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We report here the first non-Kramers (NK) ESEEM and
NDOR study of a mononuclear NK center, presenting extensive
arallel-mode ESEEM and ENDOR measurements on the St 5 2
errous center of [Fe(II)ethylenediamine-N,N,N*,N*-tetraac-
tato]22; [Fe(II)EDTA)]22. The results disclose an anomalous
quivalence of the experimental patterns produced by the two
echniques. A simple theoretical treatment of the frequency-do-
ain patterns expected for NK-ESEEM and NK-ENDOR ratio-

alizes this correspondence and further suggests that the very
bservation of NK-ENDOR is the result of an unprecedentedly
arge hyperfine enhancement effect. The mixed nitrogen–carboxy-
ato oxygen coordination of [Fe(II)EDTA]22 models that of the
rotein-bound diiron centers, although with a higher coordination
umber. Analysis of the NK-ESEEM measurements yields the
uadrupole parameters for the 14N ligands of [Fe(II)EDTA]22,
5 1.16(1) MHz, 0 < h < 0.05, and the analysis indicates that the

lectronic zero-field splitting tetragonal axis lies along the N–N
irection. © 1999 Academic Press

Key Words: ENDOR; electron-nuclear double resonance;
SEEM; electron spin-echo envelope modulation; non-Kramers;

Fe(II)EDTA]22.

Integer-spin systems withS . 1 are typically difficult to
tudy by paramagnetic resonance techniques, but they
imes exhibit a ground state “non-Kramers (NK) doub
hich is rendered EPR active by a zero-field splitting wh
nergy,hD, is comparable to the microwave quantum,hn e

1–3). For example, protein-bound, carboxylate-bridged
ron(II) centers frequently display the characteristic EPR s
rum associated with a ground-state non-Kramers doublet
K-EPR measurements have become an important tool i
tudy of metallobiomolecules (4, 5). Nonetheless, there h
eenno reports of ENDOR or ESEEM onany non-Kramers
oublet system until we first applied these techniques to
oublets of diferrous methane monoxygenase hydroxy
MMOHred) and azidohemerythrin (N3Hrred) (6). Subsequentl
e reported an analysis of ESEEM from a NK doublet o

nteger-spin system (7) and followed this by an extensive stu
f the NK ground state of the pivotal diiron(II) form of t
xygen-activating nonheme diiron enzymes (8).
Our experiments to date have focused on the parallel-m
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hree-pulse, stimulated-echo NK-ESEEM spectra of the fe
agnetically coupled,diferrous clusters, and the theoreti
nalysis created to describe the frequencies and intensit

he 14N peaks appears to work well in these particular syst
e report here the first study of amononuclear NK center

resenting extensive parallel-mode ESEEMandENDOR mea
urements on theSt 5 2 ferrous center of Fe(II)ethylened
ine-N,N,N9,N9-tetraacetato; [Fe(II)EDTA)]22. In this com-
lex the ferrous ion has a seven-coordinate structure clos
onocapped trigonal prism with H2O as the cap and th
e–OH2 bond as an approximate C2 symmetry axis for th
oordination sphere (Fig. 1). The mixed nitrogen–carboxy
xygen coordination of [Fe(II)EDTA]22 (9) models that in th
rotein-bound diiron centers (10, 11), although with a highe
oordination number.
The study of simple iron complexes with NK doublets

round states is of particular advantage for the developme
aramagnetic resonance techniques and for testing th
ecause such complexes can be prepared in much highe
entrations than the protein samples. This permits ready
ection of extended data sets over a wide range of instrum
arameters, which is necessary for correlation with theory
esults for [Fe(II)EDTA]22 are compared with extensions
he theory that provide formulae which describe freque
omain three-pulse ESEEM spectra and which explain
urprising finding that the NK-ESEEM and NK-ENDOR p
erns are virtually indistinguishable in shape.

