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We report here the first non-Kramers (NK) ESEEM and
ENDOR study of a mononuclear NK center, presenting extensive
parallel-mode ESEEM and ENDOR measurements on the S, = 2
ferrous center of [Fe(ll)ethylenediamine-N,N,N’,N’-tetraac-
etato]*”; [Fe(INEDTA)]*". The results disclose an anomalous
equivalence of the experimental patterns produced by the two
techniques. A simple theoretical treatment of the frequency-do-
main patterns expected for NK-ESEEM and NK-ENDOR ratio-
nalizes this correspondence and further suggests that the very
observation of NK-ENDOR is the result of an unprecedentedly
large hyperfine enhancement effect. The mixed nitrogen—carboxy-
lato oxygen coordination of [Fe(I)EDTA]’" models that of the
protein-bound diiron centers, although with a higher coordination
number. Analysis of the NK-ESEEM measurements yields the
quadrupole parameters for the “N ligands of [Fe(I)EDTA]*",
K = 1.16(1) MHz, 0 = n = 0.05, and the analysis indicates that the
electronic zero-field splitting tetragonal axis lies along the N-N
direction. © 1999 Academic Press

Key Words: ENDOR; electron-nuclear double resonance;
ESEEM; electron spin-echo envelope modulation; non-Kramers;
[Fe(INEDTA]*".

Integer-spin systems witB > 1 are typically difficult to
study by paramagnetic resonance techniques, but they so

times exhibit a ground state “non-Kramers (NK) doublety

three-pulse, stimulated-echo NK-ESEEM spectra of the ferrc
magnetically coupleddiferrous clusters, and the theoretical
analysis created to describe the frequencies and intensities
the N peaks appears to work well in these particular system
We report here the first study of monmuclear NK center,
presenting extensive parallel-mode ESEBMIENDOR mea-
surements on th&, = 2 ferrous center of Fe(ll)ethylenedia-
mineN,N,N,N’-tetraacetato; [Fe(I)EDTAJ]. In this com-
plex the ferrous ion has a seven-coordinate structure close tc
monocapped trigonal prism with ;@ as the cap and the
Fe—OH bond as an approximate,Gymmetry axis for the
coordination sphere (Fig. 1). The mixed nitrogen—carboxylat
oxygen coordination of [Fe(I)EDTA] (9) models that in the
protein-bound diiron centerd @, 11, although with a higher
coordination number.

The study of simple iron complexes with NK doublets ac
ground states is of particular advantage for the development
paramagnetic resonance techniques and for testing theor
because such complexes can be prepared in much higher ¢
centrations than the protein samples. This permits ready cc
lection of extended data sets over a wide range of instrumen
parameters, which is necessary for correlation with theory. T
results for [Fe(I)EDTA}™ are compared with extensions of
th& theory that provide formulae which describe frequency
omain three-pulse ESEEM spectra and which explain th

which is rendered EPR active by a zero-field splitting Who%"urprising finding that the NK-ESEEM and NK-ENDOR pat-

energy,hA, is comparable to the microwave quantuh,

terns are virtually indistinguishable in shape.

(1-3. For example, protein-bound, carboxylate-bridged di-

iron(ll) centers frequently display the characteristic EPR spec-

MATERIAL AND METHODS

trum associated with a ground-state non-Kramers doublet, and
NK-EPR measurements have become an important tool in thex solution of [Fe(IlEDTAF was prepared by adding

study of metallobiomoleculesA(5). Nonetheless, there hadre(i)Cl, (to ~5 mM) to a solution of excess NEDTA in

beenno reports of ENDOR or ESEEM oany non-Kramers

degassed 1/1 ethylene glycol/deionized water. X-band ESEE

doublet system until we first applied these techniques to thed ENDOR spectra were acquired2aK with a laboratory-
doublets of diferrous methane monoxygenase hydroxylasgsilt spectrometer described elsewher®)(As before 6, 8), a

(MMOH ) and azidohemerythrin (Mir ) (6). Subsequently

static field,B,, oriented parallel to th8, field, was produced

we reported an analysis of ESEEM from a NK doublet of apy a pair of Helmholtz coils mounted around the tail of a liquid
integer-spin systenv} and followed this by an extensive studyhelium immersion dewar. The magnetic field was measure
of the NK ground state of the pivotal diiron(ll) form of theusing a F. W. Bell Model 4048 Gaussmeter. ESEEM time
oxygen-activating nonheme diiron enzym&}. ( waves were collected using a standard three-pulse stimulat

