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ABSTRACT: Direct metal—metal bonding of two distinct first-row
transition metals remains relatively unexplored compared to their
second- and third-row heterobimetallic counterparts. Herein, a recently
reported Fe—V triply bonded species, [V(‘PrNPPh,),Fel] (I;
Kuppuswamy, S.; Powers, T. M.; Krogman, J. P.; Bezpalko, M. W;
Foxman, B. M.; Thomas, C. M. Vanadium—iron complexes featuring
metal—metal multiple bonds. Chem. Sci. 2013, 4, 3557—3565), is
investigated using high-frequency electron paramagnetic resonance,
field- and temperature-dependent *’Fe nuclear gamma resonance
(Mossbauer) spectroscopy, and high-field electron-electron double
resonance detected nuclear magnetic resonance. From the use of this
suite of physical methods, we have assessed the electronic structure of
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1. These studies allow us to establish the effective g tensors as well as the Fe/V electro-nuclear hyperfine interaction tensors of
the spin S = '/, ground state. We have rationalized these tensors in the context of ligand field theory supported by quantum
chemical calculations. This theoretical analysis suggests that the S = '/, ground state originates from a single unpaired electron

predominately localized on the Fe site.

B INTRODUCTION

Starting in the 1960s with the first definitive observation of
chemical bonding between two transition metal ions, numerous
studies have probed the reactivity and electronic structure of
these compounds.' > The interest in metal-metal bonding
stems from both fundamental and practical perspectives. On
the fundamental side, the interactions between metal centers
offers a challenging environment to test electronic structure
models and explore the complex relationship between structure
and function.” From a practical perspective, metal-metal
bonded systems offer a rich source of electrons for multi-
electron redox reactions and, more recently, have been
proposed as building blocks for molecular magnets.”® Despite
the prevalence of literature reporting bonding between metals,
there exist relatively few examples of heterobimetallic moieties
with multiple bonds. Several examples of such systems have
recently been reported by our group as well as by Lu and co-
workers including Ti/Co, Fe/Cr, and Ni/V species.7_11 In
these articles, vastly different ligand fields were employed for
the two metal sites, resulting in molecular orbitals (MOs) that
deviate from the standard o/7/0 symmetry and instead form o/
7 and nonbonding orbitals. In this manuscript, we report a
detailed spectroscopic study of a triply bonded Fe—V species,
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[V('PrNPPh,),Fel] (1; Figure 1), where we combine *’Fe
nuclear gamma resonance (M®&ssbauer), high-frequency elec-
tron paramagnetic resonance (HFEPR), and electron-electron
double resonance detected nuclear magnetic resonance
(ELDOR-NMR) spectroscopy to probe the underlying
electronic structure of this complex. We rationalize all of the
experimental observations in terms of quantum chemical-

guided ligand field theory.

B MATERIALS AND METHODS

Synthesis. The compound investigated in this report is both air-
and moisture-sensitive. All manipulations were performed either in an
inert atmosphere glovebox or at 77 K with the sample submerged in
liquid nitrogen. Compound 1 was synthesized as previously reported.”

>’Fe Nuclear Gamma Resonance (Méssbauer) Spectroscopy.
The sample investigated here consisted of ~50 mg neat polycrystalline
material constrained with mineral oil in a polyethylene cup. Méssbauer
spectra were collected using a Janis cryostat equipped with a built-in
superconducting magnet capable of producing a maximum field of 8 T.
The magnetic field was applied parallel to the propagation direction of
the 144 keV y-rays used to detect the Mossbauer effect. This
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Figure 1. Molecular structure of 1. H atoms have been omitted for

clarity.

spectrometer allowed for the recording of spectra over a temperature
range of 4.2—250 K. The isomer shift is reported relative to that of a-
Fe at room temperature. All spectral simulations were performed using
the WMOSS software.'”

HFEPR. Spectra were collected on microcrystalline powder samples,
which were immobilized in a polyethylene cup with a Teflon stopper.
The transmission-type spectrometer used in this study employed a 17
T superconducting magnet.'> Microwave frequencies were generated
in the 52—314 GHz range using a phase-locked Virginia Diodes. Inc.
(Charlottesville, VA), source combined with a series of frequency
multipliers. The field-modulated signal was detected by an InSb hot-
electron bolometer (QMC Ltd., Cardiff, UK.). Temperature control
was realized using an Oxford Instruments (Oxford, U.K.) continuous-
flow cryostat. Spectral simulations were generated using EasySpin.l“’15