MATERIAL AND METHODS

A solution of [Fe(II)EDTA]22 was prepared by addin
e(II)Cl2 (to ;5 mM) to a solution of excess Na4EDTA in
egassed 1/1 ethylene glycol/deionized water. X-band ES
nd ENDOR spectra were acquired at 2 K with a laboratory
uilt spectrometer described elsewhere (12). As before (6, 8), a
tatic field,B0, oriented parallel to theB1 field, was produce
y a pair of Helmholtz coils mounted around the tail of a liq
elium immersion dewar. The magnetic field was meas
sing a F. W. Bell Model 4048 Gaussmeter. ESEEM t
aves were collected using a standard three-pulse stimu
cho sequence (13–15). The frequency-domain spectra w
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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292 SONG ET AL.
roduced using the deadtime reconstruction method of M
efore Fourier transformation (16).

RESULTS

heory

This section generates theoretical NK-ESEEM and
NDOR envelopes for comparison with the experiments
orted here first. It begins with a summary of essential as
f the theoretical framework for understanding NK-ESE
nd ENDOR (7, 8).
Griffith (17) rigorously showed that EPR measurement

n isolated NK doublet can be described in terms of a fictit
lectron spinS 5 1

2 that experiences a zero-field splitting by
internal field,” energyhD, as well as by a Zeeman interact
roportional to the projection of the applied field along
eal-space axis, denoted thez axis. The combined action of th
pplied and internal fields splits the NK doublet by a freque
e (Eq. [1]),

ne 5 FD 2 1 S g̃\bBz

h D 2G 1/ 2

; Bz 5 B0cosu ; B0z, [1]

hereu is the angle between thez axis and the applied fiel
0, z 5 cosu (0 # u # 908), and the effectiveg value along

his axis is,g̃\ 5 (2nSt) g\, where,St is the single-ion spi
nd n is the number of exchange-coupled ions;

Fe(II)EDTA]22, St 5 2 andn 5 1). In general, the splittin
for a NK doublet is distributed. As a result, for a froz

olution subjected to any applied field,B0, the resonanc
ondition will be satisfied with equal probability by molecu
f every orientation, because for eachu there are molecule
hose value ofD is such thatne equals the microwave fr
uency,nm.
For I 5 1, the nuclear-transition frequencies measure

SEEM and ENDOR can be described in terms of a
amiltonian, Ĥ nuc(mS), Eq. [2], expressed in the coordina

rame that diagonalizes the nuclear quadrupole intera

FIG. 1. Structure of the [Fe(II)EDTA]22 ion as determined by Miyos
nd co-workers (9).
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erm. ThePi in Eq. [2] are the principal values of the nucle
uadrupole interaction

Ĥnuc~ms! 5 msÃeff O
i

cosa i Î i 1 O
i

Pi Î i
2 [2]

ensor. In addition to the quadrupole interaction,Ĥ nuc(ms)
ncludes a hyperfine term whoseeffectivehyperfine coupling
˜

eff, depends on thez-component of the field, Eq. [3], on th
rojection of the hyperfine interaction along thez axis axis,A\,
nd parametrically onms; the (cosa i) in Eq. [2] are the
irection cosines of the clusterz axis relative to the quadrupo
xes.

Ãeff 5 Ã\S g̃\ bBz

hne
D ; Ã\ 5 ~2St! A\. [3]

his Hamiltonian is appropriate for experiments, such as t
eported here, which are performed at sufficiently low app
elds that the nuclear–Zeeman interaction can be ign

ˆ
nuc(ms) is field-dependent, even without the nuclear–Zee

erm, because of the field dependence ofÃeff. The quadrupol
ensor is traceless,P1 1 P2 1 P3 5 0, and we choose th
hree principal components so thatP1 , P2 , P3; typically,
or 14N, the P1 component will be the largest in magnitu
ransitions among the three nuclear levels defined by
uadrupole interaction forI 5 1 are the three pure nuclea
uadrupole frequencies, defined as (n# 0 , n# 2 , n# 1), and given
y Eq. [4].

n# 1 5 n# 13 5 P3 2 P1

n# 2 5 n# 12 5 P2 2 P1

n# 0 5 n# 23 5 P3 2 P2. [4]

he quadrupole tensor also is commonly parametrized in t
f K 5 uP1u/ 2 5 e2qQ/4 (usual symbols) andh 5 (P3 2