Our experiments to date have focused on the parallel-mosgigho sequencel8-15. The frequency-domain spectra were
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term. TheP; in Eq. [2] are the principal values of the nuclear
quadrupole interaction

Hnut:(rns) = msAeff E COSOti,l\i + 2 PI,I\IZ [2]

tensor. In addition to the quadrupole interactidth,.{(m.)
includes a hyperfine term whosdfectivehyperfine coupling,
A.q, depends on the-component of the field, Eq. [3], on the
projection of the hyperfine interaction along thaxis axis A,
and parametrically ommg; the (cosa;) in Eq. [2] are the
FIG. 1. Structure of the [Fe(I)EDTA] ion as determined by Miyoshi direction cosines of the clusterxis relative to the quadrupole

and co-workers9). axes.
produced using the deadtime reconstruction method of Mims A A'(glh[i ); A =(29)A, [3]
before Fourier transformatiori §). N
RESULTS This Hamiltonian is appropriate for experiments, such as thos
reported here, which are performed at sufficiently low applie:
Theory fields that the nuclear—Zeeman interaction can be ignore

Hnuc(ms) is field-dependent, even without the nuclear—-Zeema
This section generates theoretical NK-ESEEM and NKgrm, pecause of the field dependenceigf The quadrupole
ENDOR envelopes for comparison with the experiments rgsnsor is traceles®, + P, + P, = 0, and we choose the
ported here first. It begins with a summary of essential aspegigee principal components so tHat < P, < P, typically,
of the theoretical framework for understanding NK-ESEENL N, the P, component will be the largest in magnitude.
and ENDOR T, 8). Transitions among the three nuclear levels defined by tt

Griffith (17) rigorously showed that EPR measurements fadrupole interaction for = 1 are the three pure nuclear—
an isolated NK doublet can be described in terms of a fictitioyg;adrupole frequencies, defined @s € v < 7.), and given

electron spirS = 3 that experiences a zero-field splitting by athy Eq. [4].

“internal field,” energynA as well as by a Zeeman interaction

proportional to the projection of the applied field along a 5 = D= P.— P
real-space axis, denoted thaxis. The combined action of the ’ e : '
applied and internal fields splits the NK doublet by a frequency Vo=v,=P,— P,
ve (Eq. [1]),

~ BZ 27 1/2
=[A2+<g'ﬁ )] . B, = Byosf =Bz, [1]

Vo= V3= P53 — P.. (4]

The quadrupole tensor also is commonly parametrized in tern
of K = |P,|/2 = €°qQ/4 (usual symbols) ane) = (P, —
where 6 is the angle between theaxis and the applied field, P,)/|P,]|.
Bo, z = cosf (0 = 0 = 90°), and the effectivg value along  The HamiltoniarH . (m,) can be diagonalized fdr= 1 by
this axis is,§, = (2nS)g,, where,S; is the single-ion spin use of published equations (Egs. [10] and [11] of R&B)).
and n is the number of exchange-coupled ions; (fofhe resulting energies (bnbtthe wavefunctions) are the same
[Fe(INEDTA]*, S, = 2 andn = 1). In general, the splitting in both electron-spinrt, = +3) manifolds because the nucle-
A for a NK doublet is distributed. As a result, for a frozerar—Zeeman term has been ignored, and thus the coupled N
solution subjected to any applied fiel®&,, the resonance electron-spin, nuclear-spin system shows three doubly dege
condition will be satisfied with equal probability by moleculegrate ENDOR frequencies for a given orientation. Thes
of every orientation, because for eaghhere are molecules frequencies, which depend d, through A, (Eq. [3]), are
whose value ofA is such thatv, equals the microwave fre- denoted ¢., v_, v,) because, aB, — 0, they evolve into the
quency,vy,. pure quadrupole frequencie$,.( v_, v,). The behavior of the
For| = 1, the nuclear-transition frequencies measured Iexact solutions is exhibited explicitly in the field-dependen
ESEEM and ENDOR can be described in terms of a spahifts of the transition frequenciey;;, as calculated to second
Hamiltonian, H,.{ms), Eq. [2], expressed in the coordinateorder in the hyperfine interaction. When;> 0, these are given
frame that diagonalizes the nuclear quadrupole interactiby Eq. [5] (7),
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1A § 2
= [gn{(+ L 9P + 1) cos’0

