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One-electron redox processes in ligands that exhibit non-
innocent behaviour invariably leads to the generation of radi-
cal species, which, when coupled with redox-active metal
centres, can lead to strong magnetic exchange, ambiguous
electronic structures and even spin crossover (SCO). We have
chosen two iron complexes [Fe''(L’),](BF,), (1) and [Fe(L"),]-
(BPhy) (2) [with L' = 4-dimethyl-2,2-di(2-pyridyl)oxazolidine
N-oxide] as the basis for an extensive theoretical study to
determine the influence and interplay of the strong magnetic

exchange, the redox non-innocent behaviour and any pos-
sible spin transitions. A series of calculations established the
low-spin character of the Fe in both the complexes and gave
us valuable insight into the electronic structure of 1 and 2
along with their one- and two-electron reduced species. An
attempt has been made to relate the bonding features to the
energy difference between different spin states and to the
influence of the exchange coupling on any possible SCO
properties.

Introduction

There is a great deal of interest in the synthesis and study
of nitroxide radicals owing to their kinetic stability under
ambient conditions,! which has led to the use of various
analytical/spectroscopic techniques such as electron para-
magnetic resonance (EPR) spectroscopy to probe their elec-
tronic structure. The unpaired electron on the nitroxides has
led to their use as spin probes,?! organic ferromagnetic ma-
terials®®! and as bridging ligands for paramagnetic metal
ions.[' Meanwhile, discrete metal-radical complexes with a
well-defined geometry are good candidates for fundamental
studies on magneto-structural correlations. Such investiga-
tion is necessary not only for understanding the magnetic-
exchange mechanism between the metal and organic radical
but also for guiding the design of new organic radical li-
gands for the development of novel molecular magnetic ma-
terials. On many occasions, the weakly basic nitroxides have
been combined with strongly ligating sites like pyridine,”
pyrazines,¥1 2,2'-bipyridine!” and imidazoles!'”) to make the
radical coordinate effectively with the metal ions.

A molecular orbital (MO) approach is necessary to
understand the bonding of such radicals with a metal
ion.l'"! The unpaired electron of nitroxide radicals is in a
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n* orbital, which is equally localised over the nitroxide N—
O moiety. When the nitroxide radical binds to a metal ion,
it usually coordinates through the terminal oxygen leading
to two possible cases that might arise from this situation.
The first involves a positive overlap between the metal
orbital(s) that contain the unpaired electron(s) and the
nitroxide radical, which might form a strong covalent bond
and therefore an antiferromagnetic interaction. In the sec-
ond case, if the metal orbitals that contain the unpaired
electrons are orthogonal to the radical, it gives rise to ferro-
magnetic exchange between the magnetic orbitals and the
radical spin. Simple nitroxides such as NITR!I! (2-R-
4.4,5,5-tetramethyl-4,5-dihydro-1 H-imidazol-1-oxyl-3-
oxide, with R = methyl, ethyl, propyl, and phenyl) can bind
to a metal ion axially or equatorially, usually in tandem
with electron-withdrawing groups such as hexafluoroacet-
ylacetonato (hfac) to lead to up to two nitroxide radicals
coordinated either in the axial or equatorial position. In the
case of Cu''-radical complexes, the observation of ferro-
[12-14] and antiferromagnetict! 1-'3-16] interactions was ration-
alised by means of such axial or equatorial coordination,
respectively.

Synthesis of metal dimers by using nitroxide radicals is a
very diverse field and many complexes have been synthe-
sised to develop ferromagnetic or ferrimagnetic types of in-
teractions.['! The use of organic spin carriers in conjunction
with paramagnetic metal ions as building blocks to develop
novel magnetic materials has been labelled the “metal-radi-
cal approach” and was pioneered by Gatteschi and co-
workers with the use of nitroxide radicals.[''! The very first
example of a molecular-based ferromagnet was an Fe-radi-
cal system in which the tetracyanoethylenide (tcne) radical

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|IC

www.eurjic.org

FULL PAPER

of vgorse Cremisty
anion is coordinated to an Fe ion to form the charge-trans-
fer complex [Fe(ns-CsMes),] *[tcne] .17

