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ABSTRACT: The magnetic and electronic properties of the long-known
organometallic complex vanadocene (VCp2), which has an S = 3/2 ground state,
were investigated using conventional (X-band) electron paramagnetic resonance
(EPR) and high-frequency and -field EPR (HFEPR), electronic absorption, and
variable-temperature magnetic circular dichroism (VT-MCD) spectroscopies.
Frozen toluene solution X-band EPR spectra were well resolved, yielding the 51V
hyperfine coupling constants, while HFEPR were also of outstanding quality and
allowed ready determination of the rigorously axial zero-field splitting of the spin
quartet ground state of VCp2: D = +2.836(2) cm−1, g⊥ = 1.991(2), g∥ = 2.001(2).
Electronic absorption and VT-MCD studies on VCp2 support earlier assignments
that the absorption signals at 17 000, 19 860, and 24 580 cm−1 are due to ligand-field
transitions from the 4A2g ground state to the 4E1g,

4E2g, and
4E1g excited states, using

symmetry labels from the D5d point group (i.e., staggered VCp2). Contributions to
the D parameter in VCp2 and further insights into electronic structure were obtained from both density functional theory (DFT)
and multireference SORCI computations using X-ray diffraction structures and DFT-energy-minimized structures of VCp2.
Accurate D values for all models considered were obtained from DFT calculations (D = 2.85−2.96 cm−1), which was initially
surprising, because the orbitally degenerate excited states of VCp2 cannot be properly treated by DFT methods, as they require a
multideterminant description. Therefore, D values were also computed using the SORCI (spectroscopically oriented
configuration interaction) method, which provides multireference descriptions of ground and excited states. SORCI calculations
gave accurate D values (2.86−2.90 cm−1), where the dominant (∼80%) contribution to D arises from spin−orbit coupling
between ligand-field states, with the largest contribution from a low-lying 2A1g state. In contrast, the D value obtained by the DFT
method is achieved only fortuitously, through cancellation of errors. Furthermore, the SORCI calculations predict ligand-field
excited-state energies within 1300 cm−1 of the experimental values, whereas the corresponding time-dependent DFT calculations
fail to reproduce the proper ordering of excited states. Moreover, classical ligand-field theory was validated and expanded in the
present study. Thus older theory still has a place in the analysis of paramagnetic organometallic complexes, along with the latest
ab initio methods.

■ INTRODUCTION

For the past sixty years, metallocenes have occupied one of the
most prominent positions in organometallic chemistry. The
classical metallocene (or a sandwich-like structure) is one with
bis(η5-cyclopentadienyl) ligands and the metal ion in the 2+
formal oxidation state, MCp2. For cases where the metal ion is
in an odd-numbered group, paramagnetic MCp2 complexes
result.1,2 These include vanadocene (VCp2, VII, 3d3),3

manganocene (MnCp2, MnII, 3d5),4−6 and cobaltocene
(CoCp2, Co

II, 3d7).7 The orbital degeneracy of the highly
symmetric (staggered, D5d, or eclipsed, D5h) MCp2 complex
means that paramagnetic species can also result for MII ions
with even electron count, such as for chromocene (CrCp2, Cr

II,
3d4)8 and nickelocene (NiCp2, Ni

II, 3d8).9 The MO diagram for

several such systems is shown qualitatively in Scheme 1. Note
that the ordering of the a1g (dz2 orbital in D5d point group
symmetry) and the e2g (dxy, dx2−y2 orbitals) can vary; yet of
those shown, only for chromocene would this ordering affect
the spin ground state.
Paramagnetic metallocene complexes were investigated by

electron paramagnetic resonance (EPR)10 spectroscopy very
early on, such as vanadocene by McConnell and co-workers in
195911 and by others soon thereafter.3,12 Other metallocenes,
such as cobaltocene, as well as metallocenium ions, such as
ferrocenium ([FeCp2]

+),13 have been the subject of very
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detailed EPR investigations.5,14 EPR spectroscopy contributed
data that were important in the fundamental understanding of
electronic structure and bonding in paramagnetic metallocenes
as well as paramagnetic organometallic complexes in general.
These early studies used state-of-the-art experimental

techniques and theoretical models. However, they were limited
by existing instrumentation and, even more so, restricted by
computing power. Since that time, however, there have been
significant advances in both experimental and theoretical
methodology. These include the use of high magnetic fields
and corresponding high frequencies in EPR spectroscopy,
which has been applied over the past 15 years to a variety of
transition metal ion complexes with S > 1/2 ground states.15

Other techniques such as inelastic neutron scattering (INS)
have been applied to complexes of interest here, such as
nickelocene,9 which has an S = 1 spin ground state. Perhaps
more significant are the advances in computational chemistry,
so that DFT calculations on open-shell transition metal
complexes are now becoming quite routine.16,17 Nevertheless,
DFT methods can give questionable results when applied in
particular to complexes with S > 1/2 ground states, especially
with regard to properties that require accurate treatment of
excited states.18−21 While DFT methods were previously
employed to provide detailed insights into the structural and
electronic properties of MCp2 complexes (where M = V, Cr,
Mn, Fe, and Co), that work did not include consideration of
magnetic parameters.22 In addition, orbital degeneracy in the
ground and/or excited states of these metallocenes poses a
problem for a DFT approach, as such states require the use of
multideterminant methods. For calculating the properties of
such systems, the state of the art is to use ab initio methods,
such as CASSCF, which, however, are more computationally
demanding and require judicious user input in the selection of
appropriate active spaces.23 In particular, the multireference
configuration interaction method SORCI (spectroscopically
oriented configuration interaction), which was designed by
Neese as a robust, general method for predicting energy
differences between multireference ground and excited states,24

has proven quite reliable in the prediction of magnetic
properties; however, because of its high computational
demands, it is often limited to truncated models of actual
systems.18,19,21

As a part of the efforts of some of us to study low-
coordination-number, reactive, early transition metal com-
plexes,25 we have been applying EPR spectroscopy, in particular
HFEPR, to paramagnetic organometallic complexes of VII and
VIII.26,27 The realization as to how little was known about the
electronic structure of such species led us to revisit a paradigm
of this type of complex, namely, vanadocene, with its S = 3/2

ground state, using the latest experimental and computational
techniques available to us.
We have found that the original work,3 both experimental

and theoretical (using ligand-field theory), was remarkably
successful at describing the electronic structure of VCp2, given
the technology available at that time. Yet the application of a
combination of modern experimental and theoretical methods
has yielded deeper insight into this important organometallic
complex and definitively described its electronic structure. In
general, knowledge of electronic structure can be a powerful
tool in understanding the reactivity of paramagnetic organo-
metallic complexes that model, or serve as, intermediates in
catalytic cycles. We also believe that the present study will be a
paradigm for integrated experimental and theoretical studies on
low oxidation state vanadium complexes and of paramagnetic
organometallic complexes in general.