AgB\ 2 e
dvij = vy — vy = [Uu‘(rﬂﬁ) Bﬁ} cos’d (n>0) 2 hve GnBy
= §pmay2
8VlJ XZ : [5] + Sinzf)} 1/2:| BnBO
For use below, we further define the extremal frequency of a = §,-(0)B,Bo. [6]

transition,vi™ = v; + 8y Asm — 0, two of the nuclear
levels become degenerate and the,(v_) transitions shift Forthe limiting case = 0, this equation predicts a spectrum with
”nearly with applled fleld, with transition frequenCieS that haVﬁ]e same generaj form as seen in conventional ENDOR Spect
a first-order, linear dependence on applied field, For Alv, < 1 there is a pair of transitions centered;aand split
by A, while for the reverse inequality there is a pair split by twice
the Larmor frequency, centered&i;/2; for the limit, 6 = /2,

m; (A : i
oy = [2” ( h?JB> cos a3Bo] cosf (n — 0) there is only a transition at the Larmor frequency.
¢ NK-ESEEM, ENDOR envelopesAs a result of the distri-
= dvi®z. [5a] bution in A, at field B, the frequencies for each nuclear

transition will exhibit contributions from all orientations and
H 21 3)= 41 i1y 1 q hence the full range of frequencies (frequency shifts) assoc
eem. (i,j=1,3)=+1,m (i,j=12)= —1, an ated with 0= B, = B,. To describe an ESEEM or ENDOR

mo (I, ] = 2,3) = 4_'2' This equation is exact for _aII f'e_ldsexperiment, it is necessary to calculate the resultant linesha
whenB, and thez axis are parallel (coa; = 1), but is valid IP the frequency domain

only for low fields for an arbitrary field orientation. Because o O .
the 1:1 correspondence between orientatipnand frequency | NK-ESEEM; I= 1. The electron-spin echo (ESE) modu-

: ) : : tion for a NK doublet vanishes &, = 0, but is predicted to
shift (5v;) the latter can be paramme:xrlzed in terms of thf?\lcrease quadratically with the applied fielt).(The ESEEM

extremal shift at the applied fieldv{* and a normalized . . ! . A
frequency shift intensity for a particular frequency/orientation is given by the
' product of the modulatiofraction and the contribution to the
ESEintensityfrom that frequency/orientation. In the perturba-

oy tion treatment, thdéractional modulation for each of thei{—

6= gyirjnax: 22 (n>0) j} transitions associated with a particular orientatioz) (s
given by a modulation depth parameter of the foinfz) o
=z (n — 0). [5b]  b*(2) « z°. Upon change of variables to the normalized shif

parameterg, the “statistical” lineshapéd.(6), is the product of

The 51" depend both on the pure quadrupole frequencies afi§ Sduare of a modulation-depth parameté) o &, and
on the orientation of the cluster axis with respect to the e guantity.dz(8)/ds, which comes from the transformation

quadrupole frame, denoted as ae3((the coefficientsg,, for PEWeen the variablesands (8),
the casen > 0 are given in Eq. [21b] of Ref8]). Forv_ (i,

j =1, 2) andy, (i, ] = 2, 3) the shifts can be either positive 1.(3) = b%(5) E (8)

or negative, but that for.. (i, j = 1, 3) is necessarily positive. N dé

This perturbation treatment for= 1 nuclei, which is the basis % 512 (> 0)

for the analytical forms developed in the following section, has

been confirmed by exact calculations. x 8% (n — 0). [7]

When considering hyperfine coupling to a nucleus ef 3,
there is no quadrupole interaction and one cannot ignore thero describe the NK-ESE intensity we recall that in a paral
nuclear—Zeeman interaction even at low field. The exact valuebmode experiment, wher®, is the pulsed microwave field
for the orientation-dependent nuclear transition frequenciegplied parallel to the static fieldB(||B,), the on-resonance
v.(6), which vary linearly withB, (* refers tom, = *+3), electron-spin “turning angle,®,, during an applied microwave
are (7) pulse of durationt,, is strongly orientation-dependert(

(. AGB ’ B,
hv.(0) = [<_ 2 hu, + gan) cos’ 0,(2) = [(glﬁ & sin g)tp] z. (8]

This behavior is quite unlike that for typical Kramers centers

1/2
+ 2cin2
(9nfn)"sin 0] Bo While a full discussion of the ESE intensity will be presentec
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in a future report, in the limit of microwave pulses with smalare dominated by the field-independent quadrupolar contrib
turning angle (smallB,t,)), the contribution to the ESE am-tion, and an applied field causes relatively smstifts in

plitude from a particular orientation is proportional tdrequency. Forl = 3 at low fields and fixed value of,
sin’@,(2) (14), which can be expanded for small expansion of the trigonometric function in the suppression tert

leads to the prediction that the modulation depthl fer  should

am(z) « sin®@,(z) = O,(2)°% « z* increase quadratically with the applied field for small fields.