The [Fe'(rad)(mnt),] (rad* = 2-(para-N-methylpyrid-
inium)-4,4,5,5-tetramethylimidazoline-1-oxyl, mnt>~ = cis-
1,2-dicyano-1,2-ethylenedithiolato) complex reported by
Kahn et al. has an apically bound nitroxide that forms a
square-pyramidal Fe™(S,0) complex that exhibits both si-
multaneous magnetic exchange and an S = 3/2to S = 1/2
spin crossover.['8 This piqued our interest in studying the
effects of exchange and spin crossover in Fe!! nitroxides.
The paucity of low-spin Fe!! radical species,!'?2!1 the pro-
pensity of Fe!! to undergo a spin transition and the redox-
active nitroxide ligands suggest that such Fe'l nitroxides are
ideal model complexes for further study. Such complexes
could conceivably offer strong magnetic exchange, non-
innocent behaviour and the possibility of spin crossover all
occurring simultaneously in a single molecule. In this re-
gard, the recently reported congeners [Fe''(L"),](BF,), (1)
and [Fe'''(L"),](BPhy) (2) in which L' = 4-dimethyl-2,2-di(2-
pyridyl)oxazolidine N-oxide have been chosen for further
theoretical treatment./*?! Two ligands, each of which contain
one nitroxide radical that coordinates axially and two equa-
torially coordinated pyridyl groups, form in a bis-terdentate
fashion around the central Fe ion. The dication [Fe™(L"),]**
in 1 undergoes a one-electron reduction to the intermediate
[Fe"(L)(L7)]*, which then undergoes an intramolecular
electron transfer to generate the [Fe''(L"),]" monocation
found in 2. The ligand is in the neutral radical form in 1
and in the hydroxylamino anionic form in 2 with both Fe
ions in the low-spin state. Complex 2 is formed by a re-
ductively induced oxidation of the central iron ion. In ad-
dition to this interesting redox behaviour, complex 1 has a
linear L'-Fe''-L" arrangement, which offers a unique model
system to examine the radical-radical exchange by means
of the low-spin Fe'l ion.

By using density functional methods, we have attempted
to understand more fully the electronic structure, magnetic
exchange, redox behaviour and the possibility of spin cross-
over of complexes 1 and 2 by computing structural, ener-
getic and spectroscopic parameters.

Computational Details

X-ray structural parameters have been taken as an initial
starting point for all the calculations. Two software suites,
namely, Gaussian 091231 and ORCA,?4 have been used for
computing structure and spectroscopic parameters such as
g tensors, Mossbauer isomer shifts (IS) and quadrupole
splittings (QS). We have used the broken-symmetry ap-
proach developed by Ginsberg and Noodleman et al.,[*’
which has been proven to give a good estimate of the ex-
change coupling constant. Details regarding the evaluation
of J values using the broken-symmetry approach for dinu-
clear as well as polynuclear complexes can be found else-
where.?°2°1 Geometry optimisations and single-point cal-
culations have been performed by using the B3LYPB%-31
functional. For all calculations, we have used the triple-{
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valence (TZV)B34 basis set of Ahlrichs and co-workerst32-33
for all the elements. Geometry optimisation and frequency
calculations were performed to confirm the minima in the
potential-energy surface that yields the enthalpy and en-
tropy for different species. The enthalpy and entropy values
are estimated from the vibrational contributions. For calcu-
lating g-tensor components, the B3LYP functional has been
used along with the triple-{ valence basis set as described
above by considering a significant polarisation to all the
atoms. The EPR properties were predicted by coupled per-
turbed Kohn—Sham theory along with the spin—orbit mean-
field method developed by Neese et al.[’3] For the M&ss-
bauer IS and QS parameters we relied on the pure BP86
functional,® as this has been shown to yield better estima-
tions than experiments.’’] The relativistic effects were in-
corporated by using the ZORAP®3°1 method implemented
in ORCA along with the RIJCOSX approximation to accel-
erate the process of calculation. The spin states are repre-
sented by the following notation: M1, stare Whereby super-
script “M” denotes the total multiplicities (2S5 + 1) of the
complexes and subscript “spin state” denotes the spin state
LS (low spin), HS (high spin) or IS (intermediate spin) on
the Fe'" atoms, with the numeral 1 denoting the species.

In addition, a limited method assessment has been car-
ried out to cross-check the reliability of the B3LYP func-
tional, and here we have performed geometry optimisation
of selected spin states with functionals such as BP86,3¢
BLYP,#0 OLYP* B3LYP**4 and the M06-2X[*! suite.
The initial section addresses the performance of different
functionals in the estimation of structure and properties of
these complexes. Some low-lying configurations have been
calculated by incorporating solvent effects to check the role
of solvation on the different electronic states of the metal
ion and the radicals. Acetonitrile is used as the solvent be-
cause it was used in the synthesis of these complexes.*”
The polarisable continuum model (PCM)* with Onsager’s
SCRF code, which is further extended by Wiberg and co-
workers#! for Gaussian, have been employed for solvation
calculations.*”! This is a continuum solvation model that is
based on the multipole expansion (MPE)“®! of the solute
charge distribution.