ELDOR-NMR. Because of the intrinsically short relaxation times of
transition metal-containing compounds, pulsed electron paramagnetic
resonance (EPR) experiments were carried out on a magnetically
dilute sample consisting of a 5 mM solution of 1 dissolved in
deuterated toluene. Measurements were performed at 8 K using a
high-power, quasioptical, pulsed W-band (94 GHz) spectrometer.'®
The field-swept electron spin echo-detected EPR spectrum was
recorded using the standard Hahn echo pulse sequence (7/2)—7—
(7)—7—[echo]."”” ELDOR-NMR measurements were performed at
approximately equally spaced positions across the EPR absorption
profile using the following pulse sequence: (sat)Pump—Td—(7[/2)1,“,1,e
—T—(ﬂ)pmbe—T—[eCho]. The first pump pulse drives a spin transition,
ideally to saturation, thereby burning a hole in the inhomogeneous
spin polarization profile and, hence, a hole in the EPR spectrum at the
variable pump frequency, vy, After a delay time, 74, the pump pulse
is followed by a fixed-frequency (Upope = 94 GHz) Hahn echo
detection sequence that probes any modulation of the echo intensity
as Vpymp Sweeps across the resonance;'®"? a schematic of this
experiment is shown in Figure 2. In essence, the probe pulse sequence
monitors any change in the electron spin polarization caused by the
saturating pump pulse. Under normal EPR conditions, this would
occur when the pump and probe frequencies coincide, although
spectral diffusion can result in the influence of the saturating pulse
extending quite far from the pump frequency.”” However, the
saturating pulse may also drive nominally forbidden zero- and
double-quantum hyperfine-coupled spin transitions involving simulta-
neous electron and nuclear spin flips (i.e., AMg = +1 and AM; = +1).
Under such circumstances, the hole will be detected at an EPR
frequency that is offset from the pump frequency by the NMR
transition frequency, i.e,, Vpump = Vprobe = EUNMR (see Figure 2), hence
the name ELDOR-NMR. Importantly, because the pump and probe
involve excitations of the same site, ELDOR-NMR is able to detect
hyperfine peak splittings that are not resolvable from inhomoge-
neously broadened continuous-wave (CW) EPR spectra. Moreover, in
comparison to NMR, the technique inherits the high sensitivity of
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Figure 2. (a) Pulse sequence employed in the ELDOR-NMR
experiment. (b) Schematic representation of the energy levels and
transitions involved in the experiment: the transition shown in red
corresponds to the pump pulse that drives the weakly allowed electro-
nuclear zero-quantum transition (down/up to up/down); the
transition highlighted in purple is monitored via the probe sequence,
which measures the intensity of the allowed EPR transition (AMg =
+1 and AM; = 0), and may be modulated via a bleaching of the
ground-state population by the pump pulse. The diagram assumes S =
1/, and I = '/,; the I > 1/, case is discussed later.

EPR, while simultaneously offering wide-band coverage, especially at
high microwave frequencies. It is thus ideally suited to structural
studies of complex coordination compounds, where unpaired electron
spin density may reside on multiple dissimilar nuclear sites.

Computational Studies. We have performed a series of density
functional theory (DFT) calculations using both the Gaussian 09 and
ORCA v4.0 quantum chemistry software packages.”"””> The geometry-
optimized structure of the unabridged structural model was obtained
at the BP86/def2-TZVP level of theory. This calculation furnished a
geometry consistent with that of the X-ray structure.”> > Time-
dependent density functional theory (TD DFT) calculations were
performed at the same level of theory using the geometry-optimized
structure. Both the geometry optimizations and the TD DFT
calculations were performed using Gaussian 09. The electric field
gradient (EFG) tensor and isomer shift were calculated using ORCA
v4.0 with the BP86 functional and the following basis set
combinations: CP(PPP) basis set on Fe, def2-TZVP on N/P/I, and
def2-SV(P) on C/H.*%% State-averaged complete active space self-
consistent field (SA-CASSCF) followed by second-order N-electron
valence perturbation theory (NEVPT2) calculations were performed
on a truncated, optimized model of 1 using the “old-dkh-tzvp” basis
set. Scalar relativistic effects were accounted for by the second-order
Douglas—Kroll-Hess (DKH) procedure, and the g factors were
calculated as implemented in the ORCA v4.0 software. The active
space included 10 orbitals from which 8 were o, 7, Fe™, 7*, and o*
(see the text) and the remaining 2 were Fe-based 4d orbitals.