2)/uP1u.
The HamiltonianĤ nuc(ms) can be diagonalized forI 5 1 by

se of published equations (Eqs. [10] and [11] of Ref. (18)).
he resulting energies (butnot the wavefunctions) are the sa

n both electron-spin (ms 5 61
2) manifolds because the nuc

r–Zeeman term has been ignored, and thus the coupled
lectron-spin, nuclear-spin system shows three doubly de
rate ENDOR frequencies for a given orientation. Th

requencies, which depend onBz through Ãeff (Eq. [3]), are
enoted (n1, n2, n0) because, asBz 3 0, they evolve into th
ure quadrupole frequencies, (n# 1, n# 2, n# 0). The behavior of th
xact solutions is exhibited explicitly in the field-depend
hifts of the transition frequencies,dn ij , as calculated to seco
rder in the hyperfine interaction. When,h . 0, these are give
y Eq. [5] (7),
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293NON-KRAMERS ENDOR AND ESEEM
dn ij 5 n ij 2 n# ij 5 Fs ijS Ã\g̃\b

hne
D 2

Bo
2Gcos2u ~h . 0!

5 dn ij
maxz2. [5]

or use below, we further define the extremal frequency
ransition,n ij

max 5 n# ij 1 dn ij
max. As h 3 0, two of the nuclea

evels become degenerate and the (n1, n2) transitions shif
inearly with applied field, with transition frequencies that h

first-order, linear dependence on applied field,

dn ij 5 Fmij

2 S Ã\g\b

hne
Dcosa3B0Gcosu ~h 3 0!

5 dn ij
maxz. [5a]

ere,m1 (i , j 5 1, 3) 5 11, m2 (i , j 5 1, 2) 5 21, and
0 (i , j 5 2, 3) 5 12. This equation is exact for all field
henB0 and thez axis are parallel (cosa3 5 1), but is valid
nly for low fields for an arbitrary field orientation. Because

he 1:1 correspondence between orientation (z) and frequenc
hift (dn ij ) the latter can be parametrized in terms of
xtremal shift at the applied field,dn ij

max and a normalize
requency shift,

d ;
dn ij

dn ij
max 5 z2 ~h . 0!

5 z ~h 3 0!. [5b]

hedn ij
max depend both on the pure quadrupole frequencies

n the orientation of the clusterz axis with respect to th
uadrupole frame, denoted as cos(a i) (the coefficients,s ij , for

he caseh . 0 are given in Eq. [21b] of Ref. (8)). For n2 (i ,
5 1, 2) andn 0 (i , j 5 2, 3) the shifts can be either positi
r negative, but that forn1 (i , j 5 1, 3) is necessarily positiv
his perturbation treatment forI 5 1 nuclei, which is the bas

or the analytical forms developed in the following section,
een confirmed by exact calculations.
When considering hyperfine coupling to a nucleus ofI 5 1

2,
here is no quadrupole interaction and one cannot ignor
uclear–Zeeman interaction even at low field. The exact v

or the orientation-dependent nuclear transition frequen
6(u), which vary linearly withB0 (6 refers toms 5 61

2),
re (7)

hn6~u ! 5 FS6
Ã\

2

g̃\b

hne
1 gnbnD 2

cos2u

1 ~ gnbn!
2sin2uG 1/ 2

B0
a

f

nd

s

he
es
s,

5 FgnHS6
2

\

hne

\

gnbn
1 1D cos2u

1 sin2uJ 1/ 2GbnB0

; g̃n6~u !bnB0. [6]

or the limiting case,u 5 0, this equation predicts a spectrum w
he same general form as seen in conventional ENDOR sp
or Ãeff/nn , 1 there is a pair of transitions centered atnn and split
y Ãeff, while for the reverse inequality there is a pair split by tw

he Larmor frequency, centered atÃeff/2; for the limit, u 5 p/2,
here is only a transition at the Larmor frequency.