Results and Discussion

Complexes 1 and 2?2 differ only in the physical oxi-
dation state of the metal ions, the type and number of
anions and the nature of the ligand. In 1, the ligand exists
in the neutral radical form (L°), whereas in 2 it exists in
the hydroxylamino anionic form (L"). Nitroxide N-O bond
lengths from X-ray structural studies are useful in assigning
the nature of the nitroxide ligand. For example, free-radical
ligands such as Proxyl (2,2,5,5-tetramethylpyrrolinyl-1-
oxyl), Tempo (2,2,6,6-tetramethylpiperidin-1-yl)oxyl or
NITR have N-O bond lengths in the range 1.27-1.28 A.["]
In complex 1, the N-O bond length is 1.317 A, which is
consistent with the neutral radical form (L), whereas in 2
it is 1.411 A, which is indicative of the hydroxylamino an-
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ionic form (L"). This can be rationalised when we consider
that the extra electron in the hydroxylamino anionic form
of the ligand is located in the antibonding n* orbital,
thereby resulting in a decrease in the N-O bond order and
an overall bond lengthening.

The radical-ligand character and the metal oxidation
states were established by using spectroscopic, electrochemi-
cal, magnetic, structural and theoretical studies.?”l For
complex 1, the S = 0 ground state was determined from
variable-temperature magnetic susceptibility measurements,
structural studies and EPR spectroscopy. Mdssbauer spec-
troscopic studies established the low-spin (LS) Fe!! configu-
ration. The magnetic data were fitted by using a strong anti-
ferromagnetic exchange interaction between the two radical
centres through the LS Fe!! centre, and this yields a J value
of -315c¢m™!. For 2, a S = 1/2 ground state was unambigu-
ously established by using magnetic susceptibility measure-
ments, EPR and Mdssbauer spectroscopy, thereby resulting
in an LS Fe'' configuration. Electrochemical studies re-
sulted in square reaction schemes that show the redox inter-
mediates involved and the reversible redox behaviour of
complexes 1 and 2. Preliminary DFT calculations sup-
ported the diamagnetic ground state for 1 and S = 1/2
ground state for complex 2.

Role of Exchange-Correlation Functionals in Predicting the
Ground State of 1

DFT calculations of metal-radical systems are challeng-
ing tasks because the prediction of spin densities, and the
estimation of spin-state energies and exchange parameters
require an accurate description of electron correlation ef-
fects.[*) Within DFT formalism, this is often done by pa-
rameterising the functional to suit the specific system of
interest. A similar approach has been performed to estimate
accurate spin-density values for Cu'' complexes.’” In our
systems of interest, one of the major hurdles with the

B3LYP functional is that it predicts a ferromagnetic cou-
pling between two radical centers with LS Fe!! configura-
tion, while experiments suggest that the interaction is anti-
ferromagnetic (see below). Thus we have decided to carry
out a limited method assessment to check the reliability of
other functionals. We performed additional calculations by
employing pure functionals such as BP86,13% BLYP“ and
OLYP,*I along with the hybrid functional B3LYP*, which
possesses 15% HF exact exchange.** Also a check has been
made with the modern meta-GGA MO06-2X™* functional,
which possesses a large amount of HF exchange. The OLYP
functional led to a J value of —259.5cm™!, and this was
found to be the closest to the experimental values among
the tested functionals. The BLYP functional yields a J value
of —408.7cm™!, whereas BP86 yields a J value of
—384.0 cm™!. In the case of the B3LYP* functional, the esti-
mated exchange constant (J) was found to be +99.5 cm™,
whereas M06-2X also yields a ferromagnetic coupling with
a J value of +37.9 cm™'. The collected results are clearly
divided, with pure functionals predicting antiferromagentic
exchange with a marginal difference in the range of 55.5—
93.7cm™! relative to experimental results. On the other
hand, the B3LYP* functional yielded the ferromagnetic ex-
change, although the estimate is diminished by 44.4 cm™!
relative to the original B3LYP results. Hence it is very clear
from the obtained result that the J value decreases as the
HF exchange decreases, with the pure GGA functional able
to predict the correct ground state for complex 1.
Computed spin-density values for different functionals
are given in Table 1 along with computed structural param-
eters in Tables 2 and 3. Hybrid functionals predict a small
amount of spin density on Fe, whereas pure functionals pre-
dict a larger spin density on Fe than the radical atoms
(more delocalisation). Computed structural parameters in
comparison to X-ray structural values reveal that for the
1,5 species of BLYP, OLYP and BP86 functionals, struc-
tures are calculated that are in good agreement with the X-

Table 1. Calculated spin densities of selected atoms of '1 g and 31, g spin states for complex 1 using B3LYP, B3LYP*, BLYP, OLYP, BP86

and M06-2X functionals.