B RESULTS

HFEPR. Spectra were recorded for a powder sample of 1 at
multiple high frequencies, as shown in Figures 3 and S3.
Regardless of the microwave frequency and temperature, four
intense features are observed at the same g values ranging from
~2.05 to 2.15, i.e., all four resonance fields exhibit a linear
dependence on the microwave frequency, v, extrapolating to v
= 0 at zero field. In other words, no zero-field contribution to
the anisotropy is detected, suggesting a spin-'/, Kramers
doublet ground state.”® The presence of four resonances, with
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Figure 3. HFEPR spectrum of 1 recorded at 208 GHz and 10 K. The
simulations shown in blue and green account for the two distinct sites
in the unit cell, which are summed to arrive at the final simulation
(red). Simulation parameters: g; = [2.060 2.098 2.144] and g, = [2.060
2.098 2.128] for sites 1 and 2, respectively. The features marked by *
arise from a minor impurity.

an approximate 2:2:1:1 intensity ratio (from low to high g), as
opposed to the maximum of three expected for a single spin-'/,
species, is accounted for by the presence of two crystallo-
graphically inequivalent sites in the unit cell: the key metric
angles and bond lengths, as well as an overlay of the two
geometries, are presented in Tables S1 and S2 and Figure S1.
The presence of two distinct sites required us to consider two
distinct sets of g values; the 2:2:1:1 intensity ratio suggests that
these sites differ only in the largest (g,) component, as seen in
Figure 3.

In the absence of a metal-metal bond, the formal oxidation
states of the ions are V" and Fe' with d* and d” electronic
configurations, respectively. Together the two metal ions
provide an odd number (9) of d electrons comprised by the
[FeV] moiety. However, the short internuclear distance
indicates a strong metal-metal bond. In turn, this interaction
creates a large energy separation between the bonding and
antibonding orbitals, which leads to the stabilization of an § =
1/, low-spin state.”” These observations are supported by our
experiments and are consistent with those previously reported,
including magnetic susceptibility measurements. Thus, we
analyzed the HFEPR data within the framework of the standard
electronic S = '/, spin Hamiltonian described by eq 1:

Z ﬁef;-ngk
P (1)

>
where f, is the electron Bohr magneton, B is the magnetic field
vector, g is the g tensor, and S, represents the total electronic

A,

elec

spin operator. The index k = 1, 2 accounts for the two distinct
sites in the unit cell. Our best simulation shows that the two
spectral components differ only in the largest component of the
individual g tensors, resulting in g,./g,, = 2.144/2.128, gy, =
2.098, and g),,, = 2.060. Figure 3 shows a representative
experimental spectrum as well as the 1:1 summation of the two
individual simulated sub-spectra.

57Fe Nuclear Gamma Resonance (Mdssbauer) Spec-
troscopy. Field-dependent *'Fe Mossbauer spectroscopy
allowed us to directly probe the electronic environment of
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the “’Fe sites. The zero-field spectra recorded at several
temperatures between 4.2 and 160 K are nearly identical and
consist of a quadrupole doublet with relatively large line widths
[0.45(1) mm/s; Figure S2]. The observed line width is larger
than that expected for a homogeneous iron site (~0.24 mm/s),
suggesting the presence of some degree of structural
heterogeneity. The lack of a temperature-induced broadening
demonstrates that, even at 4.2 K, the electronic spin is in a fast
relaxation regime; that is, we observe a spin-flip rate higher than
10" Hz. The 4.2 K and 0 T spectrum is best described using an
isomer shift § = 0.32(1) mm/s and a quadrupole splitting AE,
= 2.14(2) mm/s. The quadrupole splitting is related to the
principal components of the EFG tensor by

1 1,
AEQ=E€Q‘/ZZ 1+§T]

and

@)

Vs

V,

zz

- ‘/xxl

1’] =

©)
where e is the elementary charge, Q is the nuclear quadrupole
moment, and V,,, (4 = %, y, z) is a principal component of the
EFG tensor in a coordinate system where V| > IV, | > [V,,|.

The observation of a single quadrupole doublet suggests that
the two distinct sites detected by HFEPR exhibit very similar
zero-fleld parameters and cannot be differentiated by
Mossbauer spectroscopy. The observation of a temperature-
independent quadrupole splitting indicates that the Fe sites of 1
exhibit an isolated orbital ground state.

