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Iron is ubiquitous in metalloproteins, in a wide range of Chart1. Molecular Structure of 1B
coordination environments. A large and important class of Fe
proteins consists of the non-heme Fe proteins, in which Fe is often
six-coordinate and generally has two or more endogenous histidine
ligands? HS® Fe(ll) (3cf, S= 2) is an important state in non-
heme Fe proteins; however, this state is relatively difficult to
investigate by EPR, normally a technique of choice for paramagnetic
transition metal systems. HS Fe(ll) is a non-Kramers (integer spin)
ion of typically large zfs, on the order of20 cnt1.4° The allowed
EPR transitions thus generally appear at high frequencies, and/or
at high magnetic field. Among spectroscopic methods generally
applied to HS Fe(ll) systems, Msbauer spectroscoffy and
MCD!® are most informative, as are magnetic susceptibility
measurement®. Far-infrared (FIR) spectroscoply and, more
recently, INS2 have also been employed to detect transitions among
the HS Fe(ll) quintet-state zero-field levels and consequently
provide information on its electronic structure. Another approach
is to employ EPR, but at frequencies and fields sufficiently high to
observe the allowed transitiofsSuccessful HFEPR of HS Fe(ll)
is still infrequent, with one study on a pseudo-tetrahedral complex,
[PPhy],[Fe(SPh)], a model for reduced rubredoxit,and one on
an octahedral complex, [Fe(ighNOz),.12 The HFEPR results in
the latter report were, however, secondary to highly informative
INS results. Very few HFEPR transitions were observed, and the
SIN ratio of reported EPR spectra was relatively BwWe
demonstrate here that it is indeed possible to observe multiple
HFEPR transitions for HS Fe(ll) with high S/N ratio, in this case
for acis-FeN,N, chromophore complex: bis(2;Bi-2-thiazoline)-
bis(isothiocyanato)iron(ll)X). Complex1 can be considered as an
approximate model for six-coordinate active sites in non-heme Fe
proteins, wherein their histidine ligands are representeti oy
the imino N-donor thiazoline ligands. We show that it is possible
by HFEPR to accurately determine spin Hamiltonian parameters
in this complex, and relate them to the electronic structure.
Complex 1 exists as two polymorphs, A8 and B8 It was
polymorph A that drew initial attention since it undergoes a

temperature-driven spin-crossover transition to a diamagnetic (LS, refinement by simultaneously fitting the standard spin Hamiltghian

— 5-18 H ic (K=
8_4%) ;tztel._ ; I_DlonTorph B re”.‘a'”sl Eirsr?agnenc_( ’CZ) | parameters to the complete dataset of HFEPR resonances yields:
to 4. ut is “silent” at conventiona requencies. Crystals 5 _ +12.427(12).E = +0.243(3) cm’; gy = 2.147(3),g, =

of each polymorph can be_independently prepared, and their2.166(3),gz = 2.01(1), which produces the simulated curves in
structures have been determirédhe structure of polymorph B Figure 2. Theg values are greater than 2.00, as expected for a

(1B)dis sfhown in Chart 1..Crystals ng were ground to a finz h more than half-filled d-shell electron configuration. The remarkable
powder for HFEPR experiments. The HFEPR apparatus and t eagreement between the simulations and experiment allows us to

tuna_ble-flreguengz i’:\?\/ msthodollogy as% emplé)yl/\;dbhere have beer}alttribute each of the resonance branches observed experimentally
previously describec. e have also periormed issbauer spec- -y, particular turning points in a quintet state manifold powder

troscopy measurements at 77 and 293 K, and DC SQUID
magnetometry between 1.8 and 293 K id3.