B3LYP B3LYP* BLYP OLYP BP86 M06-2X
s rs s s s s s s s s s 1is
Fe 0.208 0.0 0.309 0.0 0.552 0.0 0.463 0.0 0.486 0.0 0.016 0.0
Ol 0.402 0.412 0.382 0.393 0.321 0.256 0.349 0.316 0.337 0.277 0.454 0.452
N1 0.492 0.503 0.461 0.471 0.381 0.288 0.428 0.369 0.411 0.322 0.528 0.531
02 0.402 —0.412 0.382  -0.382 0.321  -0.256 0.349 -0.316 0337 -0.277 0.454 0452
N2 0.492 —0.503 0.461 -0.461 0.481 —0.288 0.428  —0.369 0.411  -0.322 0.528  -0.531

Table 2. Selected structural parameters computed for the '1; g and 31 g spin states of complex 1 using B3LYP*, BLYP, OLYP, BP86 and

MO06-2X functionals. See Table 3 for B3LYP results.

X-ray structure B3LYP* BLYP OLYP BP86 MO06-2X

s s s s s IR s s s s

Fe-O 1.876 1.939 1.941 1.925 1.880 1.931 1.897 1.921 1.881 2.037 2.030

Fe-N1 1.973 2.016 2.014 2.014 2.023 2.013 2.018 1.992 1.998 2.056 2.053

Fe-N2 1.983 2.010 2.010 2.000 2.003 2.007 2.008 1.981 1.983 2.052 2.050

N-O 1.318 1.345 1.341 1.376 1.383 1.355 1.358 1.370 1.376 1.312 1.312

Fe-N-O 117.5 116.6 116.7 116.8 118.3 116.9 118.0 116.4 117.8 115.0 115.0
Eur. J. Inorg. Chem. 2013, 1024-1032 1026 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Selected structural parameters obtained by experiment (X-ray) and B3LYP computed for species 1 and 2 for different spin

configurations. Values given in parentheses are for complex 2.

X-ray structure 'l 31 ;g 1 Ol

*1ns

51HS 71HS 21‘ALS Il]3LS 51BHS 22LS 62HS 12IXLS 12]3LS 42]3LS

Fe O 1.876 (1.859)
Fe NI 1.973 (1.957)
Fe N2 1.983 (1.982)
N-O 1.318 (1.412)
Fe N-O  117.5(115.9)

1.996 1.957 1.870 1.904 2.218 2.143 2.218 2.115 1.879 2.005 1.953 1.880 1.959 1.965 1.968 1.960
2.021 2.022 2.006 1.996 2.033 2.205 2.032 2.197 1.992 1.965 2.284 1.991 2.175 2.021 2.021 2.011
2.023 2.024 2.031 2.024 2.058 2.202 2.058 2.199 2.034 2.008 2.028 2.034 2.209 2.023 2.020 2.013
1.332 1.336 1.379 1.396 1.324 1.321 1.324 1.327 1.444 1.457 1.449 1.444 1.426 1.333 1.336 1.331
116.4 116.5 118.2 117.3 114.0 116.0 114.1 118.0 116.3 112.1 114.1 116.2 118.7 116.4 116.9 117.7

ray crystal structure, whereas structural parameters pre-
dicted by B3LYP, B3LYP* and M06-2X are in general
slightly overestimated relative to X-ray structural param-
eters.

These results are similar to the finding of Kepp et al.’!]
in which exchange-correlation functionals that possess ap-
proximately 10% HF exchange are found to be superior
to B3LYP. Besides the above-mentioned functional, double-
hybrid functionals such as B2PLYP have also been advo-
cated for such classes of compounds.®>33 Although B3LYP
favours the HS state for complex 1, the structure and prop-
erties computed using this functional are in reasonable
agreement with the experimental results (see below). Thus
calculations herein have been performed with the B3LYP
functional and computations on other functionals are also
performed wherever necessary to compare the computed
B3LYP results with the experimental observation.

