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ABSTRACT: The nature of the iron—iron bond in the mixed-
valent diiron tris(diphenylforamidinate) complex Fe,(DPhF)s,
which was first reported by Cotton, Murillo et al. (Inorg. Chim.
Acta 1994, 219, 7—10), has been examined using additional
spectroscopic and theoretical methods. It is shown that the
coupling between the two iron centers is strongly
ferromagnetic, giving rise to an octet spin ground state. On
the basis of Mossbauer spectroscopy, the two iron centers,
formally mixed-valent Fe(II)Fe(I), are completely equivalent
with an isomer shift § = 0.65 mm s~ and quadrupole splitting
AEq = +0.32 mm s, A large, positive zero-field splitting D,
=82 cm™ " has been determined from magnetic susceptibility
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measurements. Multiconfigurational quantum studies of the complete molecule Fe,(DPhF), found one dominant configuration
(0)*(n)*(z*)*(c*)"(6)*(6*)?, which accounts for 73% of the ground-state wave function. By considering all the configurations,
an estimated metal—metal bond order of 1.15 has been calculated. Finally, Fe,(DPhF); exhibits weak electronic absorptions in
the visible and near-infrared regions, which are assigned as d—d transitions from the doubly occupied metal—metal 7 molecular

orbital to half-occupied 7%, 6, and 6* orbitals.

1. INTRODUCTION

Since the seminal discoveries of multiple bonding between
transition metal centers in the [Re;Clj,]*~ and [(ReCl,),]*”
ions during the 1960s," the study of bimetallic coordination
complexes has exposed a rich diversity in the range, nature,
physical properties, and reactivity of metal-metal bonds.
Continued interest in metal-metal bonds stems from their
advantageous properties: the versatility in M—M bonding, the
availability of multiple d-electrons, and additional coordination
sites for substrate binding. These studies are also motivated
from a theoretical standpoint: the varied possible orbital
interactions between the two metals and the high degree of
electron correlation have made for intriguing study and
provided challenging tests for current computational methods.

Bimetallic compounds with metal-metal bonds can be
catalytically relevant. For example, Rh—Rh bonds play a central
role in the dirhodium-catalyzed functionalization of inert C—H
bonds.®> The interesting photochemical properties of Rh—Rh
bonds have been utilized in light-to-energy conversion schemes,
as for example, in the reduction of protons to hydrogen.*
Another highlight is the stoichiometric “chop—chop” reaction,
wherein multiply bonded ditungsten W=W compounds
undergo metathesis with alkynes (or nitriles) to generate
mononuclear tungsten alkylidynes W=CR (and W=N).
These examples have in common that they feature a second- or
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third-row transition metal and are diamagnetic. From a practical
standpoint, first-row transition metals are ideal because they are
inexpensive and earth abundant. Also, in the development of
magnetic materials, first-row metal—metal bonds offer more
diversity in spin states.®

On the theory side, density functional methods have been
applied successfully to describe the metal-metal bonds
featuring second- and third-row metals,>*” but the extension
to first-row metals has been problematic. One vexing issue is
electron correlation,” and state-of-the-art quantum chemical
methods are often necessary to produce satisfactory descrip-
tions of the metal—metal interaction. A well-studied case is that
of multiply bonded Cr,. We have previously described the bond
order in several Cr, complexes by using the concept of effective
bond order (EBO),” which is determined from a multi-
configurational wave function.®

Going beyond Cr,, we are interested in the spectroscopic
properties and electronic structures of M—M complexes
featuring other first-row transition metals. For iron, complexes
with Fe—Fe bonds are well-known, particularly for iron
carbonyl clusters and their derivatives. If we exclude
compounds with carbonyl ligands, then the number of
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Figure 1. Diiron coordination complexes containing strong Fe—Fe bonds. Relevant characterization data such as Fe—Fe bond lengths (A), formal

oxidation states, and ground spin states are given.

structurally characterized complexes with significant Fe—Fe
interactions drastically decreases.” Some of these diiron
compounds are shown in Figure 1. Collectively, they show
great breadth in oxidation states, coordination numbers,
geometries, and ligand types.'® The diiron complex
[Fe,(C¢H;-2,6-(C¢H;-2,6-'Pr,),),] has been postulated to be
diamagnetic,lm3 although this assignment does not match the S
= 3 prediction from multiconfigurational quantum chemical
calculations.'" Indeed, the majority of the examples in Figure 1
are paramagnetic with S > 1, challenging the conventional
wisdom that strong metal—metal interactions should be
antiferromagnetic.'® More remarkable, Fe,(DPhF); and
Fe,(DPhF), (DPhF = diphenylforamidinate) both possess
high-spin electronic configurations (S 7/2 and 4,

respectively), a feat that is unparalleled by other Fe—Fe

complexes.'**® A hexairon complex was recently reported with
a marvelously high magnetic moment, S = 6; but, for six ferrous
centers, the analogous “high-spin” configuration would be S =
12.* To our knowledge, the only other high-spin Fe—Fe
species are gas-phase [Fe,]” and [Fe,]” with S=4and S =7/2
ground spin-states, respectively."> Of note, Fe,(DPhF), is also
one of a few examples of a formally mixed-valent Fe(II)Fe(I),
although these other complexes are low-spin in contrast to
Fe,(DPhF),."*

