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High-frequency EPR data are reported for the Fe(ll/lll) valence delocalized dinuclear compi®Hye
(tmtacn}]?*. A full-matrix diagonalization approach is used to derive the spin-Hamiltonian parameters for this
Sr = 9/, complex. At high fields (up to 14.5 T) and high frequencies (1893 GHz) fine structure peaks due to
resonances between the Kramers doubMts< %,, 7/», ...) are observed. The spacing of the fine structure reveals
that the axial zero-field splitting (ZFS) parameferis +-1.08(1) cn1?; a very small rhombic ZFS|E| < 0.01

cmY) is suggested by line broadening of these interdoublet resonances. Simulations re\gisl thage to 2.00,

and very nearly isotropicgyx = gy = g, = 2.00(2). This complex is a model for the valence-delocalized3fé

pairs found in larger irorsulfur clusters, such as the cofactors from the nitrogenase system. This work indicates
that HFEPR is a viable technique for the study of high-spin centers in proteins.

Introduction has received enormous interést/ principally due to the
recognition of the importance of resonance delocalization in

Polynuclear iron complexes play an important role in many high-spin dinuclear complexes. In particular, the theoretical and

D T D 101 eAICHaTonal work of Noodlera, Girerd 522

esser?tiailj for IFe homeostlasis émaller complexes allre founL:i intheir co-workers has demonstrated that resonance delocalization
. NN P ) plays a dominant role in determining the electronic structure of

the nitrogenase enzymésn which complexes ranging from [FexS;]™ mixed-valence complexes. In such a dinuclear complex

:235;%':]: t'; e{\:llce)c‘% (E:Zi\f:ri?,]’ E’égf:]'sz;gg f’k']t: ﬂgrlgmgde; formed by high-spin me_tal sites, Heisenberg exchange te_nds to
mental [F’&lS4] clusters, are to be found. Protein sites with two favor an antiparallel alignment of spins on the two Fe ions,
non-heme iron atoms’ are numerous énd fall into one of two stapll|;|ng states with smal'l totgl sPin, Whlle'r.e'sonance de]o-
large classes: dinuclear iremsulfur sités in which the two Ee calization favprs parallel spin alignment, stabilizing states with

’ ’ large total spin. The exact nature of the ground state depends

atoms are bridged by two sulfide bridges; and dinuclear iron- : .
oxo sites, in which the two Fe atoms are bridged by oxo/hydroxo on the ratio between the Heisenberg exchange terd(qS +

and carboxylato bridges. The iresulfur sites function almost (6) Crouse, B. R.; Meyer, J.; Johnson, M. K.Am. Chem. S0d.995

exclusively as electron-transfer cofacténahile the iron-oxo @ %/Il] 9515—?3613- vmiou. V. S K K. Girerd. J. IMetal

: H : : unck, E.; Papaerthymiou, V.; surerus, K. K.; Girerd, J. atal
proteins r.‘a"'? dl\{erse functions, fron Sorage in hemerythrin Clusters in ProteinsQue, L., Jr., Ed.; American Chemical Society:
to O, activation in methane monooxygensddgoth of these Washington, DC, 1988; pp 36325.
two types of proteins exhibi§ = 1/, ground states that are  (8) Noodleman, Linorg. Chem.1991, 30, 246-256.
distinguishable by X-band EPR, for [EEQ]+ sites exhibit av (9) Barone, V.; Bencini, A.; Ciofini, |.; Daul, C. A.; Totti, B. Am. Chem.

. X o So0c.1988 110, 8357-8365.
= 1.94, and [Fg(u-OH)(u-COO)]** sites typically exhibit gay (10) Bertini, I.; Luchinat, CJ. Biol. Inorg. Chem1996 1, 183-185.

< 1.9, which provides a spectroscopic probe as to the identity (11) Bertrand, P.; Gayda, J. Biochim. Biophys. Actd979 579, 107—
of structurally noncharacterized dinuclear Fe proteins. In all of T .

these dinuclear Fe protein sites, chemistry is dictated by theﬁgg gmﬁ:géﬁ? E_(i'_:eé%’rghglﬂ," S!‘}L_;'g?{g;d?gﬁ?jﬁ?ghléﬁgﬁ;%4
ligand structure, which in turn is reflected by the strength of 116, 7957-7957.

magnetic interactions between the two Fe atoms. (14) Bominaar, E. L.; Borshch, S. A; Girerd, JJJAm. Chem. So2994
. - 116 5362-5372.
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basic magnetism. In recent years, the interplay of resonance(16) Bominaar, E. L.; Achim, C.; Borshch, S. A.; Girerd, J. J:idk, E.