■ EXPERIMENTAL SECTION
Materials. Vanadocene (VCp2, bis(η5-2,4-cyclopentadien-1-yl)-

vanadium(II)) was obtained from Strem Chemical and used without
further purification. All sample manipulation was done under an inert
atmosphere (Ar or N2), and solvents were distilled and degassed
before use. EPR spectroscopy showed that no V(IV) impurities were
present. The importance of excluding oxygen from VCp2 solutions for
use in EPR spectroscopy cannot be overemphasized. This point was
made by McConnell et al., who noted that benzene solutions of VCp2
in air oxidized in seconds to yield EPR-active VOCp2 (V

IV, 3d1, S =
1/2).11

HFEPR Spectroscopy. HFEPR spectra were recorded using the
Electron Magnetic Resonance (EMR) Facility at the National High
Magnetic Field Laboratory (NHMFL, Tallahassee, FL, USA). The
spectrometer employs a Virginia Diodes (Charlottesville, VA, USA)
source operating at a base frequency of 12−14 GHz and multiplied by
a cascade of multipliers in conjunction with a 15/17 T super-
conducting magnet. Detection was provided with an InSb hot-electron
bolometer (QMC Ltd., Cardiff, UK). The magnetic field was
modulated at 50 kHz. A Stanford Research Systems SR830 lock-in
amplifier converted the modulated signal to dc voltage. Low
temperature was provided by an Oxford Instruments (Oxford, UK)
continuous flow cryostat with temperature controller. Well-ground
solid powder samples of VCp2 produced very broad spectra not
suitable for interpretation. Samples of VCp2 in toluene solution
(∼0.1−1 M), however, gave ideal powder pattern spectra characteristic
for a quartet (S = 3/2) spin state. These spectra were analyzed by
simultaneously fitting the parameters of the standard spin Hamiltonian

β= · · ̂ + ̂ − + + ̂ − ̂B g S D S S S E S SH [ ( 1)/3] [ ]e z x y
2 2 2

(1)

to the complete two-dimensional (field vs frequency) map of turning
points, following the principles of tunable-frequency EPR.28 The sign
of zero-field splitting (zfs) was obtained by simulating single-frequency
spectra using software (program SPIN) available from A. Ozarowski.

X-Band EPR and Simulations. X-band (∼9−9.5 GHz) EPR
spectra were recorded on a modified Varian E-9 spectrometer using
DPPH as an external standard. Spectra were simulated using the S =
3/2 spin Hamiltonian including 51V (I = 7/2, 99.75%) hyperfine
coupling and nuclear Zeeman terms. The nuclear quadrupole
interaction was not included, as the spectra were adequately
reproduced without it. The nuclear quadrupole coupling in vanadyl
complexes, as revealed by pulsed ENDOR spectroscopy, has been
shown to be much smaller (∼1000×) than the hyperfine coupling.29

The software used (program DDPOWH) is available from J. Telser.
MCD Spectroscopy. Variable-temperature magnetic circular

dichroism (MCD) spectra were collected using a spectropolarimeter
(Jasco J-815) interfaced with a magneto-optical cryostat (Oxford
Instruments SM 4000-8). Data were collected for solid samples of
VCp2 prepared as mulls in Fluorolube. All mull samples were
generated under an argon atmosphere in a glovebox.

Scheme 1
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Computational Methods. All calculations were performed using
the program package ORCA 2.8 and 2.9.30 Geometry optimizations of
staggered and eclipsed models of VCp2 were performed under C2h and
C2v symmetry constraints, using the BP86 functional31,32 with TZVP
basis sets for all atoms.33 (While these conformations have actual D5d
and D5h symmetry, symmetry implementation in the program ORCA
is limited to Abelian subgroups.) The resolution of identity (RI)
approximation, which required the use of the TZV/J auxiliary basis set,
was used in the geometry optimizations.34 Ground-state zero-field
splitting parameters and excited-state energies were calculated using
the SORCI procedure.24,35 An active space of quasi-restricted V 3d
orbitals (CAS 3,5) was obtained from an initial DFT calculation using
the functional and basis sets described above, with the exception that
the TZVP/C auxiliary basis set was employed. For the SORCI
calculations, 10 quartet and 15 doublet roots were calculated, and CI
thresholds were Tsel = 10−6 hartrees, Tpre = 10−4 hartrees, and Tnat =
10−5 hartrees. Both spin−spin and spin−orbit contributions to the D-
tensor (DSSC and DSOC, respectively) were calculated. Neither an
increase in the size of the active space nor the inclusion of a greater
number of roots had a significant impact on the calculated D-tensor.
Ground- and excited-state properties of VCp2 were also computed
using coupled perturbed (CP)36 and time-dependent (TD)37−40 DFT
methods, respectively. These calculations utilized the B3LYP hybrid
functional41−43 and TZVP and TZV/J basis sets in conjunction with
the RIJCOSX approximation.44 Isosurface plots of Kohn−Sham
orbitals and AANOs were generated using gOpenMol45 with
isodensity values of 0.05 b−3.