NK-ESEEM, ENDOR envelopes.As a result of the distr
ution in D, at field B0 the frequencies for each nucle

ransition will exhibit contributions from all orientations a
ence the full range of frequencies (frequency shifts) as
ted with 0# Bz # B0. To describe an ESEEM or ENDO
xperiment, it is necessary to calculate the resultant lines

n the frequency domain.

NK-ESEEM; I5 1. The electron-spin echo (ESE) mod
ation for a NK doublet vanishes atB0 5 0, but is predicted t
ncrease quadratically with the applied field (7). The ESEEM
ntensity for a particular frequency/orientation is given by
roduct of the modulationfraction and the contribution to th
SEintensityfrom that frequency/orientation. In the pertur

ion treatment, thefractional modulation for each of the {i 2
} transitions associated with a particular orientation (z) is
iven by a modulation depth parameter of the form,I e( z) }
2( z) } z2. Upon change of variables to the normalized s
arameter,d, the “statistical” lineshape,I e(d), is the product o

he square of a modulation-depth parameter,b2(d) } d, and
he quantity,dz(d)/dd, which comes from the transformati
etween the variablesz andd (8),

I e~d! } b2~d!
dz

dd
~d!

} d 1/ 2 ~h . 0!

} d 2 ~h 3 0!. [7]

To describe the NK-ESE intensity we recall that in a pa
el-mode experiment, whereB1 is the pulsed microwave fie
pplied parallel to the static field (B1\B0), the on-resonanc
lectron-spin “turning angle,”Qp, during an applied microwav
ulse of duration,tp, is strongly orientation-dependent (7),

Qp~ z! 5 FS g̃\b
B1

2
sin jD tpGz. [8]

his behavior is quite unlike that for typical Kramers cent
hile a full discussion of the ESE intensity will be presen



i al
t -
p to
s

T
f M
s

T th
i M
f by
t
E ac
f
t th
p sio
t

l th
f

C the
y ea
T d b
c

ac
f pa
r e
m
i nt
w , a
n ov
a plie
fi s t
s ep
w n
b ss
t ore
c ies

a ribu-
t
f
e term
l
i

a
N pro-
c ency
o e
p a-
b ce-
d e
N nc-
t As
w or-
t tes
f hy-
p gly
d t, but
n of a
K

w The
s ency-
s value

H
1 lect
t the
E
e

B epth
p
(
c e
s tional
E

T
e , as
g

294 SONG ET AL.
n a future report, in the limit of microwave pulses with sm
urning angle (small (B1t p)), the contribution to the ESE am
litude from a particular orientation is proportional
in3Qp( z) (14), which can be expanded for smallz,

am~ z! } sin3Qp~ z! } Qp~ z! 3 } z3

am~d! } d 3/ 2 ~h . 0!

} d 3 ~h 3 0!. [9]

his leads to a common form for the envelope, denotedIes(d),
or each {i 2 j } transition in a frequency-domain ESEE
pectrum,

Ies~d! } am~d!I e~d! } d 2 ~h . 0!

} d 5 ~h 3 0!. [10]

o finally describe the actual ESEEM lineshape requires
nclusion of the “suppression” term, in which the ESEE
requencies associated with onemS manifold are suppressed
hose associated with the other (14). The equality of the
NDOR frequencies in the two NK manifolds means that e

requency is suppressed by itself. Previously (8), in writing this
erm we ignored the hyperfine shifts (Eq. [5]) compared to
ure quadrupole frequencies (Eq. [4]); the full suppres

erm can be written in current notation as

supes~n ij~d!! 5 ~1 2 cos~2pn ij~d!t!!, [11]

eading to the prediction then a NK-ESEEM peak will have
orm

Sesij~d! } supes~n ij~d!!Ies~d!. [12]

onvolution of this function over a component lineshape
ields the final prediction for an experimentally observed p
he function, Eq. [12], and the final peak shape obtaine
onvolution are illustrated in the inset to Fig. 4.