NK-ENDOR; | = 1. The corresponding lineshape for a

3/2

am(d) = (n>0) NK-ENDOR spectrum can be obtained by an analogous pr
« 8% (n — 0). [9] cedure. Namely, the absolute ENDOR intensity at a frequenc

offset § for transition {i — j} should be proportional to the

This leads to a common form for the envelope, dendésls), Product of the RF fieldB,)-induced nuclear transition proba-
for each § — j} transition in a frequency-domain ESEEMbility, ent?(8), and the ESE amplitude. Following the proce-

spectrum, dures used for Kramers systeni®), we have calculated the
NK-ENDOR transition probability using nuclear wavefunc-
les(8) = am(8)1(8) = 82 (n > 0) tions corrected to first order in the hyperfine interaction. A:
with a Kramers system, the transition probability is propor
*« 8% (n — 0). [10] tional to a “hyperfine-enhancement factor” which deviate:

from unity through the off-diagonal contributions of the hy-
To finally describe the actual ESEEM lineshape requires tperfine coupling. For a NK system this factor is strongly
inclusion of the “suppression” term, in which the ESEEMependent on orientation and thus on the frequency shift, b
frequencies associated with omg manifold are suppressed bynonetheless for comparison it can be cast in the form of
those associated with the othet4). The equality of the Kramers system at X band,
ENDOR frequencies in the two NK manifolds means that each
frequency is suppressed by itself. Previously {n writing this enh?(z) « (1 + msa(2)/vyy) 2 [13]
term we ignored the hyperfine shifts (Eq. [5]) compared to the
pure quadrupole frequencies (Eq. [4]); the full suppressiQfhere the first term is from direct nuclear transitions. The
term can be written in current notation as second, which reflects the enhancement, involves a frequen

shift-dependent hyperfine parameter with an approximate vall

supesv;(8)) = (1 — cog27v;(8)7)), [11]
a;(2) = [n(2S) *Acosa;j] z. [13a]

leading to the prediction then a NK-ESEEM peak will have the

form Here, v\ is the nuclear Larmor frequency at X band anek

1 for [Fe(INEDTAJ* . As we discuss below, one can neglect
Seg(8) « supesv;(d))les(s). [12] the contribution from direct transitions, in which case the
ENDOR transition probability, and thus tfractional ENDOR
Convolution of this function over a component lineshape thegifect, has the dependence
yields the final prediction for an experimentally observed peak.

The function, Eq. [12], and the final peak shape obtained by enh¥(z) « z2 [13b]
convolution are illustrated in the inset to Fig. 4.
NK-ESEEM; | = 3 Recall that we presented an exacBut this is the same form as the ESEEM modulation-dept

formula for the orientation-dependent modulation-depth pgarameterb?(z), which leads to the statistical lineshapgp)
rameter forl = 3 (7). Its functional form is such that the (Eq. [7]). The result is that théractional ENDOR-induced
modulation vanishes fof = 0 and #/2, maximizing at an change in the ESE amplitudes(8), is predicted to have the
intermediate angle. Of central interest to our experimentsame statistical lineshape for each transition as the fractior
while there is again no modulation at zero applied field, SEEM modulation:

nonzero fields the fractional modulation depth, integrated over

all orientations, is predicted to be independent of the applied 1e(8) = 14(8) = 1(8) = 8Y2 (n>0)
field. However, because the observed modulation includes the ‘
suppression term (Eq. [11]) as a factor, the modulation depth x« 8% (n — 0). [14]

will have a strong dependence on the applied field (ane)on

because the ENDOR frequency that appears in the suppresdibe observed ENDOR response, dendted(d), then, is the
term increases linearly with the field (Eq. [6]). This, thereforeecho amplitude multiplied by the fractional ENDOR effect, ac
contrasts with the case bf= 1, where the nuclear frequenciegjiven above. Taking the small-turning-angle limé?) for the
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former, each peak in a NK-ENDOR spectrum has the envelope
shape

Fe(INEDTA (S=2)
[Bo || B1]

len(s) o am(8)1(8) = 82 (n > 0)
%85 (n — 0). [15]

This treatment thus predicts that frequency-domain NK-
ESEEM and NK-ENDOR spectra exhibit tlsameenvelope

function. The observed Mims ENDOR effect further involves
a suppression term, which is a function of the hyperfine cou- 52
pling. If we denote this term asupen(s), then the NK-
ENDOR signal for the { — j} transition would have the form

Sen(8) = supen(d)len(s). [16]

ESE Amplitude

We defer the discussion stiper) until the presentation of the
experimental data.