Figure 1 shows typical HFEPR spectrald using two different
modulation techniques: chopping the sub-THz wave beam, which
results in an absorptive shape (black trace), and standard modulation
of magnetic field (blue trace). The red trace is a derivative
simulation (see below) assuming a perfect powder pattern. The
agreement between magnetically modulated spectra and their
simulation is very good in terms of resonance position, but less so
in terms of line shape. We find that modulation results in fast-
passage effectsat low temperatures, which strongly distort the
line shapes. The HFEPR spectra at sufficiently high operating
frequencies consist of five strong, well-defined resonances. In
addition, some weaker and narrower lines appear ig the region
of the spectra (22 T at 610 GHz, not shown), which belong to a
Kramers-type impurity, most probably HS Fe(l#f)Rather than
fitting the spin Hamiltonian parameters to single-frequency spectra,
we obtained a two-dimensional dataset of the resonant fields versus
transition energies, as shown by the squares in Figure 2. A
peculiarity of this dataset is the two zero-field transitions observed
at ca. 11.5 and 13.0 crh respectively. By analogy with the zero-
field FIR results on ferrous fluorosilicaté,we attribute these
transitions to those between th@Oand the|130and |15Clevels,
respectively?? yielding initial zfs parameters|D| = 12.25,|E| =
0.25 cn1! (the zero-field energy level diagram f® = 2 is
illustrated by Figure S1 in Supporting Information). Subsequent

: — pattern.
1 Florida State Ldﬂ%‘éﬁ'% The quadrupole splitting of th&Fe Massbauer spectrum 4B
* Roosevelt University. (Figure S2) is relatively temperature independent and has a value
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Taking as a starting point the detailed ligand-field analysis of
[Fe(im)](NO3), by Carver et all2we use the full 8basis set and
the following parameters moderately altered from th&ichiefly

by including a larger trigonal splitting (values in c): RacahB

= 750, C = 3400; Ballhausen crystal-field)q = 11001 Ds =

370, and spirrorbit coupling,; = 368 @ = —92), which yield a
true spin quintet, orbitally nondegenerate ground state with axial
zfs, D = +12.5 cntl. The heteroleptic nature df as opposed to
homoleptic [Fe(imj]>" makes an AOM analysid more difficult

in our case, and we have not attempted it, nor have we tried to
model the small rhombic zfs term observed. Nevertheless, the results
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NI — - described here, together with those of Carver etZayggest a
|_./ ! commonality in electronic structure of HS Fe(ll) complexes with
r , , , , , , , , , Ng coordination and, more generally, that HFEPR, at least in certain
0 2 4 6 8 10 12 14 16 18

propitious cases such as complHE3, can and should be added to
the armamentarium of techniques for investigating HS Fe(ll)
complexes side-by-side with well-established methods.
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Figure 1. HFEPR spectra of polymorph B df at 610 GHz and 10 K
using optical modulation (black trace), and magnetic modulation (blue trace). .
The red trace shows a simulation of the magnetically modulated spectrum ~ Acknowledgment. NHMFL is funded by the NSF through
using spin Hamiltonian parameter® = +12.427,E = +0.243 cn7?; g« Grant DMR9016241. NSF-DMR supported the purchase of a
= 2.147,gy=2.166,9, = 2.01, and assuming a powder pattern distribution. - SQUID magnetometer at Northeastern University. The W. M. Keck

A bar representing a 50% absorption value is included next to the optically Foundation funded the high-homogeneity resistive magnet
modulated spectrum. ’

Supporting Information Available: Energy level diagram fo8
= 2 and Mwsbauer and magnetic susceptibility resultsl@ This
material is available free of charge via the Internet at http:/pubs.acs.org.
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Figure 2. Resonance field vs sub-THz wave quantum energy dependence

for EPR transitions in polymorph B df Experimental points are represented
by squares. Simulations using spin Hamiltonian parameters as in Figure 1

|0 —=[1%= |0 —|17=

are shown by blue lines focturning points, red lines foy turning points,
and black lines for turning points. Three zero-field resonances, of which
two are observable in the 9500 GHz range, are labeled accordingly. The
dashed line at 610 GHz, parallel to theaxis, reproduces the resonances
shown in Figure 1.

of ~3.00 mm/s at 77.5 K, similar to the limiting value foufidor
the HS form of polymorph A. This is consistent with an isolated,

orbitally nondegenerate ground state and the expectation of es-

sentially spin-only magnetic behavior at low temperature. DC
susceptibility shows temperature dependence.pthat can be fit
to D ~ +12 cmt (Figure S3).
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