Energetics and Structure

The B3LYP-optimised structure of 1 is given in Figure 1.
For complex 1, eight different spin configurations (see
Table 4 for MO configurations) were computed that com-
prised the different spin states of Fe!l, namely, LS, IS and
HS along with the possibility of ferromagnetic or antiferro-
magnetic exchange between the two radical centres. The Fe—
O and the N-O experimental bond lengths vary for 1 and
2, with 1 having longer Fe-O and Fe-N bond lengths as
well as shorter N-O bond lengths than 2 (Table 3 and
Table S1 in the Supporting Information). The longer N-O
bond lengths in 2 are associated with the anionic character
of the ligands, which leads to an increase in T(N-O)* char-
acter and hence a decrease in the bond lengths. Calculated
bond lengths for different configurations can be found in
Table 3. These computed bond lengths show longer bond
lengths for the HS configurations than the experimental; as
expected, a Jahn-Teller axial elongation for °1;g with equa-
torially elongated bond lengths was found for the 31,5 and
1,5 configurations. The LS configurations are consistent
with the experimental values, the only significant deviation
being larger Fe—O bond lengths. It is worth noting that the
experimental data support the assignment of the '1; ¢ con-
figuration.

The computed energies are summarised in Table 4.
Among the eight computed configurations, "1yg (HS Fe!!
with radical coupled ferromagnetically; S = 3) is estimated

Eur. J. Inorg. Chem. 2013, 1024-1032
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Figure 1. (a) B3LYP-optimised structure of 1 and computed spin-
density plot for (b) 31, (c) "5 and (d) ?2s.

Table 4. Computed electronic configurations for 1 along with MO
notation, gas-phase and solution-phase energy differences (AE)
corresponding to the ground state, enthalpy of change and entropy
change in the gas phase. The energies and the AH are given in
kJmol .

MO notation AEgs AEq AH  AS[Jmol' K]
=i i
Is Tino() a2 Ao Ay dez dyz o) 1.0 0.0 -2.1 8.8
s ‘iNO(l) deoyn dszw dsz dy. Tno) 3.2 2:2 0.0 0.0
1is ‘TNO(,)dﬁ,yz dﬂﬁx, dszil,,, Toe 397 641 340 445
) t

s Tno(yiy2 A2 Ay diz dy: Tno) 594 589 593 24.8
s Tnoydizy2 A2 dyy di: dye %‘NO(Z) 89.0 - 78.1 27.3
"ns ‘nNO(l)de—yZ d.dy de d. ) 0.0 7.3 -1.7 62.2
R

1ns o) a2z A2 Ay Az dyz Tinog2) 39.5 - 34.4 37.8
Mus ooz Az dy di dy o) 6.7 = -0.9 59.2

to be lowest in energy (see AE,; in Table 4), whereas the
"1, 5 configuration (LS Fe™ radicals coupled antiferromag-
netically) is 3.2 kJmol™' higher in energy. Solvation effects
are expected to play an important role in influencing the
energetics for Fe complexes.’ Therefore we have optimised
selected low-lying configurations by employing acetonitrile
as the solvent. The solvation energetics (see AE,, in

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Eigenvalues plots for complex (a) 1 and (b) 2 computed using B3LYP.

Table 4) reveal that 31, g is the ground state with '1; g being
only 2.2 kJmol ™! higher in energy. The next configuration
closest in energy is "1y, which is 7.3 kImol™! higher in en-
ergy than 31, s Although the computed spin state of iron
(Fe'' LS) is consistent with the experimental observations,
our B3LYP predicts that the triplet is the ground state and
this is in sharp contrast to the experimental observation
of a diamagnetic ground state (see below). Experimental
observation confirms that the ground state is a singlet, and
here there are two possibilities to achieve a singlet state,
one in the configuration '1;g, in which it arises owing to
antiferromagnetic interactions between the two radical
centres, across LS Fe!l, and the second is the 1,5 configura-
tion, in which it arises owing to antiferromagnetic interac-
tion between the intermediate spin (S = 1) Fe'' and the
radical centres. However, our energetics reveal that the '1;g
state is high-lying relative to 'lI;s by a margin of
58.9 kImol™! and thus this state is unlikely to be the ground
state for 1. The experimental data support the '1; g configu-
ration, which is calculated to be low-lying and close to the
triplet ground state (*1;g) with the high-spin configuration
"1ys lying only 5.1 kJmol™! above. Interestingly, this sug-
gests that there are LS and HS configurations with ferro-
magnetic coupling relatively close to the experimentally de-
rived ground state.

For complex 2, the 22;¢ configuration (LS Fe™, § =
1/2) is found to be the ground state with the IS and HS
configurations lying higher at 122.1 and 165.6 kJmol !,
respectively, in the gas phase. These excited states are very
high-lying, and thus we expect this ?2; g configuration to
behave as a typical LS Fe™ ion that matches the experimen-
tal observations.