■ RESULTS AND DISCUSSION

X-Band EPR Spectroscopy of VCp2. The X-band EPR
spectrum of VCp2 in toluene frozen solution is virtually
identical to that reported by Prins et al.3,12 The spectrum is
characteristic for a spin quartet with D ≫ hν and axial
symmetry (S′ = 1/2, with g′⊥ = 4, g′|| = 2). Spectra recorded of
the parallel and perpendicular regions allowed accurate
measurement of 51V hyperfine splitting, A⊥ = 62(2) MHz and
A|| = 108(2) MHz, in agreement with previous reports,3,12 and
are presented in Figure 1.
HFEPR Spectroscopy of VCp2. A solid sample of

vanadocene produced a strong but very broad (ΔBpp ≈ 1.6
T) resonance with g ≈ 2.40−2.45 at 10 K. Superimposed on
that resonance were a few sharp spikes (Figure S1, Supporting
Information) that we initially could not interpret. We therefore
moved on to frozen solution studies with the sample dissolved
in toluene (0.1−1 M). These produced very high-quality
powder-pattern spectra that could be interpreted as originating
from the quartet (S = 3/2) spin state. Figure 2 shows one of
such spectra, recorded at 203.2 GHz and 10 K. Spectra
obtained at other frequencies were of similarly high quality, as
observed in Figures S2 and S3 (Supporting Information). The
spectral quality is related to the quality of the low-temperature
glass and can be best appreciated by the appearance of fairly
well-resolved hyperfine structure due to the I = 7/2 nuclear
spin of the 51V nuclei (99.75% abundant), which rarely if ever
appears in HFEPR spectra of magnetically nondiluted
samples46,47 and is typically best observed at much lower
frequencies such as X-band, as we show here. The hyperfine
coupling (hfc) observed at 203.2 GHz is 3.84 mT, which is
equivalent to 108 MHz, the same as determined for A|| using X-
band EPR. The HFEPR transition that provides this hfc is |MS⟩
= |+3/2⟩ ↔ |−1/2⟩ with z orientation, hence the
correspondence with A|| (z). It should also be noted that
transitions at higher fields tend to be slightly broader because of
g-strain (i.e., a distribution in g values, which effectively
increases with higher field) and conceivably because of higher

order Zeeman effects as well.48 Thus, both in this case and in a
previous case (involving hfc from a ligand, 79,81Br, rather than
from the metal ion),49 hfc was resolved only at the lowest field
transition. We thus suggest that in frozen solution HFEPR

Figure 1. X-band EPR spectrum of VCp2 in toluene frozen solution
(black traces) with simulation (violet traces). The upper inset shows a
detail of the perpendicular (g⊥) region, and the lower inset shows a
detail of the parallel (g||) region. Experimental conditions: ∼0.1 mol/L,
9.24 GHz, 77 K, 0.2 mT modulation amplitude, 30 ms time constant, 8
min scan (regional scan times were 4 min, 300 ms time constant). The
simulation uses S = 3/2, D = 2.836 cm−1 (from HFEPR), g = [1.991,
1.991, 2.010], A(51V) = [62, 62, 108] MHz.

Figure 2. Main plot: HFEPR spectrum of vanadocene in toluene
frozen solution, recorded at 203.2 GHz and 10 K (black trace). The
colored traces are simulations obtained using spin Hamiltonian
parameters as in Table 2. The blue trace uses a negative value for D;
the red trace, a positive value. Single-crystal line width used in the
simulations was isotropic 10 mT, 50% Gaussian shape. Inset: Parallel
turning point at ca. 0.6 T in increased resolution showing a resolved
51V hyperfine structure.
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studies of systems potentially with hfc of interest that efforts be
made to maximize resolution only at the lowest field signal(s).

Although the agreement between simulations and experi-
ment is close to perfect, the actual spin Hamiltonian parameters
were obtained from a two-dimensional map of resonances, as
shown in Figure 3. The map immediately confirms that there is
a single zero-field energy gap between the two Kramers
doublets in the S = 3/2 spin state (MS = ±1/2 and ±3/2), and
this gap amounts to approximately 166 GHz, which is equal to
5.6 cm−1. For an axial zfs tensor, as is the case in vanadocene,
this corresponds to |D| = 2.8 cm−1. This value was subsequently
refined by computer fits to 2.836 cm−1, and the g values were
found to be 2.001 and 1.991 for g∥ and g⊥, respectively.
The toluene solution spectra and their interpretation allowed

us to come back to the previously uninterpretable condensed-
phase spectra. The single resonance of immense line width
(∼1.6 T peak-to-peak) as shown in Figure S1 is obviously a
result of strong spin−spin interactions present in solid

vanadocene, which effectively average the zfs. The same
broad resonance can also be observed at a much reduced
intensity in the solution spectra, particularly at high frequencies
(Figure S3) and can be explained by an undissolved residue
present in the sample.50 The sharp features in the solid, on the
other hand, correspond exactly to the turning points we
observed in the solution and must therefore be attributed to
isolated, noninteracting vanadocene molecules. The nature of
those noninteracting sites is unclear at this point but is outside
the scope of the present work.
Before we proceed with the detailed analysis of spin

Hamiltonian parameters obtained by HFEPR we should
comment on the results of the early (1960s) EPR work on
vanadocene by Prins et al.3,12 Having only two low frequencies
at their disposal (X- and Q-band), these authors succeeded in
measuring the zfs fairly well (|D| = 2.312 or 2.73 cm−1 vs our
value of 2.836 cm−1) and g values quite accurately (g|| = 2.002,
g⊥ = 1.99 vs our values of 2.001 and 1.991, respectively), at the
same time disproving an earlier report from the group of
McConnell, who reported D = 0.83 cm−1 (Δ = 2|D| = 50(3)
GHz) for VCp2 doped into FeCp2 host, based on single-crystal
studies at 22.5 GHz (0.75 cm−1).51 Given that Prins and van
Voorst also studied VCp2 doped into FeCp2 (albeit as a
powder) and found that “within the uncertainty of the
measurement the results obtained in MTHF [2-methyltetrahy-
drofuran], MCH [methylcyclohexane], and FeCp2 are the
same”,3 the discrepancy cannot be attributed to a chemical
difference between inert solvent and FeCp2 host. The error
must be due to the difficulty of determining zfs, even from
single crystals, in cases where Δ > hν, making the accurate
(although perhaps not so precise) results of Prins et al.3,12 all
the more impressive, yet also pointing out the advantage of the
current availability of HFEPR.