L . . - : ; Inorg. Chem.1997, 36, 3689-3701.
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T University of California at San Diego. (18) Borshch, S. A.; Bominaar, E. L.; Girerd, JNew J. Chem1993 17,
§ National High Magnetic Field Laboratory. 39-42.
(1) Lippard, S. J.; Berg, J. MPrinciples of Bioinorganic Chemistry (19) Day, E. P.; Pederson, J.; Bonvoisin, J. J.; Moura, |.; Moura, J. J. G.
University Science Books: Mill Valley, CA, 1994. J. Biol. Chem.1988 263 3684-3689.
(2) Howard, J. B.; Rees, D. @hem. Re. 1996 96, 2965-2982. (20) Ding, X. Q.; Bominaar, E. L.; Bill, E.; Winkler, H.; Trautwein, A.
(3) Holm, R. H.; Kennepohl, P.; Solomon, E.Chem. Re. 1996 96, X.; Drueke, S.; Chaudhuri, P.; Wieghardt, &. Chem. Phys199Q
2239-2314. 92, 178-186.
(4) Wallar, B. J.; Lipscomb, J. DChem. Re. 1996 96, 2625-2657. (21) Ding, X. Q.; Bominaar, E. L.; Bill, E.; Winkler, H.; Trautwein, A.
(5) Hagen, W. R. Inron—Sulfur Proteins Cammack, R., Ed.; Academic X.; Drueke, S.; Chaudhuri, P. H.; Wieghardt, Hyperfine Interactions
Press: San Diego, 1992; Vol. 38, p 165. 199Q 53, 311—-315.

10.1021/ic9901012 CCC: $18.00 © 1999 American Chemical Society
Published on Web 05/29/1999



3322 Inorganic Chemistry, Vol. 38, No. 14, 1999 Knapp et al.

2+ distance (2.51 A). Magnetic susceptibility data were used to
( o \,\5 derive the spin Hamiltonian parametegs = 2.1 andD = 2.28
‘\‘N cm, which are in good agreement with those obtained by
/ ,,/&),Fe ) Wieghardt et af®22The S= 9, state was shown to result from
a combination of large resonance delocalization and a small
Heisenberg exchang¢)( < 70 cnml).

Figure 1. Schematic diagram of the [Ha-OH)s(tmtacn}]?* cation. Many bio-clusters, such as the P clusters and the FeMoco of
nitrogenase, are characterized by large spin states and large zero-
1))] and the resonance delocalization te®(g + /2)]. It was field splittings (ZFS}83%with the result being that conventional

postulated that a decrease|df, as occurs upon converting the EPR techniques only permit indirect information on the
1S to uz-S?~ bridges, or an increase |B|, could lead to a magnitude of the zero-field splittings argl tensors. High-
S= 9, spin for a (F&—F€'") complex. With the experimental  frequency ¢ 100 GHz) electron paramagnetic resonance (HFEPR)
work of Miinck et al” on [FeSs]°" clusters, it became clear has been used very recently to study molecules with large
that resonance delocalization was the dominant form of magneticground-state spin$-53 Many of these studies involved oriented

interaction in determining the spin-state energies of][pairs polycrystalline samples, where the large magnetic fields em-
bridged by us-sulfide ions, as revealed by their valence- ployed oriented the crystallites. This field-induced orientation
delocalized nature and large ground-state spin. of crystallites is only possible when the crystals have an easy

Weighardt and co-workers reported the properties of the [Fe axis of magnetization, such as arises for molecules @ith 0
(OH)s(tmtacn}]?* cation (Figure 1) in 198%?22The cation has  that are nearly aligned in the crystal. There have been very few
a geometry that approach&y, symmetry, with theCz axis HFEPR studies on powdered sampie$}47:48.50nd only four
along the Fe-Fe vector, indicating that this is likely the principal HFEPR studie47:54550n systems wittD > 0. HFEPR has
axis (z axis) of the electronic structurg &ndD tensors). These  proven very useful for determining electronic fine structure, such
workers determined that tH&= 9/, ground-state results from  as zero-field splittings, that are too large for effective study at
strong resonance delocalizatidh= 1300 cnt! from absorption conventional EPR frequencies (e.g., X-band at 9 GHz). The
spectroscopy), and experiences a relatively large zero-field HFEPR technique uses relatively high-energy radiation {53

splitting © = +1.8 cn!) and an anisotropig tensor ¢x = gy cm 1), and this leads to the direct observation of resonances
= 2.04,9; = 2.30) as given by the spin Hamiltonian: between Kramers or non-Kramers doublets for even large values
of D. As a consequence, the ZFS parameters can be determined
H=gBSH + D(SZ2 - 1/38(84— 1)) 1) with much greater precision than is possible with variable-

temperature X-band EPR on Kramers systems. It also makes

These results were obtained by an analysis of thsddauer non-Kramers systems accessible. In addition, by performing
and X-band EPR spectra. More recently, the (B#)s- HFEPR at several different frequencies, the resonance positions

o S ; i
(tmtacn); . complex was studied in detail by Solomon and co (38) Lindahl, P. A Day, E. P.- Kent, T. A.- Orme-Johnson, W, H-ridk
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may be tracked in order to determine the principal components the Supporting Information. Resonant fields were determined by the

of the g tensor. This can lead to a considerably improved energy differences between levels, with the simulated line shape

understanding of the electronic structure and reactivity of determined by considering both transition probabilities and Boltzmann

biologically relevant Fe complexes. population differences between the energy levels. The output from SIM
The [Fe(OH)s(tmtacn)]2+ complex is a suitable test complex was used to construct the angular dependence plots.