NK-ESEEM; I 5 1
2. Recall that we presented an ex

ormula for the orientation-dependent modulation-depth
ameter for I 5 1

2 (7). Its functional form is such that th
odulation vanishes foru 5 0 and p/2, maximizing at an

ntermediate angle. Of central interest to our experime
hile there is again no modulation at zero applied field
onzero fields the fractional modulation depth, integrated
ll orientations, is predicted to be independent of the ap
eld. However, because the observed modulation include
uppression term (Eq. [11]) as a factor, the modulation d
ill have a strong dependence on the applied field (and ot)
ecause the ENDOR frequency that appears in the suppre

erm increases linearly with the field (Eq. [6]). This, theref
ontrasts with the case ofI 5 1, where the nuclear frequenc
l

e

h

e
n

e

n
k.
y

t
-

s,
t

er
d
he
th

ion
,

re dominated by the field-independent quadrupolar cont
ion, and an applied field causes relatively smallshifts in
requency. ForI 5 1

2 at low fields and fixed value oft,
xpansion of the trigonometric function in the suppression

eads to the prediction that the modulation depth forI 5 1
2 should

ncrease quadratically with the applied field for small fields.

NK-ENDOR; I 5 1. The corresponding lineshape for
K-ENDOR spectrum can be obtained by an analogous
edure. Namely, the absolute ENDOR intensity at a frequ
ffset d for transition {i 2 j } should be proportional to th
roduct of the RF field (B2)-induced nuclear transition prob
ility, enh2(d), and the ESE amplitude. Following the pro
ures used for Kramers systems (19), we have calculated th
K-ENDOR transition probability using nuclear wavefu

ions corrected to first order in the hyperfine interaction.
ith a Kramers system, the transition probability is prop

ional to a “hyperfine-enhancement factor” which devia
rom unity through the off-diagonal contributions of the
erfine coupling. For a NK system this factor is stron
ependent on orientation and thus on the frequency shif
onetheless for comparison it can be cast in the form
ramers system at X band,

enh2~ z! } ~1 1 mSa~ z!/nNX! 2, [13]

here the first term is from direct nuclear transitions.
econd, which reflects the enhancement, involves a frequ
hift-dependent hyperfine parameter with an approximate

aij~ z! . @n~2St!
2A\cosa ij# z. [13a]

ere,nNX is the nuclear Larmor frequency at X band andn 5
for [Fe(II)EDTA]22. As we discuss below, one can neg

he contribution from direct transitions, in which case
NDOR transition probability, and thus thefractionalENDOR
ffect, has the dependence

enh2~ z! } z2. [13b]

ut this is the same form as the ESEEM modulation-d
arameter,b2( z), which leads to the statistical lineshape,I e(d)
Eq. [7]). The result is that thefractional ENDOR-induced
hange in the ESE amplitude,I E(d), is predicted to have th
ame statistical lineshape for each transition as the frac
SEEM modulation:

I E~d! } I e~d! ; I ~d! } d 1/ 2 ~h . 0!

} d 2 ~h 3 0!. [14]

he observed ENDOR response, denotedIen(d), then, is the
cho amplitude multiplied by the fractional ENDOR effect
iven above. Taking the small-turning-angle limit (d3/2) for the
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295NON-KRAMERS ENDOR AND ESEEM
ormer, each peak in a NK-ENDOR spectrum has the enve
hape

Ien~d! } am~d!I ~d! } d 2 ~h . 0!

} d 5 ~h 3 0!. [15]

his treatment thus predicts that frequency-domain
SEEM and NK-ENDOR spectra exhibit thesameenvelope

unction. The observed Mims ENDOR effect further invol
suppression term, which is a function of the hyperfine

ling. If we denote this term assupenij (d), then the NK-
NDOR signal for the {i 2 j } transition would have the form

Senij~d! } supenij~d!Ien~d!. [16]

e defer the discussion ofsupenij until the presentation of th
xperimental data.

K-ESEEM Measurements

For comparison, we recall that in an X-band CW spectr
ter the integer-spin diferrous centers commonly give a b
K-EPR signal with intensity that extends from zero app
eld with an apparentg-value of g ; 16 (5). In a pulsed
pectrometer, the diferrous centers give a strong spin ec
ero applied field but the phase memory shortens with inc
ng field such that an echo is undetectable at fields above;50
. The echo shows no modulation at zero applied field
odulation rapidly appears with fields of a few Gaus

urious phenomenon explained by the field-dependent e
ive hyperfine coupling.