In the present work, we examine the nature of the iron—iron
bond in Fe,(DPhF);, extending the previous studies by Cotton,
Murillo et al.'**'* Much of the spectroscopic characterization
for Fe,(DPhF), is reported for the first time, including
Mbossbauer, magnetic susceptibility, and UV/visible/near-infra-
red (UV—vis—NIR) electronic absorption measurements. To
complement the physical data, the electronic structure of
Fe,(DPhF); has also been calculated by employing a
combination of density functional theory (DFT) and multi-
configurational quantum chemical methods. When possible,
spectroscopic parameters were calculated, and in general, good
agreement was found with experimental values.
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2. EXPERIMENTAL SECTION

Synthetic Considerations. All manipulations were performed
under a dinitrogen atmosphere in a Vacuum Atmosphere glovebox or
using standard Schlenk techniques. Standard solvents were deoxy-
genated by sparging with dinitrogen and dried by passing through
activated alumina columns of a SG Water solvent purification system.
Deuterated solvents were purchased from Cambridge Isotope
Laboratories, Inc., dried over alumina, filtered, and stored over
activated 4 A molecular sieves.

The synthesis of Fe,(DPhF); is a modified preparation of the
literature report,'* although it is quite similar to the first reported
synthesis."> FeCl,(HDPhF), (750 mg, 1.44 mmol) was dissolved in
toluene (90 mL) and cooled to —78 °C. n-Butyllithium (in hexane,
2.15 mmol) was slowly added dropwise, and the reaction solution was
allowed to slowly warm to room temperature over 12 h. The resulting
brown mixture was filtered, giving a light yellow—brown solution. After
removal of solvent under vacuum, the dried brown solid was
redissolved in THF, layered with diethyl ether, and left to crystallize
at —35 °C. Yellow crystals of Fe,(DPhF),, which formed after 2 days,
were filtered and dried under vacuum. Yield: 175 mg, 35%. '"H NMR
(500 MHz, THF-dg, 23 °C): § = 12.6 (12H, meta), —19.6 (6H, para),
—40 (12H, ortho) (see Supporting Information, Figure 1); UV—vis—
NIR (THF): A,,, nm (g, M~ cm™") = 280 (63000), 350 sh (13000),
650 (50), 700 sh (50), 825 (70), 1250 (80).

X-ray Crystallographic Data Collection and Refinement of the
Structures. Single crystals of Fe,(DPhF);(C4Hy)os were grown from
vapor diffusion of hexane into a saturated benzene solution of
Fe,(DPhF); at room temperature. A thin yellow plate (0.3 mm X 0.3
mm X 0.1 mm) was placed on the tip of a glass capillary and mounted
on a Siemens SMART Platform CCD diffractometer for data
collection at 173 K. The data collection was carried out using Mo
Ka radiation (graphite monochromator). The data intensity was
corrected for absorption and decay (SADABS). Final cell constants
were obtained from least-squares fits of all measured reflections. The
structure was solved using SHELXS-97 and refined using SHELXL-97.
A direct-methods solution was calculated which provided most non-
hydrogen atoms from the E-map. Full-matrix least-squares/difference
Fourier cycles were performed to locate the remaining non-hydrogen
atoms. All non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were placed in ideal
positions and refined as riding atoms with relative isotropic
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displacement parameters. Crystallographic data are summarized in
Table 1.

Table 1. Crystallographic Details for [Fe,(DPhF);](C¢Hg)q s

chemical formula C39H;3N¢Fe,(CeHg)os
formula wt 736.48

cryst syst triclinic

space group PT

a (A) 11.317(2)

b (A) 11.954(2)

¢ (A) 13.948(2)

a (deg) 108.303(2)

B (deg) 91.290(2)

7 (deg) 95.539(2)

V (A%) 1780.4(5)

VA 2

Djea (g em™) 1.374

A (A), ¢ (mm™) 071073, 0.854
T (K) 173(2)

0 range (deg) 1.54-26.37
reflns collected 7222

unique reflns 4528
data/restraint/parameters 7222/0/451

Ry, wR, (I > 26(I)) 0.0599, 0.1056

Physical Measurements. NMR spectra were collected on a
Varian Inova 500 MHz spectrophotometer. Room-temperature visible
and near-infrared absorption data were collected on a Cary-14
spectrophotometer. UV wavelength absorption spectra were collected
on a Cary 300 Bio UV-visible spectrophotometer. Samples of
Fe,(DPhF); were recrystallized from THF/hexane prior to data
collection, then redissolved in THF (UV, 7.07 uM; Vis—NIR, 6.70
mM).