to check the utility of HFEPR to the study biological Fe Results and Discussion

complexes exhibiting appreciable resonance exchange. This ) .
complex is relatively unique in that it is one of only tWo HFEPR Measurements Magnetic Susceptlblllty measure-

dinuclear Fe complexes that are both high-spin and valence-Ments® have established that the ground state of(Gef)s-
delocalized; therefore, it is more amenable to detailed studies (IMtacn}l(Cl04);»2MeOH2H;0 (complex1) is S= . This
than the protein-boun&= % [F&xS;]* systems recently studied ground-sta_te results because resonance delocallz_BtnenLBOO

by Johnson et #5¢ The [FaS]2* small molecule sys- cm™1) dominates the weak Heisenberg exchange interadtion (
tems7-15:3537while exhibiting resonance delocalization within = 70 cntY). The energy expression for the pure spin states in
each [FeS;]* dimer, are diamagnetic due to inter-pair magnetic s complex is shown below (eq 2).

exchange and hence are EPR silent. The model complex [Fe

(OH)s(tmtacn}]2* was chosen for study by HFEPR not only to Es=—JYS+ 1)+ B(S+ 1)) (2)

characterize its ground-state properties, but also to illustrate the

utility of HFEPR to study high-spin sites in proteins. TheS= 9, state is well isolated, for the nearest excited spin
. _ state is estimatédto lie at least 700 cm higher in energy.

Experimental Section The only populated energy levels at low temperatures will be

The compound [F£OH)s(tmtacn}][ClO4]»2MeOH2H,0 (1) was the Ms levels that derive from theSs = 9, ground state.
prepared by published meth@dlssing commercially available reagents. Mdossbauer experimerfs? have established that the two iron
High-frequency EPR experiments were performed at the National sites are equivalent, indicating that the {FeFe*") formal
High-Magnetic Field Laboratory in Tallahasee, Florida. A supercon- valences are actually delocalized, such that the cation in complex
ducting Oxford magnet system (14.5 T) capable of high sweep rates 1 s best described as (F&),. The ZFS was shown to be
(0.5 T/min) was used. The large field sweeps that were performed (0 dominantly axial, and was estimated to De= +1.8 or+2.3
14 T) required relatively rapid field-sweep rates (0.5 T/min). This cm~1 by the above-mentioned Mebauer and magnetic studies,

Supply curent, ac described loewirEhe nysteresiswas acourted  eSPECtively. X-band EPR experimefitsevealed broad reso-
PpY ' 2© nances ag’ = 10.2 andg' = 2. 3 characteristic of the lowest-

for by running a spectrum at a given frequency in both field-sweep ' -
directions, and taking the resonant field position as the average of the Ying +Y, Kramers doublet of theS = 9, ground state,

two scans. The microwave sources were two Gunn diodes of 95 andSuggesting thag is anisotropic ¢n = 2.04,g, = 2.3).
110 GHz nominal frequency. Harmonic generators permitted experi- ~ The above evaluations of ZFS by both"&&bauer and
ments at frequencies afx 95 andn x 110 GHz, where is an integer magnetic susceptibility data rely upon the thermal population
between 1 and roughly 4 as the power falls off rapidly at the higher of the variousVis levels, and their responses to a magnetic field.
harmonics. High-pass filters were used to cut out lower harmonics; These techniques provide reasonable estimateB fout lack
however, higher harmonics frequently were evident in the experimental {he precision available from EPR spectroscopy, in which the
speqtra. A helium-cc_)oled'bolometer was used as the detector. Furthertransitions]\/ls—> (Ms + 1) are directly observed is much larger
details will b? described na fo.rthcc.’m'ng pager. . (ca. 1 cnl) than the microwave energy at X-band frequencies
The experiments described in this report were performed using a (ca. 0.3 cm), and therefore the only resonances observed in

single-pass transmission setup. This configuration is characterized by .
a lower sensitivity than the one using a resonator in terms of absolute X-band EPR experiments are those betweenithg Kramers

number of spins/gauss detectable. However, due to much larger sampléloublet which provide no information on the magnitude of the
volume (up to 0.5 mL) available in the transmission configuration, and ZFS D parameter. Furthermore, the X-band EPR resonances
the fact that at high frequencies only multi-mode resonators of relatively are very broad, which lead to uncertainty in evaluatinglues.

low conversion factors can be used, the difference in sensitivity between HFEPR spectra were collected over the 1830 GHz

the two versions is lower than one might expect, approximately 1 order frequency range at 20 K on a finely ground sample of complex
of magnitude’ The single-pass setup has the great advantage of 1 pressed into a KBr pellet. The obvious advantage of HFEPR
operation over a broad range of frequencies. As will follow from the  gyer X-band EPR spectroscopy is that more transitions are
article, this multifrequency capability is of great help in identifying observed, as shown in Figure 2. A series of regularly spaced
and following EPR transitions in the complicated spectra that character- lines WhiC'h results from ZFS of th®= %, ground state, called

ize high-spin states. fi is ob dd - b M
EPR spectra were simulated using the computer progran®SHvl. ine structure, is observed due to transitions betweenMbe
and Ms + 1) levels.