Figure 4 shows a series of field- and temperature-dependent
spectra recorded for 1. These spectra were analyzed using the
following total spin-Hamiltonian, IA{TlFe, which was obtained by
augmenting eq 1 with terms describing the hyperfine
interactions of the *’Fe nuclei

+H

HT,Fe = Hgec nuc,Fe (4)
Anuc,Fe = S'FeA.i +6- J/Feﬂn]_gi
V, N 1 o A
+ eQ—ZZI::),[: — _5 + n(lxz — IZZ):l
4121 - 1) 4 (5)

where A is the electro-nuclear hyperfine tensor, yg, is the
gyromagnetic ratio, 3, is the nuclear magneton, i is the total
nuclear spin operator, and jﬂ (u = x, » z) are its components.
Because the zero-field spectra cannot distinguish between the
two molecules of the unit cell, the first term of eq 4 considers
only a single site with g values that are an average of those
determined from HFEPR. The observed magnetic hyperfine
splitting is determined by an effective field acting on the Fe
nuclei, Begctive = Binternal + Bappliew Where the internal field
generated by the unpaired electrons is given by
B,y = — A-(8)/ YeS- The low spin expectation values,
I(S)I < 0.5, lead to a relatively small internal field (Figure S4).
Because of this behavior, some of the spectral features can only

be resolved by applying a large magnetic field. At high
temperature (T > 100 K), the Curie behavior of 1, (§) ~ %,

leads to a regime where the field-dependent spectra are in effect
determined by the nuclear Zeeman and quadrupolar
interactions (last two terms of eq S). Therefore, analysis of
the 150 K and 8 T spectrum permits us to establish that AE is
positive and the asymmetry parameter of the EFG tensor 77 =
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Figure 4. Experimental (black) and simulated (red) Mossbauer
spectra of 1. The spectral simulations shown here were obtained using
the parameters reported in Table 1.

0.5. When looking at the field-dependent, low-temperature
spectra, knowledge of the EFG parameters allowed us to focus
on assessing the magnitude of the hyperfine coupling (*°A)
tensor components. Surprisingly, we found that the exper-
imental spectra can be reproduced only by considering a highly
anisotropic FeA tensor, for which one of the principal
components is essentially zero (Table 1). Moreover, our
extensive fits of the entire set of spectra suggest that the EFG
and FA tensors are not collinear. Figure 4 shows a series of
simulations obtained using our best set of parameters listed in
Table 1.

5V Hyperfine Coupling Probed by ELDOR-NMR.
Because neither S’Fe Mossbauer nor CW EPR spectroscopy
was able to illuminate the hyperfine interactions involving the V
site, we turned to ELDOR-NMR to gain a measure of the level
of unpaired spin density on the V site. The echo-detected, field-
swept spectrum recorded at 8 K showed that the frozen
solution-state g values of 1 vary only slightly from those
observed in the powder spectra, g, 1, = 2.12, g o, = 2.10, and
8xs0ln = 2.06.

A 2D false color plot spanning the range of the
experimentally observed 'V ELDOR-NMR spectrum is
shown in Figure S; an intense (red) signal indicates strong
electron depolarization due to the saturation pulse, as detected
by the spin—echo sequence, where Av corresponds to the
difference between these frequencies, Vpymp = Vprober FOT cases
where the hyperfine coupling is small compared to the nuclear
Zeeman interaction, one expects to observe a pair of resonances

5873

Table 1. Spin Hamiltonian Parameters” for 1

parameter value
e 2.0975(5)
& 2.0599(5)
% 2.1355(5)"
S (mm/s) 0.32(1)
AEQ (mm/s) 2.13(1)
n 0.51(1)
OgEG (deg) 35(5)
Prrc (deg) 45(5)
FeA. (MHz) o(1)
A, (MHz) —16.6(1)
FeA, (MHz) —34.5(1)
VA, (MHz) 10(3)
Al (MHz) 12(3)
IVA,] (MHz) 28(5)

“Numbers in parentheses are the estimated uncertainties in the last
digit. “The g. value of 1 was taken as the average of the two unique
sites shown in Figure 3.
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Figure S. 2D color plot of the experimental ELDOR-NMR spectra of
1. Red and blue correspond to high and low intensities, respectively.
The right panel shows the echo-detected EPR spectrum recorded at 8
K and 94 GHz. The top panel contains a single ELDOR-NMR trace
recorded at ~3.19 T. The isotropic transition centered at Av ~ 20
MHz accounts for the interaction between the unpaired electron spin
density and the deuterated solvent. The axial features centered at Av ~
35 MHz arise from the V hyperfine interaction and, in the weak
interaction limit, are centered at the *'V nuclear Larmor frequency,
and then split by the magnitude of the hyperfine coupling, which is
anisotropic (different splitting for excitation at different components of
the g tensor).

for each coupled nucleus, centered at the bare nuclear Larmor
frequency and split by A,,/h. This can be seen from the total
interaction Hamiltonian, Hrppg._y, describing the coupled
electron/vanadium nuclear pair:

+H

nuc,V

HT,Fe—V = He (6)

)

where the first term in eq 6 is given by eq 1. For the simplest
case with § = I = !/,, these expressions result in EPR transitions
(AM; = +1 and AM; = 0) at energies hprope = 8BB + '/,A and
weakly allowed zero- and double-quantum electro-nuclear

lec

A AVE 4 - A
Hnuc,V =S Al- yVﬂnB'I
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transitions (AMg = +1 and AM; = +1) at hvyyy,, = g8.B +
7P.B; hence, hAv = y3.B + '/,A.