Table 1. Structural Parameters for VCp2 Determined by X-
ray Diffraction (XRD) Experiments and DFT Geometry
Optimizations

VCp2 XRD
(108 K)

VCp2 XRD
(295 K)

VCp2 DFT
(C2h)

VCp2 DFT
(C2v)

V−C1 2.273(1) 2.275(5) 2.289 2.289
V−C2 2.268(1) 2.273(5) 2.290 2.289
V−C3 2.260(1) 2.282(5) 2.290 2.289
V−C4 2.267(1) 2.257(5) 2.290 2.289
V−C5 2.278(1) 2.241(4) 2.290 2.289
C−Ca 1.417 1.420 1.427 1.427
C−Ha 0.95 NDb 1.091 1.091

aAverage bond lengths are included. bNot determined.

Table 2. Ground-State Spin Hamiltonian Parameters for
VCp2 Determined from EPR Experimentsa and DFT
Computations Using XRD- and DFT-Derived Structures

VCp2
experiment

VCp2
XRD

(108 K)

VCp2
XRD

(295 K)

VCp2
DFT
(C2h)

VCp2
DFT
(C2v)

g⊥ 1.991(2) 1.993 1.993 1.992 1.992
g∥ 2.001(2) 2.001 2.001 2.001 2.001
D (cm−1) +2.836(2) 2.96 2.85 2.89 2.88
E (cm−1) 0.00 0.10 0.09 0.09 0.09
DSOC

(cm−1)
1.15 1.15 1.16 1.16

α → α 0.69 0.69 0.72 0.73
β → β 0.38 0.38 0.38 0.39
α → β 0.22 0.22 0.21 0.19
β → α −0.14 −0.14 −0.14 −0.15
DSSC

(cm−1)
1.81 1.70 1.73 1.72

A⊥ (MHz) 62(2) −56.4 −62.4 −66.2 −66.1
A∥ (MHz) 108(2) −117.8 −123.4 −128.5 −128.2
Aiso 77 −76.9 −82.7 −90.0 −86.8
aThe electronic spin Hamiltonian parameters (g and D, E) values are
from HFEPR and the 51V nuclear parameters (|A⊥|, |A∥|) from X-band
EPR (all from this work), and corroborated by HFEPR. The previous,
low-frequency (X- and Q-band) EPR study by Prins and van Voorst
gave g⊥ = 1.990(2), g∥ = 2.002(1), |D| = 2.7(1) cm−1, |A⊥| = 64.4 MHz
(21.5(5) × 10−4 cm−1), |A∥| = 110 MHz (36.7(1.0) × 10−4 cm−1); Aiso
= (2A⊥ + A∥)/3 = 79.6 MHz.3 Their original low-frequency EPR study
gave g⊥ = 1.99, g∥ = 2.002(1), |D| = 2.3 cm−1, with the same hfc.12

Figure 3. Two-dimensional (field vs frequency/energy) map of
turning points observed in the EPR spectra of vanadocene in toluene
solution at 10 K. The squares are experimental points; the lines were
calculated using the best-fit spin Hamiltonian parameters as in Table 2.
Blue lines: parallel; red lines: perpendicular; green lines: off-axis
turning points. The vertical dashed lines represent the frequencies and
field range at which spectra shown in Figure 2 (203 GHz) and
Supporting Information Figures S2 (166 GHz) and S3 (331 GHz)
were recorded.
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Electronic Absorption and MCD Spectroscopy of
VCp2. The 193 K electronic absorption spectrum of VCp2 in
toluene shows three major features from 9000 to 28 000 cm−1

(Figure 4, top). The onset of more intense features in the near-

UV region is marked by the steep rise in absorption at ∼29 000
cm−1. This spectrum is qualitatively similar to those previously
reported,3,52,53 although the absorption spectrum collected here
shows greater resolution for the lowest energy feature than for
those previously reported. It is possible that in earlier studies
there was light scattering from the frozen solution.3,52 The
variation among experimental conditions and band positions is
summarized in Table S3 (Supporting Information). In our
absorption spectrum, there are three bands of comparable
intensity (ε ≈ 35−40 M−1 cm−1) in the visible region that are
well modeled with three Gaussian bands centered at 17 000, 19
860, and 24 580 cm−1 (Supporting Information, Figure S4 and
Table S1).54 These three bands were previously assigned as
spin-allowed 4A2g →

4E1g (I),
4A2g →

4E2g, and
4A2g →

4E1g (II)
transitions, respectively, using symmetry labels from the D5d
point group.3,52 The 4E1g (I) and 4E1g (II) excited states are
from the 4F and 4P d3 free-ion terms, respectively. The 4A2g
ground state of VCp2 arises from the (a1g)

1(e2g)
2(e1g)

0

configuration, and the 4E excited states arise from one-electron
excitations. Specifically, the 4A2g → 4E1g (I) transition
corresponds to a one-electron excitation to give the
(a1g)

0(e2g)
2(e1g)

1 configuration. The 4A2g →
4E2g and

4A2g →
4E1g (II) transitions each correspond to generation of the
(a1g)

1(e2g)
1(e1g)

1 excited-state configuration.
The 2 K, 7 T MCD spectrum of VCp2 shows a series of

seven features from 11 000 to 33 000 cm−1 that alternate in sign
(Figure 4, bottom). With the exception of the negatively signed
band at 28 600 cm−1, all MCD features show an increase in
intensity at lower temperatures. This is referred to as C-term
behavior, and it is commonly observed for complexes with
paramagnetic ground states (Supporting Information, Figure
S5).55−57 For VCp2, the MCD C-terms arise from the spin-
degenerate 4A2g ground state and show temperature depend-
ences reflective of the thermal population of the ground-state
spin manifold split in the magnetic field. The temperature-

independent band at 28 600 cm−1 does increase in intensity
with increasing magnetic field strength, leading to its
assignment as a B-term that gains intensity through field-
induced mixing of states. All paramagnetic complexes display
MCD C-terms, although the larger spin−orbit coupling
constants of transition metals render metal-based d−d
transitions quite intense in low-temperature MCD experiments.
In contrast, MCD A-terms, which are temperature-independ-
ent, arise from transitions involving orbitally degenerate ground
or excited states.55−57 An A-term appears as a derivative-shaped
signal whose center corresponds to the electronic transition
energy. The 4A2g →