SIM calculates the energy levels of the spin state by full-matrix ] ) . .
diagonalization of the spin Hamiltonian. The standard spin Hamiltonian ~ The spin-Hamiltoniaft that describes th&= %, ground state
was used (eq 1), in which it was assumed thaindg are collinear. of the [Fe(OH)s(tmtacn)]?" cation is shown below (eq 3),
The derivation of the matrix elements used for this study is given in

— 2_1 2 2
: — H=gBSH+ D[S,” — .S+ 1]+ E[S"— §] (3)
(56) Johnson, M. K.; Duin, E. C.; Crouse, B. R.; Golinelli, M. P.; Meyer,
J. inSpectroscopic Methods in Bioinorganic Chemis8gplomon, E. ) o .
I, Hodgson, K. O., Eds.; American Chemistry Society: Washington, Where the zero-field splitting of the ground state is represented

DC, 1998; Vol. 692, pp 286301. o _ by the last two terms, wher® is the axial zero-field splitting
7 BHriiSe?”Léé.P@;ﬂhéc'rg{ i};r;}'esézkréjaf'e”k'eW'CZ' A Rohrer, M 504 E gauges the rhombic ZFS; higher-order ZFS terms have
(58) Jacobsen, C. J. H.; Pedersen, E.: Villadsen, J.; WeiHepky. Chem. been neglected. The symmetry of the ff@H)s(tmtacn)]**

1993 32, 1216-1221. cation approacheBs,, and a strictly axial ZFS is called for in
(59) Glerup, J.; Weihe, HActa Chem. Scand.991, 45, 444—-448. this symmetry since§2 — 3)/2] = 0. However, a small rhombic

(60) Glerup, J.; Weihe, Hnorg. Chem.1997, 36, 2816-2819. . . .
(61) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of ZFS may be observed, since the cation does not occupy a site

Transition lons Dover: New York, 1970. of rigorous D3, symmetry in the cryst&#22 For this reason,
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Table 1. Perpendicular HFEPR Transition Fields for jzeOH)s-
(tmtacn}]?* at 20 K Over the 189440 GHz Frequency Range

transition field (tesla)

= transition  189.84 216.00 279.69 324.64 372.92 432.85
= 189.84 Mi—Ms+1 GHz GHz GHz GHz GHZ GH?
= -9,—~7, 352 438 628 7.76 927 11.38
-pa =5, 4.01 4.87 6.88 8.43 9.98 12.15
= XX x X S, — 73, 4.58 5.46 7.58 9.15 10.94 12.97
g X =3, — 1Y, 5.21 6.13 8.35 9.98 NA 1391
5 216.00 Y,—+Y, 599 695 927 1092 NA NA°
%Y »
NS X 'y X 279,69 aObserved as a higher harmonic in the 279.69 GHz spectrum.
%J ’ b Observed as a higher harmonic in the 324.64 GHz spectrivat
apparent.
T T T T T T T T
1 ] 1 1 1 ! 1 1
0 2 4 6 8 10 12 14 16 e s
—~ +X
Field [Tesla] s 0K X+x X
=) +
Figure 2. High-frequency EPR spectra for a sample of{keOH)s- =
(tmtacn)]?* pressed in a KBr pellet collected at 20 K over the 489 2
324 GHz nominal frequency range. Each spectrum is labeled with its N 4
nominal frequency. Features marked with an “x” arise from a higher §
harmonic of the fundamental frequency, as indicated in Table 1. S X
L
. . . . R
the ZFS is likely dominated bB, with a smallE possible from Eﬁ oK
the reduced site symmetry.
An initial interpretation of the sets of fine structure visible
in the spectra shown in Figure 2 is that they are either parallel
or perpendicular resonances between the various Kramers L L L L L L L )
doublets, of which only a few are thermally populated at 20 K. 0 2 4 6 8 10 12 14 16

In the strong-field limit withE = 0, the spacing between
interdoublet lines should be regular and follow eq 4, whre

Field [ Tesla]

is the angle between the external magnetic field and the principal Figure 3. HFEPR spectra for a sample of Fe-OH)s(tmtacn}]?*

magnetic axis of theS = 9, cation. This leads to spacing
between perpendicular resonancesDd2g-3), whereas the
spacing between parallel resonanceB/fgy3). Thus, ifgn =

g, the spacings between lines in fine structure for a parallel
transition would be twice those for a perpendicular transition.

H, = gJalhvig + (M, + 1)D'/2] @

whereD' = (3 cos6 — 1)D/geS.

