, and 2b,—3b, excitations are mixed by config-
uration interaction. The mixing becomes more relevant in
the zinc complex, where it is close to 50% (see Table 2),
and causes a splitting of these transitions larger than that
calculated for the free SQ radical anion. The SOMO —
LUMO transitions calculated within the STS formalism and
by TDDFT for the Zn" complex were 32153 and
36915 cm™, respectively. The STS result is closer to the
MR-PT value than the TDDFT result, as already found for
SQ~. The deviations of both STS and TDDFT from the
MR-PT values increase with increasing energy of the transi-
tions. The higher energy states are, on average, more affect-
ed by CI mixing than the lower energy ones.

From Table 2 it can be seen that no charge-transfer state
that can be assigned to CAT-Zn"™ species is calculated at

energies below 50000 cm™'.

Multiplet structure of [(NH;),Cu™(SQ)]": According to the
energy levels shown in Figure?2, the ground state of
[(NH;),Cu"(SQ)]* arises from the (1b} 3bj) configuration
and can be either *A, or 'A,. The magnetic properties of the
complex are tuned by the energy separation between these
two states. Application of the BS approach by using Equa-
tion (1) yields *A, as the ground state and J=—774 cm™'[*!]
(ADF/BP) and —909 cm ' (NWChem/B3LYP). CAS-CI and
MR-PT calculations on CAS(13/20) gave J=-665 and
—384 cm™!, respectively. The J values calculated with DFT/
BS are closer to the MR-PT value if the factor of two in
Equation (1) is omitted, as was already suggested.”” In this
case one obtains J=-387 (ADF/BP) and —454cm™!
(NWChem/B3LYP). A number of dioxolene copper(i1) com-
plexes have been studied and showed a large ferromagnetic
interaction between Cu" and the SQ~ radical anion.®™*%! In
the complex [Cu{NH(py),}(DTBSQ)]CIO,*! (NH(py),=di-
2-pyridylamine; DTBSQ =anion of 3,5-di-tert-butylbenzo-o-
sequinone) the Cu" ion is four-coordinate in a roughly
square-planar environment, and the measured J value is
—220 cm™'. This is reasonably close to the value calculated
with MR-PT.

Calculations of excited triplet states relevant to the inter-
pretation of the UV/Vis spectra were performed by means
of CAS-CI calculations on the lowest 50 excited states. The
zeroth-order energies of the states with nonzero oscillator
strengths at the CAS-CI level were then corrected with MR-
PT, and the results of the calculations are reported in
Table 4. The calculated low-energy bands are in nice agree-
ment with those reported® at 12400 and 25600 cm™ for
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Table 4. Calculated electronic transitions [cm '] for [Cu(NH;),(SQ)]*.

Transition CASH MR-PT Transition®!
A, B, 16280 (132) 10645 3a,+3b,
B, 14630 (0.39) 18170 2a,-2b,
3B, 40078 (0.04) 25792 2a,—3b,
B, 42027 (3.91) 26205 3b,4a,
A, 33130 (3.69) 27236 2b,—3b,
B, 55940 (5.01) 27540 3a,—2b,
A, 46891 (7.08) 28494 3b,—4b,
’B, 50566 (17.85) 29048 1b,—3b,
B, 46228 (0.66) 30147 1a,—3b,
A, 57847(16.96) 33100 1b,—2b,
A, 43401(0.19) 33436 3a,3b,
A, 49495(2.62) 44105 1b,—3b,

[a] Transition energies from configuration interaction on the CAS(13/20)
reference space. Transitions 2A,—2A, are symmetry-forbidden. Oscilla-
tor strength (length form [a.u.x100]) in parentheses. [b] Main one-elec-
tron excitations. d—d transitions are in italics. SOMO-LUMO transitions
are in boldface.

[Cu{NH(py),}(DTBSQ)](ClO,), and also with the transitions
observed in the five-coordinate complex**!  [Cu-
(Me;[12]N;)(DTBSQ)]CIO, (17500 cm™, 23300 cm ™,
26900 cm™!, 33200 cm™; Me;[12]N;=2,4,4-trimethyl-1,5,9-
triazacyclododec-1-ene). The transitions at 18170 and
27540 cm™! have pronounced 3d metal character and are as-
signed as d-d transitions in Table 4. The B, state that origi-
nates from the la,—3b; excitation from the ground Slater
determinant (30147 cm™") can be assigned as the first triplet
excited state corresponding to a CAT/hs-Cu™ species (hs=
high-spin configuration). Excited states with large charge
transfer from the radical ligand to the metal center and vice
versa can be obtained from the state configurations (1b)
3b?) and (1b? 3bY), which originate from 'A, states that cor-
respond to the ground states of Cu'-Q and Cu™-CAT spe-
cies, respectively. Their energies at the MR-PT level are
7163 and 13615 cm™! relative to the *A, ground state.