)
1
><
N

NK-ESEEM Measurements

For comparison, we recall that in an X-band CW spectrom- 0 L
eter the integer-spin diferrous centers commonly give a broad, \\

NK-EPR signal with intensity that extends from zero applied

field with an appareng-value ofg ~ 16 (5). In a pulsed X2
spectrometer, the diferrous centers give a strong spin echo at ~
zero applied field but the phase memory shortens with increas- ‘[

ing field such that an echo is undetectable at fields abeb@
G. The echo shows no modulation at zero applied field, but g 2 4 6 8 10 12
modulation rapidly appears with fields of a few Gauss, a

. . . T (us)
curious phenomenon explained by the field-dependent effec-
tive hyperfine coupling. FIG. 2. Field dependence of fractional three-pulse NK-ESEEM time

The S, = 2 [Fe(II)EDTA]Z* ion also shows a NK-EPR Wwaves of [Fe(INEDTATF . In these traces the absolute ESEEM signal has bee

. . . : jvided by the echo intensity. The traces for 0 and 29 G have been multiple
signal. It too extends from the zero applied field, with a Sha@gz to show the weak modulation. Conditioi: parallel to the mw fieldB;;

that indicates the splitting is distributed, but with an apparenty, frequency= 9.50 GHz; pulse width, = 16 ns;r = 100 ns; increment

g ~ 8 as expected for a singlé = 2 ferrous ion with & in Tis 24 ns; samples/point 40; repetition time= 10 ms; temperature, 2 K.
negative zero-field splittinglY < 0). The existence of this

signal indicates that the major distortion of the ferrous-ign

state is an axial elongation that produces the negative zero-fisRjuency components, and frequency-domain spectra (F
splitting and a ground state in which the lowest enedgy 3A; 7 = 100 ns) display two peaks in the vicinity of 3.5 MHz
orbital isd,, ,. As with the diiron centers, in zero applied fieldwhose positions vary with the applied field. We assign these
there is a readily detectable X-band ESE with no observalife (-, v.) transitions among the = 1 nuclear sublevels of
modulation (Fig. 2). The echo, which decreases in intensitje coordinating“N ligand atoms of [Fe(I)EDTA]". Up to
with field, is observable up te-200 G for relatively shortr fields of~45 G the modulation, considered a percentage of th
values €200 ns)* Modulation of the time waves appears a€cho intensity, increases in strength with the applied field;
fields of a few Gauss (Fig. 2). There is a strongly fielddigher fields the modulation percentage decreases, presuma
dependent, unresolved low-frequency component at the profgftause of shortening phase memory.7As raised the mod-
Larmor frequency. The intensity of this modulation, measurédation also weakens, and it is difficult to detect fox 300 ns.
as a fraction of the echo, increases strongly with field, with tHe0 low frequency in each spectrum (not shown) there is
increase roughly following the quadratic dependence notédong feature from protons that is centered at the protc
above. Larmor frequency; no additionafN transition has been ob-

The time waves also exhibit clear modulation with highegerved.
Given that EDTA provides two nitrogen ligands to the

L The behavior in the perpendicular mode is quite different, with an ESIEITOUS ion, one might propose that the two peaks in th
being detectable te-2000 G. vicinity of 3.5 MHz are the distinctv, transitions of two
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B
ENDOR
(t=260ns)
A
ESEEM
(t=100ns)
52G
\/ 52G
45 45
29
v\,\/\w\/\/\/\/\—\l}\/\/ R
N0 e N
2.5 3 3.5 4 4.5 25 3 35 4 4.5

v (MHz) v (MHz)

FIG.3. (A) Field dependence of three-pulse fractional NK-ESEEM of [Fe(I)ED'TA} the frequency domain. Conditions: As in Fig. 2; Fourier transform
procedure is described under Material and Methods. (B) Field dependence of fractional Mims ENDOR of [Fe(IJED®Aditions: As in Fig. 2, with the
additional parameters: = 260 ns;T = 18.62 us; RF power, 250 W, 1@s duration.