Two distinct sets of fine structure are seen for complex
one at low-field and one at high-field, as shown in Figure 2.
The low-field set of five lines moves to higher resonance field
as the microwave frequency is increased, that is, from the.5
T range at 189.84 GHz, to the =11 T range at 324.64 GHz.
The higher-field set of 23 lines appears to also move to higher
field as frequency is increased, from theX®2 T range at 189.84
GHz, to the 13-14 T range at 324.64 GHz. In addition, several
other lines can be seen in the-® T range at 189.84 GHz. In

pressed in a KBr pellet collected at 5 and 20 K at a nominal frequency
of 324.6 GHz. Features marked with-&™arise from 324.6 GHz (third
harmonic of 108.2 GHz), whereas features marked with a “x” arise
from 432.8 GHz (fourth harmonic of 108.2 GHz).

preliminary estimate dD/g- can then be made from the splitting
between the two lowest field lines at 324.64 GHz, which leads
to |D|/gn = 0.3, or|D| = 0.6 cn1? for gg = 2. However, the
spacing between these lines at a given frequency is not regular,
even at 324.64 GHz, indicating that either the strong-field limit
has not been reached, or that higher order ZFS terms are
relevant. It was necessary to simulate the spectra to determine
g andD using these preliminary values.

A representative spectrum was collected at lower temperature
in order to experimentally confirm the sign bf. As shown in
Figure 3, &4 5 K only the lowest field line has appreciable
intensity for both the 324.65 and 432.85 GHz frequencies which
are present as the third and fourth harmonics, respectively, of
the 110 GHz Gunn diode. The intensities of EPR transitions

each of the data sets collected over the nominal frequency rangeeflect the Boltzmann population differences between the energy

216—325 GHz, an “extra” set of fine structure appears (marked
by an “x”) which arises from a higher harmonic of the Gunn

levels, and therefore indicate whidfls levels lie at lowest
energies. Inspection of an energy vs magnetic field diagram

diode. For example, the resonances from 432.85 GHz (fourth (Figure 4) generated using a positbevalue © = +1.1 cnt?)
harmonic of 108.21 GHz) are apparent in the data set collectedshows the energies of théds levels and the spacing of parallel

at a nominal frequency of 324.64 GHz (third harmonic of 108.21
GHz), as described in the Experimental Section.

The spacing between the group of lower field lines is smaller
than the spacing between the group of higher field lines,
implying that the fine structure at lower field is likely due to

and perpendicular resonant fields. The lowest energy doublet
for a positiveD value is thet1/, doublet; the other Kramers
doublets lie higher in energy bpM2) cm~1. A magnetic field
breaks the Kramers degeneracies, leading to the illustrated
energy splittings. In the upper part of Figure 4 is shown how a

the perpendicular resonances (eq 4). The resonant field positionsnagnetic field oriented in a parallel fashion (i.e., along the

for these perpendicular transitions are listed in Table 1. A

magneticz axis) splits the five Kramers doublets. The energy



Resonance Delocalized [F®H)s(Tmtacn}]2" Inorganic Chemistry, Vol. 38, No. 14, 1998325

T T T T T N T T 12
80 L i 972
| 12
~ 40 132 8
s | 3 a
2 12 %)
9 or -1 4 1
8 13
& -5/2 :
-40 172 12 : '

|-on

o0
o
T
1

[29]

912

2 [=)
512 =
~ 40F 132 % 4
'g 172
N2 -12
Q 0 B ] 0 K 1 1
3 32 0 2 4 6 8 10 12 14
3 ol 1737 hv/[D|
-2 Figure 5. Plot of Zeeman energy vs. microwave energy, normalized
. L., T | M&m by D, for anS= 9, spin. The plotted lines indicate the resonant field
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field transitions which areAMs = 1. The applied magnetic field is
H [Tesla] parallel (top) or perpendicular (bottom) to the molecuaxis. The

) ) . dashed vertical line correspondsite= 189.84GHzD = +1.08 cnT™.
Figure 4. Energy vs Field of the 10 energy levels deriving from&n

= % spin state having = 2 that is split by an axial zero-field splitting Simulations. Although the above analysis of the experimental
D =+1.1 e, The field, H, is parallel (top) or perpendicular (bottom) spectra yielded a set of g and ZFS parameters that were fairly

to the molecular magnetie axis. The energy levels are labeled I fi db limi imulati fth
according to their dominant parentage at high magnetic fields. The Well confirmed by preliminary simulations of the spectra, some

vertical bars represent selected resonant field positions at 189.84 GHzmeaningful constraints were necessary to improve the agreement
(6.33 cnTY). between the simulations and experiment. Resonant field vs
frequency plots (Figure 5) were constructed to better understand
of each component varies linearly with the magnetic field. At the observed resonances. In these diagrams, the resonant field
very low fields, theMs = —/; level is the ground state. Finally, is plotted as a function of the microwave energy, each of which
at fields above ca T theMs = —9; level becomes the ground is normalized by the value dd. For a given value ofw/|D],
state. one may draw a vertical line which will cross the calculated
In the lower part of Figure 4 the energies of the various levels resonant field positions for the parallel (upper diagram) and
are plotted as a function of the external magnetic field oriented perpendicular (lower diagram) transitions. Inspection revealed
perpendicularly. In this case the magnetic field causes ap- that a transition near zero-field, such as is observed in the 189.84
preciable mixing of theVis levels. Due to this mixing, the two ~ GHz spectrum, will occur only for simple multiples b#/|D|.
components of the zero-field'/, Kramers doublet immediately ~ The energy of the 189.84 GHz radiation is 6.33 énwhich
split and become thils = —%, and—"/, levels. At high enough led us to focus on the region nelav/D = 6, suggesting that
temperatures there would be appreciable Boltzmann populationsthis near-zero field resonance is likely that betweenNhe=
in all components of thes = 9/, ground state. In this case, +7/» and+%/, levels. This resonance is very intense since the
vertical lines are drawn to show all of the parallel and parallel and perpendicular components virtually overlap. The
prependicular transitions that would be seen at 189.84 GHz.value ofD was determined by this resonance field using eq 5.
Clearly, at temperatures very low relative to the ZFS, a single