The eigenvalue plot for '1; g and 22, g along with MO
plots are given in Figure 2. The unpaired electron on the
radical centres are located in the m* orbitals, which are
found to have a lateral & interaction with the d... orbital of
the metal ion (see Figure 2). This strong 7 interaction is the

Eur. J. Inorg. Chem. 2013, 1024-1032
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probable cause of the large antiferromagnetic interaction
between the two radical centres (see below). For complex 2,
upon reduction each n*yo orbital gains an electron, thus
leading to the anionic form of the ligand, L. The unpaired
electron in 2 is found to be in the d.. orbital. Since the d..
orbital is also involved in strong n-bonding interaction with
the ligand (see Figure 2), this suggests a charge-transfer
transition with such a strong interaction that it leads to
ligand non-innocent behaviour. The spin-density plot for
1., "1 and 22, g are shown in Figure 1b, ¢ and d.

Reduction and Spin-Crossover Features of 1 and 2

We have also computed the energies of one-electron-
reduced {1A, [Fe"(L)(L)]*} and -oxidized {2A, [Fe"(L")-
(L)]?*} species along with the two-electron-reduced {1B,
[Fe™(L)(L)]} and -oxidized {2B, [Fe™(L)(L)]**} species,
and the overall energetics computed for these species are
summarised schematically in Figure 3 (see Table 3 for se-
lected structural parameters) using B3LYP. All four species
have been experimentally generated by using electrochemi-
cal methods, and some of them were detected using EPR
spectroscopy.??! EPR and electrochemical studies indicate
that 1 is in equilibrium with 2A (i.e., one of the ligands
accepts an electron from the metal ions, thus leading to
oxidation of the metal centre and reduction of the ligand
species). Our calculations support this claim because species
2A is merely 1.6 kJmol ! higher in energy than 1, which
suggests that 1 and 2A are nearly isoenergetic. Generation
of 2A from 1 involves electron transfer from the metal-
based orbital to one of the ligand n* orbitals, and the en-
ergy difference between the Fe(p-d,.) orbital and NO(B-n*)
orbital (see Figure 2a) is relatively small. The significant &
interaction described earlier favours this charge-transfer
process.

The molar fraction of HS as a function of pressure and
temperature yys(p,T) is routinely used as an order param-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. B3LYP-computed relative energies for different spin states for species 1, 1A, 1B, 2, 2A and 2B. All the energies are given in
kJmol ! relative to the computed ground state of each species. For 1, relative energies were given from the structural optimisation,
whereas other energies reported are single-point energies computed on the X-ray structure.

eter for the spin transition and this is related to the free-
energy difference AG(Gpyg — Gis) by the following expres-
sion:[>]

1
VHS = 4[1 + e(AGTkyT)]

At the transition temperature 7,,, the equation can be
approximated to the energy splitting between the HS and
LS state (AE,):[>!

AE,

T, =—
172 AS[/Z

AE; is therefore the most important parameter in determin-
ing any possible SCO features.

For the six species 1, 1A, 1B, 2, 2A and 2B found in
Figure 3, the ground state has an LS state for the Fe centre
regardless of the oxidised or the reduced nature of the metal
ion or ligand. A strong equatorial ¢ donation by the pyr-
idine ligands and ¢ and 7 interaction by the axial oxygen
atoms lead to a large energy gap between the t,,-like and
eo-like orbitals in 1 and 2 (note that this gap is
242.7 kJmol™! for 1 and 558. 5 kJmol ! for 2; see Figure 2).
Looking at the electronic structures of 1 and 2, it is appar-
ent that (see Figure 2a) there is a strong n-bonding interac-
tion between the Fe(d,.) orbital and radical © orbitals.
Complex 1 has the t,,® ground-state configuration, so we
would expect a © back-donation (d,. — =n* radical), whereas
for 2, which has the t,,° ground state and one hole in the 8
orbital of the Fe, both © donation and © back-donation are
expected. This bonding picture is confirmed from the spin-
density plots (Figure 1b-d).