The St 5 2 [Fe(II)EDTA]22 ion also shows a NK-EP
ignal. It too extends from the zero applied field, with a sh
hat indicates the splittingD is distributed, but with an appare

; 8 as expected for a singleS 5 2 ferrous ion with a
egative zero-field splitting (D , 0). The existence of th
ignal indicates that the major distortion of the ferrous-ion5E
tate is an axial elongation that produces the negative zero
plitting and a ground state in which the lowest energd-
rbital isdx22y2. As with the diiron centers, in zero applied fie

here is a readily detectable X-band ESE with no observ
odulation (Fig. 2). The echo, which decreases in inten
ith field, is observable up to;200 G for relatively shortt
alues (,200 ns).1 Modulation of the time waves appears
elds of a few Gauss (Fig. 2). There is a strongly fie
ependent, unresolved low-frequency component at the p
armor frequency. The intensity of this modulation, meas
s a fraction of the echo, increases strongly with field, with

ncrease roughly following the quadratic dependence n
bove.
The time waves also exhibit clear modulation with hig

1 The behavior in the perpendicular mode is quite different, with an
eing detectable to;2000 G.
pe
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requency components, and frequency-domain spectra
A; t 5 100 ns) display two peaks in the vicinity of 3.5 MH
hose positions vary with the applied field. We assign the

he (n2, n1) transitions among theI 5 1 nuclear sublevels o
he coordinating14N ligand atoms of [Fe(II)EDTA]22. Up to
elds of;45 G the modulation, considered a percentage o
cho intensity, increases in strength with the applied fiel
igher fields the modulation percentage decreases, presu
ecause of shortening phase memory. Ast is raised the mod
lation also weakens, and it is difficult to detect fort $ 300 ns
o low frequency in each spectrum (not shown) there
trong feature from protons that is centered at the pr
armor frequency; no additional14N transition has been o
erved.
Given that EDTA provides two nitrogen ligands to

errous ion, one might propose that the two peaks in
icinity of 3.5 MHz are the distinctn transitions of two

E

FIG. 2. Field dependence of fractional three-pulse NK-ESEEM
aves of [Fe(II)EDTA]22. In these traces the absolute ESEEM signal has
ivided by the echo intensity. The traces for 0 and 29 G have been mu
y 2 to show the weak modulation. Conditions:B0 parallel to the mw fieldB1;
w frequency5 9.50 GHz; pulse widtht p 5 16 ns;t 5 100 ns; incremen

n T is 24 ns; samples/point5 40; repetition time5 10 ms; temperature, 2 K
1



s
c ens
t
s ne
o nte
p re
t
e es

l rd t
o (II
E o
fi al
B [5]
(
t
B
t ft a
B m
a

0 above
t spin
H cause
a oret-
i ies,
t ies,
d

the
l of
a func-
t t a
p lated
s ntal
o
c
i nd
t
t tion
( d

orm
p e
a du

296 SONG ET AL.
lightly different nitrogens, withn2 (and n0, which would
ome at low frequency) not observed because of low int
ies. However, general considerations (7) show thatn1 must
hift to higher frequency asB0 increases from zero, while o
f the observed peaks shifts to lower frequency, so this i
retation can be dismissed. Instead we assign these featu

hen1 andn2
14N NQR peaks of the two bound14N which are

quivalent and hence have the same transition frequenci
If the quadrupole asymmetry parameter,h, were relatively

arge, as for Fe-bound histidines, it would be straightforwa
btain the pure-quadrupole frequencies (Eq. [4]) for [Fe
DTA]22 by extrapolation of then1 andn2

14N peaks to zer
eld; these peaks would shift quadratically with field for sm
0 and thus would reach a well-defined limiting value (Eq.