Multiplet structure of [(NH;),Ni"(SQ)]*: Up to 20 states
with different spin multiplicity and/or space symmetry can
arise from the ground state configuration (3blb2a,)’ of
[(NH;),Ni"(SQ)]*; they are listed in Table 5, where their
description in terms of localized electrons is also given. In
this case the CAS is formed by 13 orbitals and 19 active
electrons [CAS(13/19)]. The first two *A, states can be de-
signated as the antiferromagnetic state of the couple SQ/hs-

Table 5. Electronic states arising from the ground configuration of
[Ni(NH;),(SQ)]*.

System!*! Configuration State
SQ/hs-Ni" (3b! 1b} 2al) ‘A,
(3bf 1b¢ 2a°) A,
SQ/s-Ni" (3b 1b¢ 2aP) A,
(3b! 160 22) ’B,
a 1
3b! 162 220 B
CAT/N{™ (3b 1b! 2a") B,
(362 160 2al) A,
QN (3b 1b? 2a) A,
(360 1b! 227) B,

[a] The chemical system is described in a localized-electrons picture. hs/
Is =high-/low-spin configuration of the metal ion.
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Ni"" and one state of the SQ/Is-Ni" system, respectively.
Since states with the same spin and space symmetry can be
strongly mixed by CI, the above “chemical” classification is
only loosely correct. Nevertheless, this classification is
widely used by chemists to identify the so-called valence
tautomers, and we continue to use it in the text. A number
of states arising from excitation of the inner electrons and
from excitation of the valence electrons to virtual states are
also possible. It is evident how the multiplet structure of this
system becomes complicated. Therefore, we will not attempt
to describe the whole multiplet structure of the
[Ni(NH;),(SQ)]* cation, and we limit the calculations to the
description of the states relevant to the interpretation of the
electronic spectrum of the [Ni(NH;),(SQ)]* cation and of
the lower lying doublet states listed in Table 6, which can be
important for understanding the photochemical properties
of the system.

Table 6. The lowest lying doublet states of [Ni(NH;),(SQ)]* calculated
with MR-PT.

State Energy [cm '] Description

’A, 357 SQ/hs-Ni'! AF

B, 8940 (1b¢ 3b% 1b¢ 2a2) SQ/s-Ni!
B, 11011 (3b? 1b} 2a%) CAT/Ni!!

A, 12868 (3a2 3b0 16 22%) Q/Ni!

[a] Energy difference from the “A, ground state.

The ground state of the system, *A,, agrees with the ferro-
magnetic interaction between SQ~ and Ni" experimentally
observed in the real systems.” The nearest doublet state
was calculated to be the ?A, state arising from the SQ/hs-
Ni" system. Its MR-PT energy of 357 cm™' relative to the
ground state can be compared with that obtained by using
the spin Hamiltonian AE=E(S=3/2) - —E(S=1/2)=3J/2,
which yields J=—238 cm™!. This value agrees with the ferro-
magnetism observed in the [Ni(CTH)(DBSQ)]* and
[Ni(CTH)(PhenSQ)]* cations, and compares well with the
values calculated for these complexes at the DFT/B3LYP
level, that is, —356 and —285 cm™ "'l The J values calculat-
ed from Equation (1) are —637 (ADF/BP) and —468 cm™!
(NWChem/B3LYP). Without application of the spin projec-
tion, the calculated J values are —424 (ADF/BP) and
—312 cm™ (NWChem/B3LYP). The latter value agrees well
with that calculated by the MR-PT approach. The compari-
son of the J values calculated for our model system with
those calculated for two chemical systems, that is, =312 cm™!
versus —356 and —285 cm™', shows that the modelling intro-
duced in the present paper does not significantly alter the
value of the exchange coupling constant.

The next excited doublet state was found at 8940 cm™
from the ground state, and it will not be thermally populat-
ed at room temperature. Using the Slater determinant with
the largest coefficient in the CAS-CI zeroth-order state, that
is 0.653, this state is labelled SQ/Is-Ni". Its one-electron pic-
ture differs from that expected from the ground state config-
uration of Table 5 due to relevant effects of electron—elec-
tron interactions. However an excited *B, state was calculat-
ed at 16515 cm™, as a linear combination of the Slater de-

1

1478

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

terminants arising from the configurations (3b! 1b,” 2a?) and
(3b! 1b% 2aY) with coefficients of 0.673 and 0.641, respective-
ly. Similar considerations can be drawn for the other excited
states.

Many excited states with S=3/2 arise from a CAS(13/19).
To interpret the electronic absorption spectra of the SQ/Ni"
system we adopted the same protocol as for the Cu" system,
that is, we calculate a large number of quartet states at the
CAS-CI level, and we correct with MR-PT only those states
which have transitions moments significantly different from
zero. The results of these calculations for states lying below
about 55000 cm™' are summarized in Table 7. The assign-
ment of the transitions to one-electron excitations is some-
what arbitrary, since in many cases the excited states are
strongly mixed by configuration interaction. Indeed, for
most of the highest energy transitions, an assignment was
not possible. The states classified as MLCT correspond, in
chemical language, to excited CAT/hs-Ni'" states.