It is to be noted here that a recent theoretical study indi-
cates failure of most exchange-correlation functionals to re-
produce correctly the spin densities of transition-metal
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complexes.*”! However, we believe that the relative trend
observed in the spin density is still meaningful and can be
used to understand the electronic structure of the complex
of interest.’®! For complex 1, the unpaired electrons are
also found on the metal atom, particularly on the d. or-
bital, and this indicates that the donation of the B-electron
from the B-n* orbital to the empty d,. orbital is taking
place. Similarly for complex 2, the L -character ligands also
possess significant spin density, and this is essentially due
to donation/back-donation between the Fe ion and radical
ligands. Furthermore, for complex 1, a large enthalpy
change (AH = H;g — Hys) and entropy contributions (AS
= Sis — Sus) are computed (see Table 4). This, along with
large spin-state splitting between the LS and the IS and HS
configurations (Figure 3), leads to the absence of any spin-
crossover features in this series of complexes and this is con-
sistent with the experimental observation.

Magnetic Exchange

The magnetic-exchange interaction has been calculated
for species 1 and 2B to understand the coupling between
the two radical centres, which is mediated through the LS
or Fe!! or Fe'! ions. For 1, the Fe'! is in the LS configura-
tion and there is only a single coupling between the two
radical centres. The exchange Hamiltonian employed for
complex 1 is given as

H=-2J,(5 + S5

for which S; and S5 are the spins on the two radical centres
(S = 1/2). This coupling is estimated to be ferromagnetic
with a J value 143.9 cm™! and this is contrary to the experi-
mental estimate of —315cm™' but agrees with previous
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B3LYP estimates.”?! Although deviation from experimental
values for magnetic exchange is well known,”>% such a
large deviation in sign and magnitude is unprecedented. It
is to be noted here that the exchange interaction has been
extracted experimentally by fitting the magnetic suscep-
tibility plot in a way that assumes an interaction between
the two S = 1/2 radical centres; however, there is an equilib-
rium process between species 1 and 2A with around 5% of
2A present in a sample of 1. The small quantity of 2A pres-
ent (with a possible triplet ground state) cannot, however,
solely account for the rise seen in the experimental yy 7
values, which is accounted for (in the majority) by the large
radical-radical antiferromagnetic coupling, even at higher
temperatures at which the magnetic moment would be ex-
pected to be influenced by 2A. In 1, there is a viable ex-
change pathway n*(NO)-d,.(Fe)-n*(NO) and this m-type
interaction will favour strong antiferromagnetic coupling.
However, two other doubly occupied orbitals (d,. and d,)
are essentially orthogonal to the ©*(NO) and thus lead to
an overall ferromagnetic coupling.

For the HS configuration of 1 {HS [Fe''(L"),]**}, a dif-
ferent set of J values have been extracted. For HS Fe!! there
are two J values (J; and J,) assumed and the corresponding
Hamiltonian is

H = -2J)(5,"S3) — 2J5(51S> + 5»S3)

in which S| and S5 are the spin on two radical centres (S =
1/2) and S, is the spin on the HS Fe!' centre. The radical—
radical J, interaction is estimated to be 901.2 cm™!, whereas
the J, exchange is 145.2cm™!. Both the exchanges are
strong and are ferromagnetic in nature. For 1s, since some
of the broken-symmetry solutions did not converge cor-
rectly, the exchange has not been computed.

For 2A, [Fe"'(L')(L")]**, the exchange between the Fe!'l
ion and radical system is estimated to be ferromagnetic with
a J value of 524 cm™', whereas for [Fe"(L)(L")]** 2B, g the
magnetic exchange values J;, = 81.2cm™' and J, =
~129cm™! and for 2Bys J; = -17.8cm™ and J, =
-367.7 cm™! are estimated. Interestingly, independent of the
oxidation state of the Fe centre, the magnetic-exchange in-
teractions are mostly ferromagnetic apart from the HS Fe™!
case found in 2Bys, in which the predominant exchange is
antiferromagnetic in nature. The variation in the magnitude
and sign of the exchange interactions over the various spin
and oxidation states indicates a complex mechanism, which
makes estimations of exchange interactions for the ex-
change-coupled, redox-active congeners studied here diffi-
cult.

Spin Hamiltonian Parameters

EPR g Tensor

The g tensor is an important quantity to check the pres-
ence of any radical system present. For complex 1, tempera-
ture-dependent EPR experiments suggest that the ground
state is a singlet but at higher temperatures a triplet-state
signal is observed. The observed peaks in the EPR corre-
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spond to the contribution from 2A {[Fe™(L)(L)]**},
which is in equilibrium with 1 and represents about 5% of
the sample. We have carried out calculations to estimate the
g-tensor components for species 2 in frozen solution in
which the experimentally derived spectral parameters are g,
= 2.163, g, = 2.089 and g. = 1.963, whereas DFT yields
values of g, = 2.091, g, = 2.055 and g. = 1.984. Although
the g tensors are underestimated relative to experiments, the
rhombic nature of the g tensor predicted by experimental
results is nicely reproduced in DFT. Underestimation of g-
tensor values when using common exchange-correlation
functionals is known and several methodologies including
fine tuning of % HF exchange (one would require higher
% HF here) can be employed to obtain good numerical esti-
mates of g values.[>]