Magnetic susceptibility data were measured from powder samples of
solid material in the temperature range 2 to 300 K by using a SQUID
susceptometer with a field of 1.0 T (MPMS-7, Quantum Design,
calibrated with standard palladium reference sample, error <2%).
Multiple-field variable-temperature magnetization measurements were
done at 1 T, 4 T, and 7 T also in the range 2—300 K with the
magnetization equidistantly sampled on a 1/T temperature scale. The
experimental data were corrected for underlying diamagnetism by use
of tabulated Pascal’s constants'® as well as for temperature-
independent paramagnetism. The susceptibility and magnetization
data were simulated with the program julX for exchange-coupled
systems.'” The simulations are based on the usual spin-Hamiltonian
operator for mononuclear complexes with spin S = 7/2 with
consideration of only second-order terms for the zfs:

A= gBS B+D[ —1/3S(S+1)

+ E/D(Sx - Sy )] (1)
where g is the average electronic g value, and D and E/D are the axial
zero-field splitting and rhombicity parameters. Magnetic moments are
calculated after diagonalization of the Hamiltonian from the
eigenfunctions using the Hellman—Feyman theorem ,u,(B) = (yl
(dH)/ (dB)ly/t) Powder summations were done by using a 16-point
Lebedev grid."® Because the program is not equipped for individual
spins larger than 5/2, we reproduced the octet ground state by
adopting ferromagnetic coupling of §; = 3/2 and S, = 2 with a
exceedingly large exchange coupling constant J = +300 cm™. This
value is a conservative estimate of the true coupling of the mixed-
valence diiron complex because the excited states are higher in energy
so that thermal population cannot be detected.

Mbossbauer data were recorded on an alternating constant-
acceleration spectrometer. The minimum experimental line width
was 0.24 mm s~' (full width at half-height). The sample temperature
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was maintained constant in an Oxford Instruments Variox or an
Oxford Instruments Mossbauer-Spectromag 2000 cryostat, which is a
split-pair superconducting magnet system for applied fields (up to 8
T). The field at the sample is oriented perpendicular to the y-beam.
The %Co/Rh source (1.8 GBq) was positioned at room temperature
inside the gap of the magnet system at a zero-field position. Isomer
shifts are quoted relative to iron metal at 300 K. Magnetic Mossbauer
spectra were simulated using the spin-Hamiltonian given in (eq 1).
The hyperfine interactions for 'Fe were calculated with the usual
nuclear Hamiltonian."

Computational Methods. The Fe,(DPhF); complex was studied
using density functional theory (DFT) and the complete active space
self-consistent field (CASSCF) method,® followed by a multlconﬁgura-
tional second-order perturbation theory (CASPT2) method.* It has
been demonstrated that this strategy is successful in predicting
accurate results for ground and electronically excited states of
bimetallic systems.”!

DFT Calculations. Geometry optimizations of Fe,(DPhF); were
performed for the various possible spin states at the DFT level
employing the Perdew—Burke—Ernzerhof (PBE) exchange-correlation
functional®” using the TURBOMOLE 6.1 program package.”® For all
atoms, the double-{ quality basis sets def-SV(P) were used. DFT
calculations were performed with the broken symmetry option
(unrestricted calculations) and the resolution-of-the-identity (RI)
approximation.”* Hyperfine parameters were calculated using the
ORCA program package.”® For Fe atoms, the CP(PPP) basis set
designed by Neese and co-workers for accurate calculatlons of
hyperfine coupling in transition metal compounds was used.*® The all-
electron Gaussian basis sets used were those reported by Ahlrichs and
co-workers, including TZVP basis sets for N atoms and SV(P) for C
and H atoms.”” The DFT calculations of the hyperfine parameters
were performed using four functionals B3LYP, BP86, TPSSh, and
B2PLYP for comparison.