Examination of Figure S reveals two strong, broad signals
centered at a Larmor frequency of ~35 MHz at 3.15 T,
corresponding to a gyromagnetic ratio of ~7 X 107 rad/s T, as
expected for the *'V nucleus. The change in separation of the
two 'V signals as a function of the field results from an
anisotropic 'A tensor. By driving transitions in different regions
of the EPR spectrum (Figure S, right panel), one can selectively
probe the different molecular orientations and, therefore, study
the hyperfine interaction as a function of the g tensor
components. Examination of Figure S reveals that the
magnitude of the 'V hyperfine coupling (the splitting between
the two *'V signals) decreases as the magnetic field increases,
indicating that the VA tensor is coaxial with the g tensor, with
the largest A and g components paralle]l to one another.
Quantitatively, the *'V ELDOR-NMR spectrum can be fit to
eqs 6 and 7 (Figure SS), resulting in the principal components
of the hyperfine tensor: [VA,| = 28, IVAyI =12, VAl = 10, and
IVAanI = 16.7 MHz. Meanwhile, the isotropic feature centered
at ~20 MHz at 3.15 T (gyromagnetic ratio of ~4 X 10 rad/s-
T) can be assigned to solvent deuterium interacting with the
unpaired spin. Additional resonances observed in the full
ELDOR-NMR spectrum (Figures S6 and S7) can be attributed
to isotropic H and anisotropic N interactions. No features
could definitively be assigned to hyperfine interactions
involving "I (I = °/,, 27 MHz at 3.15 T, 100% natural
abundance) or *'P (I ='/,, 54 MHz at 3.15 T, 100% natural
abundance), which could be due to the limited available
bandwidth (~2200 MHz), poorly resolved/overlapping signals
at low Av, or electron—nuclear couplings that are too weak to
efficiently facilitate the forbidden transitions. The absence of
signals from Fe-based interactions is due to the low natural
abundance of *"Fe (~2%), which highlights the benefits of
applying multiple resonance techniques to investigate this and
related compounds.

The preceding analysis assumes S = I = '/,. However, >'V has
a nuclear moment of I = 7/, (~100% natural abundance). In a
standard CW EPR spectrum, one would expect 2I + 1 separate
peaks, split by the hyperfine interaction (selection rule AM; =
+1 and AM,; = 0), one for each of the 2I + 1 nuclear spin
projections. In contrast, the ELDOR-NMR signals arise when
the pump pulse drives either a zero (AMg = +1 and AM; = F1)
or double (AMg = =1 and AM; = +1) quantum transition.
Consequently, to lowest order, the pump frequency is always
shifted from the EPR frequency by Av = (yB,B + '/,A)/h,
resulting in just two branches of overlapping signals.'®'” With
the addition of higher-order terms, e.g, nuclear quadrupole
splitting, the two branches may be further split according to the
nuclear spin projection M}. Indeed, it is highly likely that such
additional splitting is unresolved in Figure S and that, along
with g strain, it plays an important role in the broad, anisotropic
line width of the *'V ELDOR-NMR signal. A summary of the
spin-Hamiltonian parameters obtained from the HFEPR,
Méssbauer, and ELDOR-NMR measurements is given in
Table 1 (and Tables S3 and S6).

B DISCUSSION

Qualitative Bonding Diagram. To aid in our interpreta-
tion, we start by constructing a qualitative MO energy level
diagram (Figure 6). We begin by assuming that both the local V
and Fe sites, and the overall molecule, exhibit a C;, point-group
symmetry and that the 3-fold rotation axis is coincident with
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Figure 6. (Center) Qualitative MO energy level diagram of 1. The
superscript nb indicates that the orbital originates from the indicated
metal and is non-bonding. (Left) Relative d-orbital splitting for a
transition metal occupying a trigonal-planar coordination site. (Right)
Relative d-orbital splitting for a transition metal occupying a
pseudotetrahedral site. The diagram below each energy level diagram
represents the corresponding metal—ligand unit, using the same color
scheme as Figure 1.