Méssbauer Parameters

Maossbauer spectroscopy is a valuable technique used to
determine, unambiguously, the spin and oxidation states of
Fe ions. There are two primary parameters that are impor-
tant in MOssbauer spectroscopy, the isomer shift (IS) and
the quadrupole splitting (QS). Both the parameters solely
depend on the total electron density of the metal ion in
question and not to the individual localised spin densities.
Noodleman and co-workers have established a procedure of
computing these parameters in transition-metal clusters.[>"]
The computed parameters for '1;g, 31, and %2, g are sum-
marised in Table 5. In general, there is a good agreement
between the experimental and calculated values, which adds
support to the experimental interpretations. There is some
deviation between the computed set and previously re-
ported values/??! and this is essentially due to a slightly dif-
ferent basis set employed here.

Table 5. Mossbauer parameters computed by using BP86 function-
als.

Isomer shift IS [mms!] Quadrupole splitting QS [mms ]

DFT  Exp. [78K] DFT Exp. [78 K]
Mg 042 - 1.058 -
s 0.38 0.37 0.785 0.98
2 0.33 0.25 1.080 1.40
Conclusion

A theoretical study based on density functional methods
has been undertaken to study the spin-state splitting, spin-
coupling, spectral and possible SCO features of the Fe
nitroxide systems reported recently.’?l Although the main
focus is on 1 {[Fe''(L"),](BF,),} and 2 {[Fe"(L"),](BF,)},
computational analysis has been performed on the one- and
two-electron reduced species of 1 and 2 to gain a fuller un-
derstanding of the electronic structure of this Fe-radical
system. The conclusions derived from this study are sum-
marised below.

(1) Both species 1 and 2 possess the Fe atoms in LS configu-
rations — a combination of multiple experimental tech-
niques!?? is supported by our DFT calculations.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|IC

www.eurjic.org

FULL PAPER

of vgorse Cremisty

However, the hybrid functionals explored here, such as
B3LYP, B3LYP* or M06-2X, are unable to reproduce the
sign of the magnetic exchange correctly and this perhaps is
due to overestimation of covalency."® On the other hand,
pure functionals such as BP86, BLYP and OLYP reproduce
the ground spin state and, with OLYP, the computed J val-
ues are found to be the closest to the experimental values.
(i) Redox non-innocent behaviour proposed for these sys-
tems is independently verified by our calculations. Owing
to very symmetric ligand arrangements and a significant
interaction of the ligand NO m orbitals with the metal-
based d orbitals, a non-innocent character for the ligand
was detected whereby the donor/acceptor behaviour is de-
termined by the electronic configuration of the metal centre.
This behaviour is predicted by all the functionals tested.
(iii) A large splitting within the d orbitals was detected for
species 1 as well as for 2. The primary reason for the large
ligand-field splitting observed is routed back to the Fe
d—n*(NO) interaction between the metal and the ligand
orbitals. This large splitting essentially leads to the absence
of any SCO features because most of the SCO states are
computed to be thermally inaccessible. A weaker 1 interac-
tion with the metal d orbital is likely to help when observ-
ing the SCO features.

(iv) For species 1, a ferromagnetic exchange computed by
B3LYP is contrary to experimental results and the sign and
strength of the magnetic exchange is found to strongly cor-
relate to the Fe d-orbital configuration. This highlights the
difficulty in estimating the exchange interaction in species
in which spin transitions are expected/observed when hy-
brid functionals such as B3LYP or B3LYP* have been used.
Pure functionals such as OLYP, BLYP or BP86, which pos-
sess a lower percentage of HF exchange, are perhaps better
choices in this scenario.

(v) Computed g tensors and Mdssbauer parameters con-
firm the LS nature of the Fe centres in species 1 and 2, and
computed values are generally in good agreement with the
experimental observations.

In summary and in conjunction with the literature,??! ex-
tensive theoretical studies have been undertaken to probe
an Fe-radical system to underpin the electronic structure/
non-innocent ligand behaviour and to relate the observed
properties such as spin-coupling and SCO features. We pre-
dict that a moderate to weak m interaction of the radical
with the metal d orbital, rather than the strong interaction
noted here, is likely to yield SCO features in such systems.
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