CASSCF/CASPT2 Calculations. All CASSCF/CASPT2 calculations
were performed with the MOLCAS-7.4 package®® using the DFT-
optimized structures with imposed 2-fold symmetry for all gosmble
spin states. The relativistic all-electron ANO-RCC basis sets™ were
used for all elements. Because MOLCAS works in subgroups of D, all
calculations were performed in the C, point group to minimize
computational cost. For the Fe and N atoms basis sets of double-{
quality were used(ANO-RCC-VDZP) with the following contractions:
[Ss4p2d1f] for Fe and [3s2pld] for N. The remaining C and H atoms
have basis sets of minimal basis quality (ANO-RCC-MB) with a
contraction of [2slp] for C and [1s] for H. Scalar relativistic effects
were included by using the Douglas—Kroll—Hess Hamiltonian.*® The
two-electron integral evaluation was simplified by employing the
Cholesky decomposition technique."

The ground- and excited-state wave functions were computed at the
CASSCEF theory level, and corresponding energies were computed at
the CASPT2 theory 1evel An imaginary level shift of 0.2 au was used
to avoid intruder states.>> The natural orbital occupation numbers
were used for the evaluation of the effective bond order (EBO),!
which is calculated as the difference between the total occupancies of
the bonding and antibonding molecular orbitals of the Fe—Fe bond
divided by two.

CAS Choice. A complete active space was used consisting of all 13
valence electrons of both Fe ions distributed over 13 orbitals, denoted
as AS (13, 13). This active space was optimized to include all the 3d Fe
orbitals and three additional bonding orbitals, one 6- and two 7-(Fe—
Fe) MOs that primarily consist of atomic orbitals in the fourth shell of
Fe atoms (for correlation effects between the third and fourth shell
orbitals of the Fe atoms). Computations of the excited-state wave
functions were performed using AS (13, 13) as well as AS (11, 15).
The latter active space excludes the lowest doubly occupied o-orbital
formed by the 3d,>-orbitals of Fe ions and includes three additional
formally empty MOs of the fourth shell. Many electronic states were
computed with the (13, 13) active space, namely the lowest eight octet
states belonging to the A irreducible representation, the lowest six
octet states belonging to the B irreducible representation, and the
lowest six A and B sextet and quartet states. The intensities of the

dx.doi.org/10.1021/ic202384b | Inorg. Chem. 2012, 51, 728-736



Inorganic Chemistry

Table 2. Selected Bond Lengths (A) and Angles (deg) for Experimental and Calculated Fe,(DPhF); Structures

structure [(DPhF),Fe,]'°*!S  [(DPhF),Fe,]-(C4Hg)os
Fe—Fe, A 2.2318(8) 2.2307(8)
Fe—N, A 2.033(2) 2.032(3)
2.033(2) 2.022(3)

2.025(2) 2.013(3)

2.025(2) 2.005(3)

2.017(2) 1.992(3)

2.017(2) 1.988(3)

N—Fe—N, deg 132.6(1) 125.8(1)
132.6(1) 125.7(1)

116.18(9) 120.5(1)

116.18(9) 117.1(1)

111.08(9) 116.9(1)

111.08(9) 113.7(1)

N—Fe—Fe, deg 92.29(6) 92.14(9)
92.29(6) 91.67(9)

90.98(6) 91.39(8)

90.98(6) 91.21(8)

89.77(7) 90.96(9)

89.77(7) 90.15(8)

N—C-N, deg 122.5(3) 122.5(3)
122.5(3) 122.5(3)

121.3(3) 122.3(4)

[(DPhF),Fe,] PBE/def-SV(P)
2.188

2.034
2.034
2.034
2.031
2.031
2.031

121.6
121.6
1194
1194
118.7
118.7

92.2
92.2
92.0
92.0
91.8
91.8

121.8
121.7
121.7

transitions among all the states including spin—orbit coupling were
determined by using the complete active space state interaction
method, CASS],*® which employs an effective one-electron spin—orbit
(SO) Hamiltonian, based on the mean field approximation of the two
electronic part.>* To compute SO coupling, a SO Hamiltonian matrix
was constructed using the basis of all 13/13 CASSCF wave functions
corresponding to the octet, sextet, and quartet states within 2.2 eV of
the ground state. A total of 14 octet, 12 sextet, and 12 quartet states
were thus included, giving a total of 232 spin—orbit states. Dynamic
correlation energy was introduced in the consideration by substituting
the diagonal elements of the Spin—Orbit Hamiltonian matrix by the
corresponding CASPT?2 energies.