slightly different nitrogens, withv_ (and v,, which would 0. As a result, it is necessary to use the theory presented abc
come at low frequency) not observed because of low intensl- model the experimental spectra in order to derive spi
ties. However, general considerationd §how thaty, must Hamiltonian parameters. Such modeling is necessary becat
shift to higher frequency a8, increases from zero, while oneat nonzero fields the transition frequencies calculated theore
of the observed peaks shifts to lower frequency, so this intécally, and in particular the extremal NK-ESEEM frequencies
pretation can be dismissed. Instead we assign these featurebea ™, differ slightly from the measurable peak frequencies
thev, andv_ *N NQR peaks of the two bountdN which are denotedv;™.
equivalent and hence have the same transition frequencies. The above analysis indicates that NK-ESEEM spectra in tf
If the quadrupole asymmetry parametgr,were relatively low-turning-angle limit should be described by convolution of
large, as for Fe-bound histidines, it would be straightforward 8m appropriate component lineshape over the envelope fur
obtain the pure-quadrupole frequencies (Eq. [4]) for [Fe(lfjon, Ses;(8) (Eq. [12]). To match experiment to theory at a
EDTA]* by extrapolation of the,, andv_ **N peaks to zero particular field, we forced the peak frequencies of a calculate
field; these peaks would shift quadratically with field for smaBpectrum,v{™, to match those measured for the experimente
B, and thus would reach a well-defined limiting value (Eq. [5]pne and report the theoretical values of #&" given by the
(8). However, for [Fe(I)EDTA}™ we find that thev, andv_  calculation (Fig. 4). The experimenta}™, and hence the;™,
transitions diverge roughly linearly with field abovel0 G. increase roughly linearly with the applied field (Fig. 4), anc
Because the modulation vanishesBas— 0, it is not possible therefore the spectra are modeled with Eqgs. [19]-¢ 0)
to unambiguously distinguish between the quadratic shift #gough [12], which are appropriate for such a linear variatiol
B, — 0, expected whem — 0, and a linear divergence from(and whose use do@strequire the low-field condition utilized
a common zero-field frequency, which is expected wher in the derivation). This calculation is illustrated in the inset tc
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4.2

_ _ Theoretical o
O ESEEM

AN

Frequency (MHz)

Magnetic Field (G)

FIG. 4. Field dependence of the NK-ESEENMI) and NK-ENDOR ) frequenciesy;®, determined from the experimental frequency-domain spectra b
modeling them as discussed in the text. This is illustrated in the inset, the envelope function, Eq.f48), (dashed line) along with the calculated spectrum
(solid line) obtained by convolution; here, the maximum heights of the envelope function and calculated spectrum are normalized. Gtiroesaified by
two optimized calculations in which the exact Muha expressions were used to calculafgtfer (v., v_) are included. The solid line useg= 0 while the
dashed line useg = 0.05; the other parameters dfe= 1.16 MHz, A, = 18 MHz, anda; = 53°.

Fig. 4, which presents a plot of the envelope function (Eq.
[12]), as well as the peak obtained from it by convolution. As
is clearly shown in Fig. 5, the observed spectra are well
reproduced in this way, even though the experiments do not
reach the low-turning-angle limit employed in the derivation.
In fact, the detailed form of the envelope function is not
critical. Quite similar shapes, and essentially the samg”,
are obtained by employing spectra calculated with the equa-
tions based on a quadratic relation of field and frequency or by
employing the statistical lineshapk(s), derived from exact
calculations of the frequencies and wavefunctions. Moreover,
direct calculations under way show that relaxation of the small-
turning-angle approximation has little effect until the turning
angle forz = 1 becomes greater thann/2.

Figure 4 plots the field dependence of & derived from
the experimentally observed peaks, along with the results of
two calculations of £7%, v™), each optimized to reproduce
the experiments. The calculations employed the exact fre-
guency expressions of Muhag). Although the experimental
frequencies shift approximately linearly with field, as predicted
by the perturbation treatment of Eq. [5a] & 0), this treat- . : .
ment is not valid even for the small fields of the plot, up to 60 2.5 3 3.5 4 4.5
G. For one of the calculations it is assumed that the two v (MHz)

frequendes approach the common zero-field limit= v. = FIG.5. Comparison of frequency-domain NK-ESEEM and ENDOR spec
3.48(1). This leads to quadrupole parameters= 1.16(1) tra of [Fe(I)EDTA]* taken at 52 G anet = 100 ns. The calculated spectrum