4E transitions of VCp2 give rise to both C-
and A-terms, but the C-terms dominate the low-temperature
MCD spectrum.
The 4A2g → 4E1g (I), 4A2g → 4E2g, and

4A2g → 4E1g (II)
transitions of VCp2 are each expected to give rise to a pseudo-
A-term in the MCD spectrum. Pseudo-A-terms, which appear
as temperature-dependent, derivative-shaped signals, are
observed for transitions to orbitally degenerate excited states
or near-degenerate excited states that mix by spin−orbit
coupling.55 In the case of the orbitally degenerate 4E states of
VCp2, the excited state splitting due to in-state spin−orbit
coupling is not resolved in the electronic absorption spectrum
because this splitting is roughly an order of magnitude smaller
than the bandwidth of the electronic transition (see discussion
in the Supporting Information). However, in the MCD
spectrum, transitions to the spin−orbit-split components of a
4E state are oppositely signed, giving rise to the derivative-
shaped appearance. Spin−orbit coupling splits each 4E state
into four components, which would lead to a maximum of four
MCD transitions. However, at 2 K and 7 T, only the MS =
−3/2 component of the 4A2g ground state is thermally
populated, which limits the observed transitions to the
corresponding MS = −3/2 components of the excited states
(i.e., only |4A2g, 0, −3/2⟩ → |4Eg, +1, −3/2⟩ and |4A2g, 0, −3/2⟩
→ |4Eg, −1, −3/2⟩ excitations are observed, using |2S+1Γ, ML,
MS⟩ notation to describe the terms).
In light of these considerations, the zero-crossing point of the

pseudo-A-term should roughly correspond to the energy of the
electronic transition observed in the absorption spectrum. For
VCp2, pseudo-A-terms are anticipated at 17 000, 19 860, and
24 580 cm−1, with some shifting expected due to the differences
in temperature and media of the absorption and MCD samples
(193 K and toluene solution versus 2 K mull samples,
respectively). Under the assumption that the MCD band at
∼14 000 cm−1 is the positive component of a pseudo-A-term,
the MCD spectrum of VCp2 exhibits pseudo-A-terms at 15 400
and 20 300 cm−1, in reasonable agreement with the positions of
the first two absorption bands. The pseudo-A-term expected
near 24 600 cm−1 is potentially obscured by the negative B-term
at 28 600 cm−1. A Gaussian deconvolution of the 2 K, 7 T
MCD spectrum of VCp2 shows the resolution of these signals
in terms of eight electronic transitions (Supporting Informa-
tion, Figure S6 and Table S2), although we note this
deconvolution is not a unique solution. Taken together, the
MCD data serve to confirm the previous assignments, which
allows for the evaluation of computational predictions of
excited-state energies for VCp2 using DFT and ab initio
methods.

DFT Computations for VCp2. Molecular Structures.
Calculated zfs parameters can be very sensitive to minor
changes in the ligand geometry around the metal center. We
therefore considered several structural models in our

Figure 4. Top: 193 K electronic absorption spectrum of VCp2 in
toluene. Bottom: 2 K, 7 T MCD spectrum of a Fluorolube mull
sample of VCp2.
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calculations for VCp2. Arguably the most relevant crystal
structure is that refined using X-ray diffraction data collected at
108 K,58 as this is the temperature most similar to that of the
EPR experiments. In this structure, the Cp rings are found in a
staggered orientation. Metric parameters are shown in Table 1.
For comparison, we also included a structure of VCp2 solved
using XRD data collected at 295 K,59 which shows more
variation in V−C bond lengths (Table 1). A previous
computational study of VCp2 using the B3LYP functional in
concert with a DZP basis set afforded a model with V−C
distances of 2.312 Å,22 notably longer than the distances
obtained by either XRD study. We performed DFT geometry
optimizations using the BP86 functional with a TZVP basis set
to obtain models of VCp2 in the staggered (D5d) and eclipsed
(D5h) conformations. Because ORCA supports only Abelian
subgroups,30 these models were optimized under the lower C2h
and C2v symmetry constraints, respectively. In the staggered
model, this lower symmetry results in one slightly shorter V−
C1 distance of 2.289 Å, relative to the other V−C distances of
2.290 Å (Table 1). In the eclipsed model, all V−C distances are
equal (2.289 Å). These two conformations are essentially
isoenergetic at the DFT level (ΔESCF = 0.08 kJ/mol). The
calculated V−C and C−C bond lengths are slightly longer than
those obtained from XRD studies. However, they are quite
similar to those obtained from gas phase electron diffraction
studies (V−C of 2.280(5) and C−C of 1.434 Å60), suggesting
that crystal packing and/or solvation effects can partially
account for the minor discrepancy between computed and
crystallographic metric parameters.
Density Functional Theory Calculations. Although it is well

accepted that the 4A1g ground state of VCp2 arises from three
parallel spin electrons in the a1g and e2g orbitals (see Scheme 1),
theoretical studies have provided conflicting results concerning
the relative energies of these orbitals. On the basis of agreement
between experimental and calculated spin Hamiltonian
parameters, Prins and van Voorst determined a level ordering
of e2g < a1g < e1g.

3 In contrast, recent DFT calculations at the
B3LYP/DZP level give the a1g orbital at lower energy than the
e2g set.22 Our spin-unrestricted BP86/TZVP calculations on
both the staggered and eclipsed models of VCp2 are in
agreement with the previous DFT calculations, with the filled
a1g spin-up orbital 0.35 eV lower than the spin-up e2g set
(Figure 5 and Supporting Information Table S4). This ordering
is reversed in the unoccupied spin-down MOs. The orbital
ordering is conserved if the models derived from the X-ray
coordinates are used. Overall, the energy gap between the a1g
and e2g MOs varies slightly for different functionals (ranging
from a maximum of 0.40 eV for the TPSSh hybrid functional to
a minimum of 0.10 eV for the PBE pure functional) but is
hardly affected by the size of the basis set or the inclusion of
solvation effects using a continuum dielectric (see Supporting
Information Table S5).
Ground-state spin Hamiltonian parameters obtained from