8). However, for [Fe(II)EDTA]22 we find that then1 andn2

ransitions diverge roughly linearly with field above;10 G.
ecause the modulation vanishes asB0 3 0, it is not possible

o unambiguously distinguish between the quadratic shi
0 3 0, expected whenh 3 0, and a linear divergence fro

FIG. 3. (A) Field dependence of three-pulse fractional NK-ESEEM of
rocedure is described under Material and Methods. (B) Field depende
dditional parameters:t 5 260 ns;T 5 18.62 ms; RF power, 250 W, 10ms
common zero-field frequency, which is expected whenh 3 i
i-

r-
s to

.

o
)

l
)

s

. As a result, it is necessary to use the theory presented
o model the experimental spectra in order to derive
amiltonian parameters. Such modeling is necessary be
t nonzero fields the transition frequencies calculated the

cally, and in particular the extremal NK-ESEEM frequenc
he n ij

max, differ slightly from the measurable peak frequenc
enotedn ij

obs.
The above analysis indicates that NK-ESEEM spectra in

ow-turning-angle limit should be described by convolution
n appropriate component lineshape over the envelope

ion, Sesij (d) (Eq. [12]). To match experiment to theory a
articular field, we forced the peak frequencies of a calcu
pectrum,n ij

obs, to match those measured for the experime
ne and report the theoretical values of then ij

max given by the
alculation (Fig. 4). The experimentaln ij

obs, and hence then ij
max,

ncrease roughly linearly with the applied field (Fig. 4), a
herefore the spectra are modeled with Eqs. [10] (h 3 0)
hrough [12], which are appropriate for such a linear varia
and whose use doesnot require the low-field condition utilize

(II)EDTA]22 in the frequency domain. Conditions: As in Fig. 2; Fourier transf
of fractional Mims ENDOR of [Fe(II)EDTA]22 Conditions: As in Fig. 2, with th

ration.
[Fe
nce
n the derivation). This calculation is illustrated in the inset to
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ig. 4, which presents a plot of the envelope function
12]), as well as the peak obtained from it by convolution.
s clearly shown in Fig. 5, the observed spectra are
eproduced in this way, even though the experiments do
each the low-turning-angle limit employed in the derivat
n fact, the detailed form of the envelope function is
ritical. Quite similar shapes, and essentially the samedn ij

max,
re obtained by employing spectra calculated with the e

ions based on a quadratic relation of field and frequency o
mploying the statistical lineshape,I e(d), derived from exac
alculations of the frequencies and wavefunctions. Moreo
irect calculations under way show that relaxation of the sm

urning-angle approximation has little effect until the turn
ngle forz 5 1 becomes greater than;p/2.
Figure 4 plots the field dependence of then ij

max derived from
he experimentally observed peaks, along with the resul
wo calculations of (n1

max, n2
max), each optimized to reprodu

he experiments. The calculations employed the exact
uency expressions of Muha (18). Although the experiment

requencies shift approximately linearly with field, as predic
y the perturbation treatment of Eq. [5a] (h 3 0), this treat
ent is not valid even for the small fields of the plot, up to
. For one of the calculations it is assumed that the

requencies approach the common zero-field limit,n# 2 5 n# 1 5
.48(1). This leads to quadrupole parametersK 5 1.16(1)
Hz, h 5 0. For most choices of the angle between the F

FIG. 4. Field dependence of the NK-ESEEM (h) and NK-ENDOR (3) f
odeling them as discussed in the text. This is illustrated in the inset, th

solid line) obtained by convolution; here, the maximum heights of the e
wo optimized calculations in which the exact Muha expressions were u
ashed line usesh 5 0.05; the other parameters areK 5 1.16 MHz, A\ 5 1
requencies,n ij
max, determined from the experimental frequency-domain spect

e envelope function, Eq. [12],h3 0, (dashed line) along with the calculated spect
nvelope function and calculated spectrum are normalized. Curves ofn ij

max obtained by
sed to calculate then ij

max for (n1, n2) are included. The solid line usesh 5 0 while the
ond (unique quadrupole axis) and the electronicz-axis,a3, a
.