3. RESULTS

Molecular Structure. The published solid-state structure
of Fe,(DPhF); shows a distorted trigonal lantern geometry
with one of the shortest Fe—Fe bonds, 2.2318(8) A, known to
date (Table 2)."> A perpendicular C, axis bisects the metal—
metal bond, symmetrizing the two iron atoms as well as each
pair of N atoms. The distortion from idealized Dy, is observed
in the N—Fe—N bond angles of 111.1°, 116.2°, and 132.6° (A
= 22°). Cotton and Murillo attributed the distortion to crystal
packing forces as opposed to electronic effects. We have
obtained another solid-state structure of Fe,(DPhF),, in which
the Fe—Fe bond is identical to the original report. The only
remarkable difference is the tighter range of N—Fe—N bond
angles: 113.7-125.8° (A = 12°). In the DFT-optimized
ground-state structure of Fe,(DPhF); (vide infra), the bond
distances match those of the experimental structure within 0.04
A, including a calculated Fe—Fe bond length of 2.188 A.
Additionally, the N—Fe—N bond angles are nearly equivalent
with A = 3° These recent results support the original
supposition that acute distortions from C; symmetry do not
have an electronic basis.
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Magnetic Measurements. The ground spin state of
Fe,(DPhF); of S = 7/2 was previously assigned based on an
axial EPR spectrum with g-values of 7.94 and 1.99."> Magnetic
susceptibility measurements of Fe,(DPhF); have been
conducted with variable temperature (VT) and with variable
temperature and field (VIVH). The data are shown in Figure
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Figure 2. Temperature dependence of the effective magnetic moment,
Uegy of Fe,(DPhF); (shown in open circles, 1 T, 2—290 K). The red
solid line represents the best fit. Inset: isofield VI'VH magnetization of
Fe,(DPhF); as a function of uzB/kT (1, 4, and 7 T; 2—290 K with
corresponding simulation curves shown in green, red, and blue,
respectively). The data were corrected for yrp of 0.375 X 107° emu.
Intermolecular coupling was considered by introducing a Weiss
constant, 6, of —0.286 K to obtain a consistent fit of the low
temperature data recorded at different fields. See text for simulation
parameters.

2. From 30 to 290 K, the effective magnetic moment is
temperature independent at 7.4 up. The plots in Figure 2
confirm the S = 7/2 ground spin state and indicate that the
octet state is energetically well-isolated from the other spin
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states. To fit the data, we used a two-spin model consisting of
the two iron centers, formally high-spin Fe(I) and Fe(II) with
Ske = 3/2 and 2, respectively; otherwise, the iron centers were
treated as equivalent. The spectrum can be simulated by
adopting gg. = 1.86, which is near the real value of 2.0 (based
on the EPR spectrum), and zero-field splitting parameter D =
19.1 ecm™ for both iron centers. The values correspond to a
zero-field splitting of the ground state octet according to D, , =
8.2 cm™’, as can be seen from spin projection coefficient (D,
= 0.1429 D, + 02857 D,).*® The coupling between the two
iron centers is strongly ferromagnetic, with a simulated
minimum value of the isotropic spin—spin coupling constant ]
of +300 cm™" for the Hamiltonian H = —2]S;,Sg,. The inset in
Figure 2 shows the VI'VH dependence of the magnetization of
Fe,(DPhF);. The variable field data were globally fitted with
the following parameters: g, = 1.87, no rhombicity (E/D = 0),
and D = +19.1 cm™" for both iron centers. The large, positive
zero-field splitting parameter is characteristic of high-spin iron
centers and further pinpoints the m, = + 1/2 as the ground
energy level.

We have performed geometry optimizations for the doublet,
quartet, sextet, and octet spin-states using DFT (PBE/def-
SV(P)). These optimized structures were then used for higher
level CASSCF/CASPT2 calculations, wherein a 2-fold
symmetry was imposed to reduce the computational cost.
Although Fe,(DPhF), is better suited to 3-fold symmetry, point
group constraints in MOLCAS are limited to D, and its
subgroups. Therefore, we chose to impose C, symmetry, which
enforces a 2-fold rotation axis perpendicular to the Fe—Fe
vector. The relative energies for the various states calculated at
these three levels of theory are reported in Table 3. All methods

Table 3. Calculated Relative Energies of Fe,(DPhF); for All
Possible Spin States at DFT, CASSCF, and CASPT2 Levels
of Theory

symmetry doublet quartet sextet octet

AEpgr, eV — 2.95 1.65 071 0

AEBcasscr €V A 1.63 1.10 1.30 0
B 1.44 1.44 0.60 1.26

AEcaspry €V A 1.50 122 1.17 0
B 1.53 1.22 0.50 1.18

indicate that the ground state is the octet ®A, as previously
proposed.®® Selected geometrical parameters of the structure of
the ®A state are reported in Table 2. Overall, the agreement
between theory and experiment is satisfactory.