MHz, n = 0. For most choices of the angle between the Fe~®hshed line) was obtained as described in the text and the legend to Fig.
bond (unique quadrupole axis) and the electr@raxis, a;, @ with use of a linewidth of 0.1 MHz.
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plot of calculated frequencies that roughly matches the exper- P,(N2) @) P,(N1)
imental ones is clearly curved. However, for values of the
angle betweerz and the Fe—N bond (unique quadrupole axis)
of each of the two nitrogen ligands in the range 45%; < 530
55°, it was possible to choose pairs of values,, [A], with A, \
varying by =1 MHz, that match the experiments quite well.
The displayed calculation witly = 0 employed the values
az; = 53° andA; = 18 MHz; the reason for this particular
choice is clarified below. This calculation reproduces the data N1 N2
quite well, but the figure shows that the data can be described
equally well by takingn to be nonzero. The maximum value
that satisfactorily reproduces the low-field datais- 0.05, as

in the calculation presented; variationsAn do not influence
this observation. These two calculations thus give the limits of t

accuracy for the“N asymmetry parameter, 8 n = 0.05. FIG. 6. Portion of [Fe(I)EDTAF" structure including Fe, two ligating N

The quadrupole constari, = 1.16 MHz, for the**N atoms atoms, and the O of water. The [FgDl fragment is approximately plana with
of an Fe(ll)-bound EDTA ligand is quite large compared to the twofold axis of symmetry. There are two directionsand u, which are

values for the common biological N-donor ligand, histidine, fa#iscussed in the text, where it is proposed that the 2lis lies alongu.
whichK ~ 0.6 MHz (@), but in fact it is quite comparable to
the valueK = 1.25MHz, which is found for thé’N of trialkyl ~ patterns typically accentuate the contributions from oriente
amines 20-22 and should apply to the trialkyl nitrogens oftions associated with the hyperfine-tensor principal axe
EDTA. The unique quadrupole axis in the free amine neceshereas the contributions of those orientations are suppress
sarily lies along the nitrogen lone pair and correspondingly the ESEEM pattern23). The favorable spin properties of
must lie along the Fe—N coordinate bond in [Fe(I)EDTA] [Fe(I)EDTA]* have given us the opportunity to compare
The small-to-zero value ofj is expected for a trialkyl amine these two types of NK measurements in greater detail.
coordinated to a metal ion and is equivalent to the vajue NK-ENDOR spectra of [Fe(I)EDTA] indeed show the
0 for NMe;. Following the procedure of Robersal. (21), the same two peaks between 3 and 4 MHz as seen in the ESEE
K for [Fe(INEDTA]?" can be used to estimate that each nitraf this sample aB, = 52 G. Just as in the ESEEM experi-
gen ligand donates 5% of an electron{2.5% of a lone pair) ments, the ENDOR peaks vanish at zero field and their intel
to iron, a substantially smaller amount, reflecting a lesssities first increase with field, then decrease as the ESE inte
covalency, than they found for bonding of trialkyl aminesity decreases, becoming undetectable in the parallel mode
nitrogens to M= Hg*", Cd", or Zn*" ions in M(1,2-dipiper- ~140 G’ The NK-ENDOR peaks also exhibit hyperfine-
idinoethane)X complexes. induced shifts from the pure-quadrupole frequencies as tt
Based on the approximately,Cgeometry of the coordina- applied field is increased (Fig. 3B). In fact, the 2D NK-
tion sphere, shown in Fig. 6, one would expect the electroftNDOR patterns of [Fe(I)EDTA] at r = 260 ns and fields,
z-axis to lie along a symmetry axis. Examination of the stru®, < 60 G, are essentially indistinguishable from the 2C
tural data of Fig. 6 in light of the permissible range of valuesequency-domain NK ESEEM patterns (Figs. 3A and 3B), an
for a; then suggests that lies alongu (parallel to the N-N the frequencies derived from the Mims NK-ENDOR experi-
vector), which makes an angle of; = 53° with the Fe—-N ments overlay those from the ESEEM data (Fig.\Bjl€ infra
bond, rather than along the Fe—O vecttr \hich makes an for discussion of higher fields).
angle ofa; = 37°; the result firmly rules out an assignment of Unlike the ESEEM experiments, at present there is no theo
z along the third axis of the fragment, normal to the planég explain either the intensities or the lineshapes of the ENDO

37°

which would givea; ~ 90°7 peaks: if the sample had instead contained a ®Bue 3
Kramers ion, the magnitude of the RF field,] would have
NK-ENDOR Measurements been far too low and the duration of the RF pulse too short t