Table 7. Calculated electronic transitions [cm™'] for [Ni(NH,),(SQ)]*.

Transition =~ MR-PT® Transition" Exptll®

‘A,—'B, 9251 (0.01) 1b,—2a,

‘B, 13004 (2.80) 3a—3bl 11400 12950
‘B, 15181 (0.01)  3a,—1Ib,

‘A, 18967 (4.8) 1b,—3b, MLCT

A, 20933 (0.01)  3a,—2a, 19200 21200
B, 21816 (1.60)  3b,—da,

‘B, 22013 (0.01)  1b,—2a

‘A, 24925 (1.80)  2b,—3b,

‘B, 26551 (227)  2a,—3b, 24760

‘B, 28092 (0.17) M

‘A, 28892 (13.89) 3b,—4b, 29700 32380
‘B, 32010 (0.25) la,—3b; MLCT

‘A, 33447 (0.04) M

‘A, 34507 (0.02)  3a,—2a,

B, 34708 (0.02) 3a, —1b, LMCT

‘A, 37205 (031) M

‘B, 38973 (0.19) M

‘A, 38976 (0.02) M

‘B, 39465 (0.01) M

A, 40775 (0.06)  3a,—da,

‘B, 47457 (073) M

‘B, 55495 (2.86) M

[a] Transitions 2A,—2A, are symmetry-forbidden. Oscillator strength
(length form [a.u.x 100]) in parentheses taken from CAS-CI(13/19) calcu-
lations. [b] Main one-electron excitations from the reference configura-
tion. d—d transitions are in italics. SOMO-LUMO transitions are in bold-
face. MLCT =metal-to-ligand charge transfer. LMCT =ligand-to-metal
charge transfer. M =multiple transitions. [c] Data taken from the spectra
of [Ni(SS-CTH)(TCSQ)]CIO, (left) and [Ni(SS-CTH)(DTBSQ)]PF,
(right) from ref. [40] Only the most intense transitions are reported.

Conclusion

The combined use of DFT and MR-PT theory allowed us to
calculate the spectromagnetic properties of a series of
model complexes of Zn, Cu and Ni with a paramagnetic
semiquinonato ligand, with reasonably good agreement with
experimental findings and a reasonably low CPU cost/accu-
racy ratio. The KS orbitals obtained from restricted open-
shell DFT/B3LYP calculations were used as basis for the
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CAS, and the success of the calculations can be related to
the ability of DFT to account for a large part of the dynamic
correlation effects, which yields wavefunctions that repre-
sent the ground state of the system better than their Har-
tree—Fock counterparts. Correlation interactions on the ref-
erence CAS and MR-PT theory are apparently good
enough to account for almost all of the static correlation.

Standard DFT techniques (BS, STS) gave results compa-
rable to the MR-PT approach for the calculation of the J
values, but larger differences in the electronic spectra were
obtained. The STS procedure gave better energies than
TDDFT in the cases we examined. Another result of some
importance in magnetochemistry that resulted from our cal-
culations is that the J values calculated without using the
spin projection of the BS state are closer to the values calcu-
lated with the MR-PT theory when the B3LYP functional is
applied. This result supports the procedure sometimes used
in the literature, that is, to omit this spin projection.

Further calculations are still required to more completely
validate the present approach in the study of the physico-
chemical properties of metal dioxolene complexes. In partic-
ular the choice of the basis states for the CAS has to be in-
vestigated by performing calculation with unrestricted wave-
functions and, consequently, unrestricted natural orbitals
(UNO).

With the present model we have calculated the complex
electronic structure of simple chemical models. Application
of this model to the calculation of complex electronic struc-
tures of molecular systems of chemical complexity is a
future challenge.

Some important predictions can be made from our pres-
ent results. In the copper and nickel systems we calculated
excited states with spin multiplicities different from that of
the ground state at relatively low energies, namely, Q/Cu’
and CAT/Ni™ at 7163 and 11011 cm™, respectively. Since
these energies are Frank—Condon energies they represent an
upper limit to the energies of the states when geometrical
relaxation is allowed for. Note, for example, that Cu' prefers
pseudotetrahedral coordination, and structural variations
are important in stabilizing the various oxidation states.[*
These states, even if not available to valence tautomerism
because they are higher in energy than the thermal quan-
tum, could be populated by photoexcitation with laser
pumps and could give rise to long-lived excited species, and
to peculiar photochemical properties.

Calculations on more complex systems, namely complexes
of Co, Fe and Mn, are planned, as well as the use of DFT to
optimize the geometrical structures of the excited states in
order to go beyond the Frank—-Condon approximation.
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