Mossbauer Spectroscopy. Applied-field Méssbauer spec-
tra of Fe,(DPhF); recorded at 4.2 K are shown in Figure 3.
Additional spectra collected at variable temperatures are
provided in the Supporting Information (Figure 2). The
spectra were globally fitted with an isotropic g,/, = 2.0, D;/, =
82 cm™} E/D,), = 0, and the M0Ossbauer parameters ¢ = 0.65
mm s~ and AEq = +0.32 mm s™L. On the basis of the fit, we
can draw some conclusions. First, the g, D, and E/D values
correspond well to those obtained in the magnetic susceptibility
measurements. Second, the two iron sites are equivalent on the
Mossbauer time scale (10”7 s'), and Fe,(DPhF); is a fully
delocalized mixed-valent complex. The quantum-chemical
treatment given below will show that the diiron core of the
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Figure 3. Applied field Mssbauer spectra of Fe,(DPhF); recorded at
4.2 K with fields of 3, 4, and 7 T. The solid lines represent spin
Hamiltonian simulations for S = 7/2 with g;/, = (2.0, 2.0, 2.0) fixed,
D, =82 cm™, and E/D,, = 0, and with Mdssbauer parameters § =
0.65 mm 5™, AEq = +0.32 mm s~, asymmetry parameter 5 = 0, line
width = 0.26 mm s, and magnetic hyperfine coupling constants A,/
ahn = —11.59 T; A, /gnPn = —10.59; A../gnfy = —30.81 T. The spin
projection coefficients in the ionic limit of Fe(I), S; = 3/2, and Fe(II),
S, =2 would be Ag.q) = 2.333 - A, and Ag.() = 1.751- A, respectively,
i.e., the local A values for the iron sites are about twice the total spin
values given here.

compound is best described by a coherent superposition of
Fe(I) and Fe(Il) wave functions.

There are limited examples of low-coordinate, high-spin
Fe(1I) and Fe(I) complexes for comparison. Holland et al. have
reported Mossbauer parameters for a family of three-
coordinate, high spin Fe(Il) compounds with f-diketiminate
ligands.”” The isomer shifts range from 0.48 to 0.74 mm s~*
with |AE| values between 1.11 and 1.74 mm s~". For a high-
spin Fe(I) complex in the same system, a slightly lower isomer
shift of 0.44 mm s™' with AEq = 2.02 mm s~ was reported.”®
Peters et al. have characterized a Fe(I)(u-N,)Fe(I) complex
with § = 0.53 mm s™' and AE, = +0.89 mm s71.%? The isomer
shift reported here is comparable. Notably, the quadrupole
splitting of Fe,(DPhF); is significantly smaller. The origin of
the small quadrupole interaction is not known at this time, but
it may be potentially related to the weak trigonal ligand field.

The Mossbauer parameters were calculated at the DFT level
of theory using the ORCA program (Table 4).*> Four different
functionals were surveyed: B2PLYP, BP86, TPSSh, and

Table 4. Calculated Hyperfine Parameters of Fe,(DPhF),
Relevant to Mossbauer Spectroscopy for Different DFT
Functionals (B2PLYP, BP86, TPSSh, B3LYP)

functional exp B2PLYP® BP86“ TPSSh® B3LYP” B3LYP”
6, mm/s 0.65 0.49 0.45 0.48 0.49 0.51
AEq, mm/s 0.32 0.26 —0.45 —0.17 —0.27 —0.25

“Input geometry from a PBE/SV(P) optimization. blnput geometry
from a B3LYP/TZV(P) optimization.
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B3LYP.2®* For the isomer shift, all the functionals gave
similar predictions (within 0.20 mm s™' of the experimental
value). Although the range of quadrupole splittings is wider
(from —0.17 to 0.26 mm s™'), essentially all these values are
near zero, as is observed experimentally. The best agreement
between theory and experiment was found for the B2PLYP
functional with 6 = 0.49 mm s~ and AEq = 026 mm s,
where A = 0.16 and 0.06 mm s, respectively.

Details of Electronic Structure. The natural orbitals
arising from the CASSCF calculations are displayed in Figure 4.
Ten of the 13 orbitals are completely localized on the Fe—Fe

pat 39
g 2@

9 5, | A
Tl e |4
e T

Figure 4. Qualitative MO diagram showing the natural orbitals for
Fe,(DPhF); that arise from CASSCF calculations. The dominating
electronic configuration (73%) is shown.

bond. They are the o, #, and & bonding and antibonding
orbitals, resulting from symmetry-adapted linear combinations
of the Fe 3d atomic orbitals. The three remaining orbitals are
primarily composed of the Fe 4s, 4p, and 4d atomic orbitals
interacting to form ¢ and 7 bonding and antibonding orbitals
with some minor contribution from the ligand N-atoms. The
near degeneracy of each z- and J-orbital pair is consistent with
an approximate 3-fold symmetry about the Fe—Fe vector.