DFT calculations for all models are in good agreement with the
experimental values (Table 2). In particular, the computed g⊥
and g∥ values are identical to their experimental counterparts,
considering the experimental uncertainty. The predicted D
parameters range from 2.96 to 2.85 cm−1, very close to the
experimental value of 2.836(2) cm−1. This high level of
agreement is somewhat surprising given the known limitations,
and well-documented failures,18−21 of DFT methods for
predicting accurate zero-field splitting parameters. Because of
the lower symmetry of the models, a nonzero, but quite small, E

value of 0.10−0.09 cm−1 is predicted for the models. The small
range of calculated D and E for these species speaks to the
structural similarities among the models considered. The largest
variations among these four models are observed in the
computed hyperfine parameters A⊥ and A∥ (A⊥ = −56.4 to
−66.2 MHz and A∥ = −117.8 to −128.5 MHz). Thus, for this
system, the hyperfine parameters appear to be more sensitive to
minor structural changes than the zero-field splitting parame-
ters. In all cases, however, the computed hyperfine values are
close in magnitude to their experimental counterparts (|A⊥| =
62(2) MHz and |A∥| = 108(2) MHz), particularly using the 108
K XRD structure. The other three models give hyperfine
parameters slightly too large in magnitude, which could be due
to too much 4s character in the a1g MO in these cases. The
negative signs of A⊥ and A∥ were anticipated previously using
ligand-field theory expressions for these parameters that
considered the metal−ligand covalency of the e2g and a1g
orbitals.3 Reasonable metal−ligand covalencies were obtained
only when A⊥ and A∥ were of the same sign, and the
corresponding D values were used to argue in favor of both
parameters being negatively signed.
The DFT calculations offer a means of comparing the spin−

orbit coupling (DSOC) and electron−electron spin−spin
coupling (DSSC) contributions to D (Table 2). Previous
calculations had found that these terms contribute almost
equally to D (DSOC = 1.4 cm−1 and DSSC = 1.9 cm−1), although
it should be noted that in that early study the aim was to obtain
an order of magnitude estimate for DSSC to understand the
general importance of this term,3 which is often neglected in
consideration of zfs in transition metal complexes.61 The DFT
calculations give values for DSOC and DSSC (1.15 and 1.81−1.70
cm−1, respectively) that are remarkably similar to the previously
calculated values. Given that ligand contributions to DSSC were
intentionally neglected in the early study, their method of
treating this term using the dipolar spin−spin operator and a
basis set of 3d Slater orbitals worked exceptionally well. The
contributions to DSOC from the DFT calculations can be further
broken down into excitations to excited states of the same spin
as the ground state (α → α and β → β transitions) or excited
states differing in one unit of spin-angular moment relative to
the ground state (α→ β and β→ α transitions). For all models
of VCp2, contributions from spin-flip transitions (α → β and β

Figure 5. Relative energies of the DFT-computed Kohn−Sham
orbitals (left) and isosurface plots of corresponding quasi-restricted
orbitals for C2h VCp2.
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→ α) are of the opposite sign and of similar magnitudes (Table
2). Consequently, the contributions from these states represent
only ∼7% of DSOC. The major contribution is from the α → α
and β → β transitions. This result is in contrast to the previous
calculations, where the largest contribution to DSOC was from
the low-lying 2A1g excited state. Given this discrepancy, as well
as the fact that DFT computations have limitations in the
treatment of spin-flip transitions and orbitally degenerate
states,62 we performed multireference SORCI computations
for comparison.
Multireference SORCI Calculations. In a SORCI calculation,

a multireference wave function is constructed using approx-
imate average natural orbitals (AANOs), which facilitates a
more balanced treatment of electron correlation in each state.
In addition, SORCI employs a difference-dedicated config-
uration interaction procedure, ideally leading to more accurate
energy differences between states, and thus better descriptions
of properties dependent on these energy differences. This
method has been shown to provide highly accurate zfs
parameters18,21,63 and has had success even in cases where
CASSCF methods have failed.19 The major drawback of the
SORCI approach is the high computational demand, often
necessitating the use of truncated systems. However, VCp2,
which is small in size (11 non-H atoms), contains a single heavy
atom, and has only three unpaired electrons, is ideally suited for
the SORCI method. Indeed, this system was easily treated
without truncation using TZVP basis sets on all atoms and a
CAS(3,5).
The SORCI calculations yield a 4A1g ground state, and the

leading configuration in the SORCI ground-state wave function
is (e2g)

2(a1g)
1(e1g)

0 (90%), where the e2g AANOs are listed
below the a1g AANO. The AANOs are qualitatively similar to
the Kohn−Sham orbitals described earlier, and isosurface plots
of the former are provided in the Supporting Information
(Figure S7). It should be noted, however, that, because the
AANOs are constructed using the average density matrix of all
states, their ordering should not be taken to be reflective of the
MO energy levels.
The SORCI-computed D parameters are in remarkable

agreement with the experimental value as summarized in Table
3. The largest deviation is only 0.04 cm−1, which is observed for
the C2v model and that derived from the 108 K XRD structure.
Consistent with the results of our DFT calculations, there are
only minor differences in D and E among the four models. The
most dramatic differences between the DFT- and SORCI-
computed D values are the contributions from the DSOC and
DSSC terms. Whereas the DFT calculations predict a slightly

larger contribution from DSSC (Table 2), the SORCI
calculations predict the DSOC to be dominant (DSOC = 2.3
and DSSC = 0.6 cm−1; see Table 3). Thus, under the very
reasonable expectation that the SORCI computations provide
more accurate treatment of zfs, the DFT computations predict
an appropriate value for D only through the cancellation of
error, as the DSOC and DSSC terms are predicted to be too large
and too small, respectively, by nearly a factor of 2.
Contributions to DSOC from individual excited states are also

readily obtained from the SORCI computations and are listed
in Table 4. Focusing specifically on the fully optimized C2h

VCp2, the largest contribution to DSOC comes from the 2A1g
excited state (D = 1.80 cm−1) that derives from the same
(e2g)

2(a1g)
1(e1g)

0 configuration as the 4A1g ground state. Thus,
one reason why the DFT calculations so greatly underestimate
DSOC is because of the poor treatment in DFT of excited states
of a different multiplicity than the ground state. The only other
major contribution to DSOC comes from the lowest lying 4E1g
excited state (D = 0.68 cm−1). A small negative contribution to
DSOC arises from the higher energy 2A1g state that derives from
the (e2g)

1(a1g)
1(e1g)

1 configuration. These results are in good
agreement with previous ligand-field calculations that deter-
mined the 4E1g,

2A1g, and
2E1g states to respectively contribute

0.34, 1.36, and −0.22 cm−1 to DSOC.3 The main differences are
that the SORCI calculations predict contributions from a
second, higher-energy 2A1g state instead of 2E1g states, which
contribute negligibly to DSOC.