resonance at the lowest resonant field of the perpendicular fine —gBH, + 6D =AE=hy (5)
structure would be observed, for all molecules would populate
the lowest energ\s level, theMs = —%, level. As shown in It was noted that this resonance would not be very sensitive to

the lower part of Figure 4, a single transition at ca. 3.6 T would g, and therefore would provide an estimateldindependent

be seen for the perpendicular signal. ConverselyDfoegative of the D/g ratio. Forhv = 6.33 cnt! andH; = 0.14 T, the

a resonance at the highest resonant field of the perpendicularvalue of D was calculated to be-1.078(1) cm! for g in the

fine structure would be observed at very low temperatures. This range of 2.08-2.20; thereford was constrained te-1.08 cnt?

is contrasted with the situation for the parallel resonances, in in the final simulations. The final parameters which were used
which the opposite trend would be obser?&@ur observation for the plotted simulations args, = 2.00,D = +1.08 cnt?,

of a single resonancd & K at thelowest resonant field of the ~ andE = 0 cnrl. Representative simulations at 189.84 (Figure
perpendicular fine structure confirms tHatis positive. Also, 6), 324.64, and 432.85 GHz (Figure 7) are plotted with the
the observation of only one significantly intense transition corresponding experimental spectra. Very good agreement was
indicates that the ZFS is the same order of magnitude as thermafound between the simulations and the experimental spectra
energy at 5 K, which is consistent not only with our initial using this set of parameters. Reasonable simulations were also
estimate ofD, but also with prior estimates from Nebauet found at lower frequencies witgp= 1.985; however, it was
and magnetic susceptibiltyexperiments. not possible to changg appreciably from 2.00 with = +1.08
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Figure 6. (A) HFEPR spectra for a sample of [fge-OH)s(tmtacn)]?*
pressed in a KBr pellet collected at 20 K at a frequency of 189.84
GHz. (B) Simulated 189.84 GHz HFEPR spectrum using the following
parameters:gy = gy = g, = 2.00,D = +1.08 cnt’. (C) Simulated
189.84 GHz HFEPR spectrum using the following parameteks=

gy =g, = 2.00,D = +1.08 cn1!, E = +0.01 cnT™.
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Figure 7. (A) HFEPR spectra for a sample of [fte-OH)s(tmtacn)]?*
pressed in a KBr pellet collected at 20 K at a nominal frequency of
324.64 GHz. (B) Simulated 324.64 GHz HFEPR spectrum using the
following parameters:gx = gy = g, = 2.00,D = +1.08 cn12. (C)
Simulated 432.85 GHz HFEPR spectrum using the following param-
eters: gy = gy = g, = 2.00,D = +1.08 cn1.

cm~t and still reproduce the experimental spectra. Tablés2
contain the observed and simulated resonant fields for all

Knapp et al.

Table 2. HFEPR Transition Fields for a Powdered Sample of
[Fex(u-OH)s(tmtacn}]?t 189.84 GHz and 20 K

transition field (tesla)

transitior? observed calculated

Ms— Ms+ 1 189.84 GHz (simB (sim 11)e
+5,— 1/, 0.14 0.18 0.18
1.61 1.54 1.53

1.83 1.96 1.94

2.03 2.17 2.20

+3,— +5, /1 2.35 2.46 2.46
=%, ——"1,0 3.52 3.56 3.53
~7l,— =5, 0 4.01 4.02 3.99
—5/,— =3, 4.58 4.57 453
—3/,— —14,0 5.21 5.22 5.18
=Y, — 4,0 5.99 6.02 5.97
+iYy—+3, 0 6.92 6.98 6.93
+3/,— +5, 0 8.21 8.27 8.21
=Yy — +1, TP 8.59 8.67 8.65
=3, — =1, TP 9.70 9.76 9.76
=5/, — =3, TP 11.44 11.48 11.48

aTransitions were assigned by simulations. The parallel edges are
denoted by “//”, the perpendicular edges are denoted and the
turning points are denoted “TP.” Simulation using the following
parameterspy = gy, = 1.985,9, = 2.00,D = +1.08 cn1™. € Simulation
using the following parametersgy = gy = g, = 2.00,D = +1.08
cm L,