the internuclear axis. When the metal-metal interaction is
neglected, the trisamide coordination of the VI & site leads to
a splitting of the five d orbitals into a singlet, a, {z*}, and two
doublets, le {yz, xz} and 2e {xy, x¥* — y*}. In this case, we
expect the a; singlet to be lowest in energy. The Fe' d’ site
exhibits a distorted tetrahedral local geometry, for which the
iodide is found along the C; axis. Similar to the V site, we
expect the Fe 3d orbitals to be split into a singlet (a;) and two
doublets (1e and 2e). However, the interaction of the a; orbital
with the iodide should lead to its destabilization with respect to
one of the e sublevels. The magnitude of the orbital crystal field
splitting will depend on both the nature and number of
coordinating atoms and on the oxidation states of the central
metal jons. In general, it is expected that the phosphine ligand
will engender a larger splitting than the amide. However, the
tetrahedral coordination geometry will have significantly less
metal-ligand orbital overlap compared to that of the trigonal
planar site, resulting in a weaker ligand field splitting.
Additionally, it is empirically observed that the ligand field
splitting increases as the oxidation state rises because it
increases with the effective charge of the metal cation.”® The
lower formal charge and local coordination environment of the
Fe' site leads us to assume a substantially weaker ligand field for
this site than for the V"' ion. These assumptions are validated
by TD DFT calculations performed on the two mononuclear
analogues of 1 (Figure S9). The difference in ligand field
strength of the two ligand environments is represented
qualitatively by the relative splittings on the left and right
sides of the diagram in Figure 6.

Knowledge of the local d-orbital splitting allows us to
consider the formation of an intermetallic bond. The
stabilization of an Fe—V bond requires three conditions to be
met: (i) a short internuclear distance; (ii) the presence of
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Figure 7. (Left) Qualitative MO diagram resulting from a SA-CASSCF/NEVPT2 calculation depicting the dominant configuration of the ground
state. For clarity, the 4d orbitals (see Figure S12) are omitted. (Right) Energies of the first 10 states, where the labels of the excited states correspond
to the single excitation that describes the main configuration of the indicated excited state. The ground state is labeled with the dominant
configuration. The lines representing the energies of the states are colored according to their contribution to the g tensor: red (z), blue (y), and
green (x). In the case of states that contribute to multiple components of g, lines are divided into the fractions of the calculated reduced spin-orbit
coupling matrix element for each Cartesian component. Solid lines denote a f-electron transition, a contribution to Ag, > 0, and the dashed lines
indicate an a-electron transition, a contribution to Ag, < 0. The g values for this model at this level of theory are g, = 2.027, g = 2.085, and g, =

2.200.

orbitals with the same symmetry at both sites; (iii) comparable
energies of the interacting orbitals. These criteria allow for
mixing of the a; and le orbitals of the two metal sites, leading
to the formation of a ¢ and two # bonds, respectively.
Concomitantly, the large energy difference of the 2e orbital
sets, combined with the long internuclear distance relative to
the radial extension of the 3d orbitals between the two metal
ions, impedes the formation of 6 bonds. These interactions lead
to the qualitative MO diagram shown in Figure 6.
Subsequently, the nine available electrons fill this diagram
either by following Hund’s rules (to yield an S = ?/, ground
state) or by enforcing a low-spin electronic configuration (to
yield an S = '/, state). The experimental data demonstrate a
low-spin configuration in which the singly occupied orbital is
best described as non-bonding and associated with the Fe site.

Analysis of the >’Fe and °'V Hyperfine Structures.
Using the above model, we attempt to rationalize the observed
hyperfine structure parameters vide infra. The effective A
tensors can be decomposed into three contributions: the Fermi
contact (Ag.),”" spin dipolar (Adip), and orbital (A,), ie.,

A =Ap + Ay, + AL (8)
Taking the average of the >'V A-tensor components removes
the traceless spin-dipolar contribution and results in the
pseudo-contact hyperfine coupling (Az. + A;).”” Given the
relatively small electron density on V, we can make the
simplifying assumption that YA; is negligible and that the
isotropic VAg. ~ VAawg = 16.7 MHz. To put this observation into
perspective, we can compare this value with that of the
mononuclear hexaquavanadium(1II) compound, for which A,
~ 250 MHz.** A direct comparison with this value is misleading
because the present case involves a dimer of interacting spins,
which means that the hexaquavanadium(III) interaction should
be scaled by a projection coefficient (*/3), resulting in A
~170 MHz. Thus, the observed YA