Comparison of Excited-State Energies from Ligand-Field
Theory (LFT), SORCI, and TD-DFT Computations. Prins and
van Voorst used LFT to analyze their absorption spectra and
thereby extract energies of the 4E1g (I), 4E2g, and

4E1g (II)
excited states, which then gave energies of the e2g, a1g, and e1g
orbitals.3 In parallel with our quantum chemical calculations, we
wished to confirm these original results using LFT in which an
exact calculation is performed (matrix diagonalization of the
entire d3 basis set). This process is described in detail in the
Supporting Information. The conclusion is that Prins and van
Voorst’s model, in which the e2g orbitals are below a1g in
energy, is fully validated with only a slight refinement of the
energy levels of these orbitals (see Table S6, Supporting
Information).

Table 3. Zero-Field Splitting Parameters (in cm−1)
Calculated for Models of VCp2 Using SORCI Computations
with XRD- and DFT-Derived Structuresa

VCp2 XRD
(108 K)

VCp2 XRD
(295 K)

VCp2 DFT
(C2h)

VCp2 DFT
(C2v)

D 2.90 2.86 2.87 2.90
E 0.18 0.16 0.16 0.19
DSOC 2.25 2.22 2.27 2.26
DSSC 0.65 0.64 0.60 0.64

aExperimental values for all spin Hamiltonian parameters are given in
Table 2; for ease of comparison we repeat here: D = +2.836(2); LFT
calculations (see Supporting Information) give DSOC = 1.4; Prins and
van Voorst also calculated spin−spin coupling by several methods and
obtained DSSC = 0.2−1.9, depending on the orbital type used.3

Table 4. Configurations, Energies (cm−1), and SOC
Contributions to D from Excited States of C2h VCp2
Obtained from SORCI Computations

state configuration energy D
4A2g (e2g)

2(a1g)
1(e1g)

0 0
2E1g (e2g)

2(a1g)
1(e1g)

0 9 706 0.00
9 926 0.00

2A1g (e2g)
2(a1g)

1(e1g)
0 11 536 1.80

4E1g (I) (e2g)
2(a1g)

0(e1g)
1 18 157 0.34

18 241 0.34
4E2g (e2g)

1(a1g)
1(e1g)

1 19 842 0.00
20 000 0.00

4E1g (II) (e2g)
1(a1g)

1(e1g)
1 25 650 0.00

25 806 0.00
2E1g (e2g)

2(a1g)
0(e1g)

1 28 009 0.00
28 003 −0.03

2E1g (e2g)
2(a1g)

0(e1g)
1 28 057 0.00

28 097 −0.02
2A1g (e2g)

1(a1g)
1(e1g)

1 29 152 −0.19
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Another LFT model was used by Pavlıḱ et al.,52 which is
based on treating the D5d symmetry metallocene (and
analogous D6d bisarenes) effectively as a C∞v system. This
approach has been thoroughly discussed in a number of papers
by Warren53,64−66 and will not be expounded on here. We have,
however, used the LF parameters derived by Pavlıḱ et al.,52 also
to model successfully the electronic transitions and added SOC.
This process is described in detail in the Supporting
Information (see Tables S11 and S12).
The net result of this revisiting of earlier LFT analyses is that

these methods are fully validated and provide a good
description of the electronic transitions, in terms of both
their assignment and their energy match using reasonable
bonding and interelectronic repulsion (Racah) parameters.
However, in all of these applications of LFT, although the sign
is correct, the magnitude of DSOC is consistently under-
estimated (roughly 50% of the SORCI-calculated and
presumed experimental values). We have no explanation as to
why this is the case, except to note that the calculation of such
small energies is always fraught with difficulties and the LFT
models are simplistic in their use of only a metal d-orbital basis
set.
The SORCI calculations for the fully optimized C2h model of

VCp2 yield energies for the 4E1g (I),
4E2g, and

4E1g (II) excited
states at ∼18 200, 19 900, and 25 700 cm−1, respectively, which
are in full support of these band assignments (Table 5).
Because of the lower symmetry of the VCp2 model, each of the
E excited states is split into two components that differ in
energy by only ∼150 cm−1. The largest deviation between the
SORCI-computed and experimental excited-state energies is for
the lowest energy 4E1g (I) state. This relatively small
discrepancy of 1300 cm−1 is consistent with previous
benchmark calculations using the SORCI method for open-
shell transition metal complexes, supporting the relatively high
accuracy of this approach.35

For comparison, we also calculated excited-state energies for
C2h VCp2 using the more commonly employed TD-DFT
method (Table 5). Consistent with the experimental results,
the TD-DFT computations predict three ligand-field transitions
in the range 18 500−25 000 cm−1. However, contrary to the
band assignments and the results of the SORCI computations,
the TD-DFT method predicts 4E2g as the lowest energy quartet
excited state (18 700 cm−1), with the 4E1g (I) excited state lying

at slightly higher energy (19 500 cm−1). This error in excited-
state ordering likely comes from two factors. First, in the DFT
calculations the spin-up a1g MO lies at lower energy than the e2g
orbital. This will cause the 4E1g (I) state, which involves a one-
electron a1g → e1g excitation, to lie at too high an energy
relative to the 4E2g and

4E1g states that arise from an e2g → e1g
one-electron excitation. Of potentially more importance, the
TD-DFT calculations do not account for configuration
interaction between the 4E1g (I) and 4E1g (II) excited states.
This mixing shifts the 4E1g (I) and

4E1g (II) states to lower and
higher energy, respectively. In the SORCI calculations,
configuration interaction between excited states is properly
treated. It is noteworthy, however, that the absolute errors in
energies in the TD-DFT calculations are minor (∼2000 cm−1)
and well within the expected accuracy of this method. Indeed,
because the TD-DFT-predicted band pattern is in good
agreement with the experimental electronic absorption
spectrum, if the TD-DFT calculations for C2h VCp2 were
taken alone without further analysis, then the experimental
bands at 17 600 and 19 700 cm−1 would be erroneously
assigned as the 4A2g →

4E2g and
4A2g →

4E1g (I) transitions,
respectively.
Lastly, we can return to the simple MO diagram in Scheme 1.