Table 3. HFEPR Transition Fields for a Powdered Sample of
[Fey(u-OH)s(tmtacn}]?t at 216.00 GHz and 20 K

transition field (tesla)

transitior?® observed calculated
Ms— Ms+ 1 216.00 GHz (sim B (sim 11)¢
_9/2_’ _7/2 O 4.38 4.35 4.30
—l,— =5, 0 4.87 4.85 4.81
=5/, — =3/,0 5.46 5.45 5.40
=3/, — =1, 0 6.13 6.15 6.10
=Yy —+Y, 0 6.95 6.99 6.94
329 7.77
+Y,— 43,0 7.97 8.02 7.95
329 8.46
325 9.18
9.35 9.42 9.40
325 10.00
—S3,— =Y, TP 10.50 10.55 10.55
325 10.94
11.37
=S, — =%, TP 12.36 12.36

aTransitions were assigned by simulation. The turning point (TP)
and perpendicular{) resonances descriptions were made by analogy
with the 190 GHz spectrunt.Simulation using the following param-
eters: g« = gy = 1.985,g, = 2.00,D = +1.08 cn12. ¢ Simulation using
the following parametersgy, = g, = g, = 2.00,D = +1.08 cnT

frequencies; the agreement is very good with respect to botthhese features arise from the 325 GHz frequency that is present as

resonant field positions and fine structure spacings.
Two comments about the simulations of the 189.84 GHz

the third harmonic.

are plotted. In these diagrantkis the angle between the external

spectrum are in order (see Figure 6 and Table 2). The transitionsmagnetic field and the molecular magneficaxis; § = 0°

observed in the 1:62.1 T range are not artifacts from the

fundamental frequency but are likely off-axis turning points.
Second, it is difficult in running a HFEPR spectrum to obtain
a purely first-derivative spectrum. The simulated spectrum is

corresponds tdlex being parallel taz (e.g., the parallel edge),
whereas? = 90° corresponds tdey being perpendicular ta
(e.g., the perpendicular edge). The curves in Figure 8 progress
from the 43/, — +5/, transition (curve A) on through to the

calculated as purely derivative spectrum, thus there are differ- —9/, — —7/, transition (curve G) for each of the high-field
ences seen in the line shapes between experimental andnterdoublet transitions. A feature will be apparent in the EPR

simulated spectra.
The angular variation in resonant field position of the

spectrum from field extrema in the angular variation of a
resonance, which frequently are only observed at the parallel

dominant interdoublet resonances at 189.84 GHz is shown inand perpendicular edges. Due to the large ZFS, a great deal of

Figure 8. The low-field region (04 T) is plotted separately in
Figure 9. Since there is extensive level crossing in this region,

level mixing occurs and turning points are prominent in all of
the curves; in particular, the fine structure observed at higher

only those transitions that give rise to appreciable EPR intensity fields is due to these turning points rather than to the parallel
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Table 4. HFEPR Transition Fields for a Powdered Sample of 90 T T T
[Fex(u-OH)s(tmtacn}]?* at 279.69 GHz and 20 K %0
transition field (tesla)
transitiort observed calculated 70
Ms— Ms+ 1 279.69 GHz (simB  (simll)e 60
== =", 0 6.28 6.35 6.30 ~ 50t
=, — =%, 0 6.88 6.96 6.91 5
=Sy — =%, 0 7.58 7.66 7.59 401
=3, — =Y, 0 8.35 8.46 8.39 2
8.52 = 30F
—Y,—+, 0, and 373 9.27 9.39 9.31 20k
373 9.98
10.34 10.48 10.41 10F
373 10.94
11.24 11.37 11.34 )
12.30 12.29 12.29
12.50 12.57 12.56 H.(T)
aTransitions were assigned by simulatirSimulation using the Figure 8. Resonant field vs angle for selected allowed HFEPR
parametersgx = gy = 1.985,g, = 2.00,D = +1.08 cnt™. ¢ Simulation transitions at 189.84 GHz fag = 2, D = +1.08 cnt™. The angles
using the parametergy, = g, = g, = 2.00,D = +1.08 cn1™. ¢ These measures the angle between the external magnetic field and the
features arise from the fourth harmonic (373 GHz) and were identified molecularzaxis. The indicated transitions occur between energy levels
by simulation. that are labeled according to their dominant parentage at high field.
(A) +3, — +55; (B) +Y, — +35; (C) =Y, — +Y5; (D) =3, — =1y
Table 5. HFEPR Transition Fields for a Powdered Sample of (E) =5, — =315 (F) ="lo — =513; (G) =%, — — L.
[Fex(u-OH)(tmtacn}]?* at 324.65 GHz and 20 K
transition field (tesla) %0 '
transitior? observed calculated 80 )
Ms— Ms+ 1 324.65 GHz (sim B (sim I)e 701 )
=9, — 7,0 7.76 7.83 7.78 60
=Tl,—=5,0 8.43 8.50 8.44
=% — =%, 0 9.15 9.25 9.18 = 50
=3 — =Y, 0 9.98 10.10 10.03 3
10.16 & 40
10.92 11.08 10.99 2
11.36 11.58 = 30
=y — =Tl ¢ 11.38 11.51 11.43 20
— 7l — =5/, [ 12.15 12.29 12.19
12.46 12.62 12.56 10
12.68 12.81 12.78 . )
=Sy — =¥, ¢ 12.97 13.13 13.02 00 1 5
=3y — =Y, [ 13.91 14.05 13.95
14.00 14.06 14.06 H,(T)
a Transitions were assigned by simulatiéiSimulation using the ~ Figure 9. Resonant field vs angle for selectedlallowed HFEPR
following parametersig, = g, = 1.985,g, = 2.00,D = +1.08 cnr™. transitions at 189.84 GHz fay = 2, D = +1.08 cnt?. T_he _anglq@
¢ Simulation using the following parameterg; = g, = g, = 2.00,D measures the angle between the external magnetic field and the