avg —

16.7 MH:z

avg
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demonstrates a small unpaired electron spin density on the V
site, in spite of the formation of the direct Fe—V bond, i.e, the
single unpaired electron is essentially localized on the Fe site.
The contributions to "°A may also be decomposed, as shown in
eq S1 and Figure S8, revealing "Ap. = —22.4 MHz.** A direct
comparison of the relative magnitudes of Ag, for the *'V and
3’Fe nuclei is misleading because of the large differences in the
nuclear gyromagnetic ratio. However, comparing the ratios of
MAL/(ym/27) does offer a measure of the relative spin density
present on each atom. The experimentally determined I"Ag./
(ype/27)l 2 16.0 T and IVAg ./ (yy/27)| & 1.5 T values therefore
suggest that the Fe-based unpaired spin density is one order of
magnitude larger than the V one.

While the isomer shift of 1 compares well with those of
analogous compounds reported by Lu and co-workers, the
quadrupole splitting is significantly smaller (~2 vs ~4 mm/s).
This difference can be rationalized by the difference in the
ligand scaffolding used in each case. The Fe site of the
analogous complex [FeVL]X,” where L = N[o-[NCH,P("Pr),]-
C¢H,]; and X = BPh, or PF,, exhibits a trigonal planar
coordination environment. Planar coordination environments
generate a large negative ligand contribution to the EFG along
the z direction (in this case along the internuclear axis), V.. In
1, this contribution is dramatically reduced, but not canceled,
by the additional charge of the neighboring iodide, as well as
the increased I-Fe—P angle (Tables S4 and SS). The
diminished ligand contribution to V. results in a smaller
AE, value for 1 compared to the related [FeVL]X compound.”
We have further investigated the observed isomer shift and
quadrupole splitting parameters using DFT: the predicted
values are 5 = 0.11 mm/s, AESE = 1.57 mm/s, and n = 0.28.
The Léwdin spin-population analysis reveals a substantial
covalent reduction at each site: 1.73 « electrons for the Fe (3
expected in the free ion) and —0.85 f electrons for the V (2 in
the free ion). As has been discussed by several groups, the
calculated spin densities of a broken-symmetry state are
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. 135,36 : . .
unphysical.*>*® To overcome this, we can investigate the

overlap of the @ and f spaces by examining the corresponding
orbitals of the broken-symmetry solution, which show a nearly
complete overlap of the & and f spaces (overlap = 0.85—1.00)
for all orbitals with the exception of a single excess a-space
orbital, identified as an Fe™ orbital, in accordance with our
qualitative MO analysis (Figure S10). It has also been shown
that the calculated spin densities are highly dependent on the
amount of Hartree—Fock (HF) exchange in the functional.”’
We have examined this effect by performing several geometry
optimizations of a truncated model compound using varying
amounts of exact exchange in the functional, and we have found
that a functional with 5% HF exchange produces a geometry
with vanishing spin density on the V site and density
approaching unity at the Fe site (Figure S11).

Electronic Origin of the g Anisotropy. The DFT-
predicted g values, at the BP86/def2-TZVP level of theory from
the solutions of the coupled-perturbed self-consistent field
(SCF) equations, are g, = 2.083, g, = 2.123, and g, = 2.157.
While the good agreement between the DFT-predicted values
and those observed experimentally is reassuring, particularly
with regard to the rhombicity of the g tensor, it is instructive to
develop a ligand field model to account for the observed shifts
from the free electron value, g, = 2.0023. These shifts are
governed by spin-orbit coupling interactions. Using the second-
order perturbation formalism, the components of the § tensor
may be derived through the following relationship:>®

DIED)

O=Fe,V

1
+ —

_ -1 ) or or
§ =& T 2 A7 DM Lia) L)

)

where g, is a Cartesian component of the g tensor, {g is the
one-electron spin-orbit coupling constant for @ (=Fe or V), p;
0 if the transition between states ¢; and ¢; involves a
electron and p; = 1 for an a electron, A; is the energy
separation between the ith and jth states, and G)LM is the
Cartesian component of the orbital angular momentum
operator relative to nucleus ®. An immediate implication of
this equation is that the sign of Ag, (g, — g.) is determined by
the competition of the low-energy a- and f-electron transitions.
If the low-lying excited states are predominately accessed via
transitions involving a electrons, then Ag, < 0; however, those
involving low-lying /3 electrons will result in Ag, > 0. To glean
insight into the nature of the low-energy transitions that will
dominate g, a SA-CASSCF/NEVPT2 calculation was per-
formed on a truncated model of 1 (Figure 7).