We note that a vanadocenium species, [VIIICp2]
+, would have a

ground-state configuration that is either (e2g)
2(a1g)

0(e1g)
0

(giving a 3A2g ground state that would be suitable for
HFEPR) or diamagnetic (a1g)

2(e2g)
0(e1g)

0 (1A1g), so that
vanadocenium could shed light on its neutral congener, as
well as be of inherent interest. Unfortunately, such Cp species
appear to be too reactive for study, and only decamethylcyclo-
pentadienyl (Cp*) complexes have been reported,67,68

[VCp*2]
+, in which the Cp* methyl group binds to the VIII,

yielding a complex radically different structurally and electroni-
cally from those of interest here. Moving to the adjacent
element, CrCp2 is notable in that it is proposed to have a1g
lower in energy than e2g,

8 which is what DFT predicted for
vanadocene. We plan to investigate chromocene both
experimentally and computationally, including the species
isoelectronic with vanadocene, chromocenium, [CrIIICp2]

+,
which was reported fifty years ago as a stable complex.69

Table 5. Ligand-Field States, Configurations (Using D5d Symmetry Labels), and Energies (cm−1) Calculated for the DFT-
Energy-Minimized Model of Staggered VCp2 (C2h) Using TD-DFT and SORCI Methods

state configuration excitation exptl (Abs) SORCI TD-DFT
4A2g (e2g)

2(a1g)
1(e1g)

0 0 0 0
4E1g (I) (e2g)

2(a1g)
0(e1g)

1 a1g → e1g 17 000a 18 157 19 534
18 241 19 583

4E2g (e2g)
1(a1g)

1(e1g)
1 e2g → e1g 19 860a 19 842 18 674

20 000 18 685
4E1g (II) (e2g)

1(a1g)
1(e1g)

1 e2g → e1g 24 580a 25 650 24 375
25 806 24 391

2A1g (e2g)
2(a1g)

1(e1g)
0 10 560b 11 536

2E1g (e2g)
2(a1g)

1(e1g)
0 7040b 9706

9926
aThese bands were originally reported by Prins and van Voorst as appearing respectively at 17 600, 19 700, and 24 600 cm−1.3 See Table S3 for a
summary of literature absorption spectroscopic data on VCp2.

bThe values for the 2A1g and
2E1g excited states were determined by taking the

energies of these states as 4B + 5C and 4B + 3C, respectively, and using B = 440 cm−1 and C = 4B.3 As described in the SI, fitting of LFT parameters
gives the energies of 2A1g and

2E1g at 10 800 and 7400 cm−1, respectively, which are slightly closer to the SORCI-calculated values (see Tables S8−
S10).
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■ CONCLUSIONS

Taken together, this work both illustrates the high quality of the
EPR and ligand-field analyses that had previously been
performed on VCp2 nearly fifty years ago and refines the
current understanding of the magnetic and electronic proper-
ties of this legendary organometallic complex. The HFEPR
experiments on VCp2 establish a precise value for the axial zfs
parameter D (2.836(2) cm−1) and confirm the absence of
rhombic zfs (E), indicating that in solution, where distortions
imposed by crystal packing are absent, the complex indeed has
(overall) 5-fold symmetry. A general conclusion is the
applicability of HFEPR toward the understanding of para-
magnetic organometallic complexes, which we have shown
elsewhere for VII.27 What is also of interest here is that resolved
hfc was observed (for 51V) in HFEPR spectra. Hyperfine
coupling directly gives valuable information on covalency and
spin distribution, and thus its determination has been one of
the major contributions of conventional EPR to inorganic and
organometallic chemistry. Indeed, in the case of VCp2, the hfc
was easily determined by X-band EPR, but when complexes are
“silent” to conventional EPR and have suitable magnetic nuclei
(e.g., 55Mn and 59Co, as well as 51V), only by HFEPR could one
in principle obtain this information. Our previous experience of
HFEPR studies on S > 1/2 systems having significant zfs has
been disappointing with regard to observing hfc. Yet as shown
here, it is possible to obtain hfc from a frozen solution HFEPR
spectrum, but one needs to focus on the lowest field signal(s)
to mitigate field-dependent broadening effects. Although it was
unnecessary here, we suspect that signal averaging (over the
low, narrow field range of the signal of interest) combined with
taking a second derivative (and other data “massaging” tools)
might allow hfc to be extracted from HFEPR spectra more
commonly.
Previous ligand-field band assignments were verified

experimentally and computationally using low-temperature
MCD spectroscopy and multireference ab initio methods.
These results confirmed the original proposal that the e2g
(dx2−y2,dxy) MOs are lower in energy than the a1g (dz2) MO,
in contrast to a later proposal based on DFT calculations22

(and our own DFT results). This work also provides a further
example of DFT methods affording misleading results. For
example, CP-DFT calculations for all models of VCp2 yield D
values within 4.4% of the experimental value, which is
exceptional. However, the multireference SORCI calculations,
which yield D values within 2.2% of the experimental value,
provide evidence that the success of the CP-DFT calculations
lies in cancellation of error in the DSOC and DSSC terms. In
particular, the DSOC term computed by the CP-DFT method is
underestimated by nearly a factor of 2, which is directly related
to the poor treatment of spin-flip excited states. In addition, the
lack of configuration interaction between TD-DFT-computed
excited states leads to an erroneous ordering of ligand-field
excited states. It is noteworthy that both of these errors in the
DFT methods are properly accounted for in the SORCI
calculations or in a “traditional” ligand-field theory analysis of
VCp2, although the latter certainly benefits from the relatively
small metal−ligand covalency in the d-based frontier orbitals.
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