= +1.08 cntl. 9 Features from the fourth harmonic of 108.21 GHz Molecularz axis. The indicated transitions occur between energy levels

(432.85) were evident in the experimental spectrum and were simulatedthat are labeled according to their dominant parentage at low field.
with the same set of parameters as the 324.65 GHz spectra. Many transitions are not labeled, as their parentage is uncertain or very
complicated from field-induced admixture of spin-states. {1}, —

edges of the interdoublet resonances. The resonant field position” /2 () =2 = =%z and+%> = +%;.

of these turning points is not obvious from simple consider- . . ) _ ) o

ations, and they are therefore difficult to interpret with regard transition. Quantifying experimental line widths is difficult, due

to the D and g values. In contrast, the resonant field of the to line shape uncertainty, but this trend is nevertheless obvious
parallel edges may be simply calculated from eq 4, and then at all frequencies. It is noted that a small rhombic ZFS would
related tog andD. In the presence of a turning point, the parallel lead to a splitting of the perpendicular resonances, with larger
resonance is very weak, and therefore difficult to observe in a splittings for largeiVis values, which might lead to anisotropic
powder spectrum. For this reason, the expected signaturebroadening as observed here; perhaps this is the origin of some
resonance between tivy = —1/, and+1/, energy levels (curve  of the line width variation.

D, Figure 8) is not observed at the parallel edge, preventing a

direct measurement gf. Also, the turning points do not follow An inspection of the observed and simulated resonant fields

a regular spacing, making spectral simulation the only way to reveals that the simu!ations predict a slightlyl reduced spacing
evaluate the spin-Hamiltonian parameters. betwe_en _the perpendicular resonances than is ob_servgd, which
With simulations, we were better able to understand the could indicate that th®/gy ratio used in the simulations is too

decrease in line width with increasing field throughout the low- Small; however, the presence of a small rhombic ZFS would
field fine structure, as shown in Figure 2. For example, at 189.84 lead to subtle changes in the apparent perpendicular splittings,
GHz there is an obvious decrease in line width when one movesand cannot be discounted. Siridevas constrained tg- 1.08-

from the line at 3.52 T to the line at 5.21 T; this is the (1) cnT! by eq 4, we tried to decreagg, but this resulted in
progression from a-%, — —7/, transition to the—3/, — —1/, simulations which were less satisfactory at higher frequencies.
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In the face of this, and the increased line widths for transitions this HFEPR work is well determined by the observation of a
originating from largeMs levels, it is almost certain that a small  low-field transition between the-%, and +7/, levels. Theg

E is present for thes = 9, ground state of complek. A trial tensor was determined to be essentially isotropic itk gy
simulation at 189.84 GHz using, = 2.00,D = +1.08 cn1?, =~ g, = 2.00(2), at variance with the prior results which
and E = 0.01 cn! is shown in Figure 6C. Clearly, a suggested a highly anisotrogidensor withg, = 2.3 andgy =
nonuniform line width is produced, as is an altered spacing 2.04. It is noted that the prior estimate @fwas obtained by
between the perpendicular resonances. It is noted that we couldX-band EPR, in which the only transitions observed were the
have performed simulations in which this smgliwas used, perpendicular and parallel components of khe= —1/; to +1/»
with a consequent increase in thég ratio, but this complicated  transition, both of which were very broad.

the analysis. A simulation incorporating a small anisotropy in The current work demonstrates the utility of HFEPR for the
9o (92 = 2.00, g« = 2.02, gy = 1.98) led to approximately  study of high-spin dinuclear iron compounds, such as those
uniform broadening of all perpendicular resonances, and found in many proteins. Resonances between the various
consequently anisotropy @ could not account for the observed  Kramers doublets provide a direct spectroscopic measurement
line width variations. Clearly, a smelll value is present. Since  of the zero-field splitting parameters. In principle, the compo-
very good simulations were obtained with a simple set of pents of theg tensor may be obtained by variable frequency
parameters, we consider that the electronic structure of compleXmeasurements, however this work and recent ¥k other

lis adequattlely described ly = 9 =0 = 2.00(2),D = high-spin molecules suggests that HFEPR on powders is not
+1.08(1) cm*, andE = 0.00(1) e, with possible contribu-  yery discriminating to small anisotropies ig, due to a
tions from higher order ZFS terms being negligibly small. combination of large line widths and to line shape uncertainty.
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