The significant difference between the calculated MOs in
Figure 7 and the qualitative diagram in Figure 6 is the large
splitting of nonbonding Fe-based orbitals (Fe™), ie., the 2e
orbital set. This splitting results from the deviation of the
structure from ideal C; symmetry, with the largest deviation
arising from the asymmetric P—Fe—P angles, which, for the two
sites, are {110.5° 120.9° 108.4°} and {112.9° 117.7° 108.2°}.
This can explain both the rhombic nature of the experimentally
determined g tensor(s) and the differences observed for the
inequivalent sites in the unit cell. Using the three lowest
calculated excited states and the scheme in Figure 6 as a guide,
we can write down a qualitative MO composition as follows:

[Fe[®) = Tld5y) + Teld)e) (102)
nby _ TFe Fe Fe yFe
[Fe3’) = I's_ldfs_ ) + Thildys) (10b)
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zFdhey + 2V1dY)

%\ __ mFe yFe

|7t1 > - _‘xyldxy> + yz' Syz 'yz' Yyz (10c)
* — —=Fe| 1F =V {1V

In,™) = :gf_yzldis_yz) + B ) + B, (10d)

where Z and I' are fractional coefficients of the d orbitals
forming the indicated MO. We note that the Fe-site
contributions to these MOs are complicated by displacement
of the Fe atom from the plane formed by the three P atoms.
Such a geometry results in significant mixing of the d,,- and d,-
type orbital sets. Using the expressions in eqs 10a—10d along
with eq 9, we find the following expressions for the change in g

from the free electron value:

FemF Ferm 2 Fer-F Fe\2
o T8 +TUES L) (DT + T 0y
Agx ~ 20 +
An’.’{,Fe‘fl’ AFeSb,Fe‘fb
(11a)
FemFe _ 1-FermgFey2
Ag ~ ZCFe (ny_.yz F)’Zuxy)
Y - A * nb
7, Fey (11b)
e Fe Fep-Fe FermFe FermFe
E (Zpil_ylrxy + szryz)z (zrxyc‘il_yZ + Fyz‘:xz)z
Ag = 207 +

AFeEb,Fe?b Ani,Fe?b

(11¢)

It is worth noting that, because of the highly localized
unpaired electron, the g-value expressions take the form of
those for a covalently reduced mononuclear coordination
complex. This is due to the nature of the orbital in which the
excitations originate, which has very little electron density on
the V ion. If we were to append the expressions for the
nonbonding orbitals with a small fraction of V-based d-orbital
character, p, the contribution to § would be on the order of
(PEx,,2)>. Combining these expressions with the calculated
orbital populations and energy levels, plus the free ion spin-
orbit coupling constant for Fe' (¢ ¢ = 350 cm™), results in g, =
2.014, g, = 2.077, and g, = 2.245. From these expressions, it is
evident that the deviation from the axial anisotropy is driven by
energy differences of the 7¥/z¥ orbitals, the nondegenerate set
of Fe™ configurations, and asymmetric covalency. This
deviation from ideal C; symmetry can be induced by either
crystal-packing interactions of the bulky ligand groups, or the
EQe Jahn-Teller effect.”” Experimentally, we observe two
different sets of EPR parameters, which only differ in the largest
g value. From this observation, we would expect the two
distinct crystallographic sites to differ in a way that would vary
the splitting of the Fei™/Fel® orbitals. When the structures of
the two sites are overlayed, it is evident that several small
distortions create significant deviations between the two, which
can lead to non-negligible changes in the ground- and excited-
state energetics.”” The echo-detected EPR spectrum of a
solution of 1 (Figure SS) shows g-tensor components that are
nearly identical with those observed in the powder. However, in
solution, we observe only one g, component. This observation
suggests that the multiple solid state structures are not intrinsic
to the molecule and are instead induced by crystal packing
forces.

Bl CONCLUSIONS

The objective of this study was to investigate the electronic
structure of a heterobimetallic compound featuring multiple
bonds between two distinct first row transition metals. To
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achieve this, we have employed a combination of HFEPR,
variable-field Mossbauer spectroscopy, and ELDOR-NMR,
from which we could probe the magnetic properties as well
as the hyperfine interactions present in 1. We have investigated
localization of the single unpaired electron and found that it
resides in an Fe-based orbital containing ~77% d,,-type and
23% d,,-type character. We have also employed a new
technique in the field of metal-metal bonding, ELDOR-NMR,
through which we could examine the electron density present
on the V site and quantify the small, axial YA tensor, which was
undetectable through other techniques. We additionally
proposed a simple ligand field model to rationalize the physical
origin of the g-tensor anisotropy, which we hope will be useful
in the interpretation of g factors in similar complexes.
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