A multiconfigurational CASSCF/CASPT2 calculation re-
vealed that the °A ground state has a single dominating
configuration (6)*(7)*(z*)*(6*)'(8)*(6*)? which accounts for
73% of the wave function. Considering the total ground-state
wave function, the natural orbital occupation numbers are:
(0)155 (1) 364 (% ) 2307 ) 106 5) 200 5% 200 45)010 (47096 ey
an estimated bond order (EBO) of 1.15. The non-negligible
occupation of the iron orbitals in the fourth shell is also evident
in the Mulliken population analysis: 4s*'23d%34p°2844°!",
Using an SCF-Xa-SW calculation on the truncated molecule
Fe,(HNCHNH),, Cotton et al. previously computed a similar
configuration (0)*(x)*(7*)*(8)*(c*)"(6*)* with a bond order
of 1.5.% 1t is not surprising that our EBO value is lower than
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the value reported by Cotton because we account for the partial
occupation of the high-lying antibonding orbitals not
represented in the dominant configuration. Overall, the effect
is to decrease the Fe—Fe bonding so that it is only slightly
larger than a single bond. Finally, the charge and spin densities
of the two iron atoms are identical with values of +1.17 and
+3.49, respectively. These values reinforce the highly
delocalized, high-spin Fe'*Fe'* assignment for the diiron unit.

Electronic Absorption Spectroscopy. The electronic
configuration in Figure 4 suggests that several d—d transitions
are possible within the diiron core. Because the first
coordination sphere of the diiron centers is approximately 3-
fold symmetric, we first employed Ds;, selection rules to
qualitatively determine the allowed electric-dipole transitions
(Figure S). Electronic transitions from the ®A," ground-state are
spin-allowed only if the excited electron is spin down, which

Energy

z (xy) z

c 1ay
Z (x,y)

Figure S. The allowed electric-dipole transitions of Fe,(DPhF); based
on Dy, selection rules.

constrains all transitions to originate from a doubly occupied
molecular orbital such as 1a,"(c) or 1e'(x). Within the d-orbital
manifold, only five electric-dipole transitions are possible, from
la,"(6) to 1a,"(6*) or 2¢'(5), and from 1le'(x) to le”(z*),
2¢'(8), or 2e"(6*). Of these five transitions, the energetically
lowest transition is expected to be le'(x) — le"(z*).

The Vis—NIR spectrum for Fe,(DPhF),, which is shown in
Figure 6, is characterized by several low energy bands between
650 and 1250 nm (15400 and 8000 cm™'). The Vis—NIR
absorptions are independent of solvent as identical spectra are
obtained in benzene and in THF (Supporting Information,
Figure 3). These bands are surprisingly weak (¢ < 100 M™!
cm™') given the expectation that they should be both spin- and
dipole-allowed. Indeed, metal—metal intervalence charge trans-
fer bands exhibited by delocalized, mixed-valent bimetallics are
typically intense (¢ ~ 10> M~ cm™"). One possible explanation
for the observed weak absorptions is the significance of the
Franck—Condon factor in modulating their intensity. Because
the Fe—Fe bond distances in the Fe,(DPhF), excited states are
expected to be perturbed from their ground-state values, it is
plausible that the overlap of vibrational wave functions in the
ground and excited electronic states is significantly decreased.

Computed Spin-Free Excited State Energies. As mentioned
above, all CASSCF/CASPT?2 calculations were performed with
a C, symmetry constraint that corresponds to a 2-fold axis
perpendicular to the internuclear axis. In the following
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Figure 6. Electronic absorption spectrum of Fe,(DPhF); in THF (—,
black), with simulated spectrum from CASSCF/CASPT?2 calculations
(-, red) that include wave functions belonging to both A and B
symmetry states (see Table 6). Experimental 4, cm™ (¢, L mol™
ecm™) = 15380 (50), 14290 sh (50), 12120 (70), 8000 (80).

discussion, all wave functions will belong either to the A or B
symmetry states. Table 5 shows the vertical excitation energies
and oscillator strengths for Fe,(DPhF); calculated at the spin-

Table S. Spin-Free Excitation Energies of Fe,(DPhF); for
Octet Wave Functions Belonging to the A Symmetry States
(All Transitions Correspond to *A — ®A)

AE, eV
transition  (CASSCF) (CASPT2) oscillator strength, au.  weight, %
T — * 1.23 1.42 0235 x 1077 0.64
T — 1.28 145 <0.1 X 1077 0.63
-6 1.77 1.60 0.788 x 1075 0.54
) 1.82 1.66 0.256 X 1073 0.53
T — o* 1.98 1.92 <0.1 X 1077 0.51
7= &% 2.07 2.06 0.777 x 1077 0.27
T &% 224 2.13 0.118 x 1076 0.34
68 2.79 2.51 0.827 x 107* 0.67

“Weight is the percent contribution of the major configuration to the
wave function describing the excited state.

free CASSCF and CASPT?2 levels using the (13, 13) active
space, where the weight is the percent contribution of the major
configuration in the excited wave function. All the octet excited
states are reported up to 3.11 eV. Only one of the first eight
predicted transitions (Table S, in boldface) has an oscillator
strength of any significance: the 7 — ¢ transition is predicted to
occur at 1.66 eV (~13400 cm™) at the CASPT?2 level with an
oscillator strength of 2.56 X 107*. Of note, the large differences
in AE (~1 eV) between 7 — § and 6 — § transitions suggest
that the o orbital lies significantly lower in energy.
Consequently, transitions originating from the ¢ orbital do
not contribute to the bands in the Vis—NIR region.