In our initial examination of the diiron systems)( we give a detectable ENDOR response. However, the above tt

reported Mims ENDOR spectra that looked surprisingly lik@retical treatment _does explain these puzzling features of N}
those obtained in the frequency-domain ESEEM spectf@NPOR spectra in terms of an unprecedentedly large R
ENDOR and ESEEM experiments of Kramers systems are wglihancement factoenhz_ (Eq. [13]), which reflects the RF

known to exhibit different shapes due to the different selectidt¢!d acting on the nuclei through its influence on the electror

rules that govern the two techniques. For example, ENDCRIN System 19) which in this case is dependent on tae
component of the applied fiel&,. For example, taking, ~

14 ; ; ;
2 The transition frequencies for— 0 necessarily vary linearly with field for 90 G~ and the N spin-Hamiltonian parameters for
as ~ 0°, but this angle is not simultaneously possible for both nitrogens. [Fe(I)EDTA]*", the enhancement term has a valu@off ~
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10° for either value ofms. We take this surprisingly large ENDOR
value to explain the ease of observing NK-ENDOR spectra. (45G)
The calculation further explains why the NK-ENDOR and
NK-ESEEM spectra presented in Figs. 3 and 4 look basically x4 720 ns

the same, even though ENDOR and ESEEM spectra from
Kramers systems have quite different shapes. For orientations
where the NK-ENDOR enhancement term is large, it com-
pletely overwhelms the contribution from direct transitions; for x4 560
orientations where the enhancement vanishes fces0), the
echo amplitude also vanishes. As a result, one can entirely
neglect the contribution from direct transitions and, as dis-
cussed above in regard to Egs. [13b] and [14], NK-ENDOR
and NK-ESEEM peakshouldhave the same envelope func-
tion, 1(8), and hence the same shapes.
Despite the fact that the results and analysis indicate that the 400
NK-ESEEM and ENDOR are in many ways understood, at
least in a semiquantitative way, there are nonetheless unre-
solved issues. The Mims ENDOR effect also involves a hy-
perfine-selective suppression factor, which depends on the 320
product of a hyperfine paramete, (for the moment unde-
fined) andr,
200
supen(v;(8)) = (1 — cod2nN(w;(8))7)).  [17]
100
Unlike the NK-ESEEM measurements, a broad range isf
useable in NK-ENDOR (e.g., 108 7 < 1800 ns at 14 G), and : !
this has allowed us to explore thedependent hyperfine- 2.5 3 3.5 4 4.5
selection effect. As shown in Fig. 7, at fixed applied field, 45 v (MHz)
G, the frequency shifts of the NK-ENDOR peaks decrease with
increasingr, with the peaks nearly collapsing by= 720 ns.  FIG. 7. Therdependence of [Fe(I)EDTA] Mims NK-ENDOR spectra
A model calculation shows that this effect is consistent witfp!ected aBo = 45 G. Other conditions are as in Fig. 38. Wherx 320 ns,
. . the separation of the two ENDOR lines is independent ¢fowever, beyond
Eq. [17] provlded that one uses the shlft-dependent hyperﬂﬂﬂ% point it decreases with increasimgSee text for discussion.
factor, N\ = A.(d) in the equation. Such an effect would
explain why a plot of the NK-ENDOR peak frequencies for
T = 260 ns deviates from the theoretical curves of Fig. 2 for
fields above~50 G (not shown)However,we find that appli- rationalizes this correspondence and further suggests that |
cation of the Mims’ heuristic analysis of hyperfine selection iMery observation of NK-ENDOR is the result of an unprec:
Mims ENDOR (14, 24 to a Hamiltonian,H,.{(ms), whose edentedly large hyperfine enhancement effect. Analysis of tt
eigenvalues are independeninod, leads to the conclusion thatNK-ESEEM measurements yields the quadrupole paramete
the appropriate value to incorporate in Eq. [L7Nis= 0, in for the N ligands of [Fe(I)EDTAf ", K = 1.16(1)MHz, 0=
which casesuperfr;) = 0. In short, such an analysis predicts) = 0.05, which have been interpreted in terms of bondin
that there should be no Mims NK-ENDOR effect. The resolyparameters with the Townes—Dailey model, and indicates th
tion of this apparentcontradiction will be addressed by com-the electronic zero-field splitting tetragonal axis lies along th
bining a study of the field/ dependences of the Mims NK-N-N (u) direction indicated in Fig. 6. The theoretical consid-
ENDOR effect with a full density-matrix treatment of thiserations have further disclosed a lacuna in our understanding
phenomenon. the Mims NK-ENDOR phenomenon, and this will be the
subject of a later report.

CONCLUSIONS
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