Given the poor correspondence between theory and
experimental excitation energies thus far, our next attempt to
model the electronic spectrum included excited states
belonging to both symmetry states A and B. Only the
transitions with significant oscillator strengths are shown in
Table 6. The consideration of these additional wave functions
resulted in two additional excitations.
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Hence, three significant excited energies are predicted at
1.56, 1.66 and 1.91 eV, and they are interpreted as 7* — &°, 7*

Table 6. Selected Spin-Free Excitation Energies of
Fe,(DPhF), for Octet Wave Functions Belonging to the A
and B Symmetry States (All Transitions Correspond to *A —
A or ]A — ®B)

molecular state AE, eV (cm™), oscillator weight,
orbital transition rounded) strength, a.u. %
- & SA — %A 1.66 (13,400) 0.14 X 1073 54
P SA - B 1.56 (12,560) 0.13 x 1073 45
-6 %A %B 1.91 (15,370) 0.29 X 1073 24

“Weight is the percent contribution of the major configuration to the
wave function describing the excited state.

— &% and 7* — §*P transitions, respectively. Moreover, these
computed energies agree well with the experimental spectrum
from 18000 to 10000 cm™. The NIR band at 1250 nm (0.99
eV or 8000 cm™'), however, remains unaccounted, prompting
further investigation.

The Nature of the NIR Band at 8000 cm™'. To better
model the full Vis—NIR spectrum of Fe,(DPhF), spin—orbit
coupling was taken into consideration. The most important
excited energies correspond to transitions from pure (>99%)
octet ground states (A) to octet-dominated excited states (84—
97%) with limited mixing of the sextet configurations. Details of
the prominent excited energies are available in the Supporting
Information, Table 1. Because of the limited mixing, the
calculated excited energies with spin—orbit coupling are
essentially identical to those obtained from the spin-free
calculations. Therefore, the NIR band at 8000 cm™' is not
reproduced by considering spin—orbit coupling.

Another strategy is to increase the active space. An attempt
to increase the active space with three additional high-lying
MOs, however, was unstable. A stable active space was
eventually formed by adding three high-lying MOs while
removing the energetically low-lying, doubly occupied 6 MO to
generate an (11, 15) configuration. The vertical excited
energies now include a low energy absorption at 0.80 eV
(~6500 cm™), which is interpreted as 7 — z* transition.
Although this excited energy corresponds well to the NIR band,
the # — §/0* transition energies shift to lower energies of
~1.00 eV and, consequently, worsens the holistic fit. Ideally,
employing an even larger active space should result in more
accurate excitation energies, but such calculations are currently
too expensive. We tentatively interpret the NIR band as a 7 —
7* transition.

3. CONCLUSIONS

The nature of the Fe—Fe bond in Fe,(DPhF), is strongly
ferromagnetic, which essentially arises from the presence of a
series of close lying nonbonding and antibonding metal—metal
orbitals that are populated according to Hund’s rule. Because
this type of metal—metal bond is so rare, our study is only one
of a few in-depth case studies of strong ferromagnetic
interactions via metal—metal bonds.'**' Because of the high-
spin electronic structure of the [Fe,]** unit, the estimated Fe—
Fe bond order is low at 1.15, in spite of the relatively short Fe—
Fe bond length. The MO analysis reveals that all d-electrons are
involved in metal—metal /6%, 7/7%, and §/5* bonds. Though
the octet ground spin state is dominant above room
temperature, d—d transitions occur from the 7 to the 7%, §,
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and 6* orbitals in the visible and near-infrared regions.
Surprisingly, these d—d transitions are remarkably weak in
intensity and hence appear to be forbidden, even though the
analysis shows that they are indeed both spin- and dipole-
allowed. The electronic structure of the mixed-valent diiron
complex is highly delocalized, and the two iron centers are
spectroscopically equivalent. Perhaps these will prove to be
common features among bimetallics with strong ferromagnetic
metal—metal bonds as more examples emerge. Future work will
also focus on studying the reactivity of these strongly
ferromagnetic metal—metal bonds.*
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