ll
ot
.
t

a-
y

r,
ll-

of

e-

d

o

N

FIG. 5. Comparison of frequency-domain NK-ESEEM and ENDOR s
ra of [Fe(II)EDTA]22 taken at 52 G andt 5 100 ns. The calculated spectru
dashed line) was obtained as described in the text and the legend to
ith use of a linewidth of 0.1 MHz.
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lot of calculated frequencies that roughly matches the e
mental ones is clearly curved. However, for values of
ngle betweenz and the Fe–N bond (unique quadrupole a
f each of the two nitrogen ligands in the range 45°& a3 &
5°, it was possible to choose pairs of values, [a 3, A\], with A\

arying by 61 MHz, that match the experiments quite w
he displayed calculation withh 5 0 employed the value
3 5 53° andA\ 5 18 MHz; the reason for this particul
hoice is clarified below. This calculation reproduces the
uite well, but the figure shows that the data can be desc
qually well by takingh to be nonzero. The maximum val

hat satisfactorily reproduces the low-field data ish 5 0.05, as
n the calculation presented; variations inA\ do not influence
his observation. These two calculations thus give the limi
ccuracy for the14N asymmetry parameter, 0# h # 0.05.
The quadrupole constant,K 5 1.16MHz, for the 14N atoms

f an Fe(II)-bound EDTA ligand is quite large compared to
alues for the common biological N-donor ligand, histidine,
hich K ; 0.6 MHz (8), but in fact it is quite comparable

he valueK 5 1.25MHz, which is found for the14N of trialkyl
mines (20–22) and should apply to the trialkyl nitrogens
DTA. The unique quadrupole axis in the free amine ne
arily lies along the nitrogen lone pair and correspondi
ust lie along the Fe–N coordinate bond in [Fe(II)EDTA22.
he small-to-zero value ofh is expected for a trialkyl amin
oordinated to a metal ion and is equivalent to the valueh 5
for NMe3. Following the procedure of Robertset al. (21), the
for [Fe(II)EDTA] 22 can be used to estimate that each n

en ligand donates;5% of an electron (;2.5% of a lone pair
o iron, a substantially smaller amount, reflecting a le
ovalency, than they found for bonding of trialkyl am
itrogens to M5 Hg21, Cd21, or Zn21 ions in M(1,2-dipiper

dinoethane)X2 complexes.
Based on the approximately C2n geometry of the coordina

ion sphere, shown in Fig. 6, one would expect the electr
-axis to lie along a symmetry axis. Examination of the st
ural data of Fig. 6 in light of the permissible range of val
or a3 then suggests thatz lies alongu (parallel to the N–N
ector), which makes an angle ofa3 5 53° with the Fe–N
ond, rather than along the Fe–O vector (t) which makes a
ngle ofa3 5 37°; the result firmly rules out an assignmen
along the third axis of the fragment, normal to the pla
hich would givea3 ; 90°.2

K-ENDOR Measurements

In our initial examination of the diiron systems (6), we
eported Mims ENDOR spectra that looked surprisingly
hose obtained in the frequency-domain ESEEM spe
NDOR and ESEEM experiments of Kramers systems are
nown to exhibit different shapes due to the different selec
ules that govern the two techniques. For example, END

2 The transition frequencies forh3 0 necessarily vary linearly with field fo

[3 ; 0°, but this angle is not simultaneously possible for both nitrogens.
r-
e
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n
R

atterns typically accentuate the contributions from orie
ions associated with the hyperfine-tensor principal a
hereas the contributions of those orientations are suppr

n the ESEEM pattern (23). The favorable spin properties
Fe(II)EDTA]22 have given us the opportunity to comp
hese two types of NK measurements in greater detail.

NK-ENDOR spectra of [Fe(II)EDTA]22 indeed show th
ame two peaks between 3 and 4 MHz as seen in the ES
f this sample atB0 5 52 G. Just as in the ESEEM expe
ents, the ENDOR peaks vanish at zero field and their in

ities first increase with field, then decrease as the ESE i
ity decreases, becoming undetectable in the parallel mo
140 G.2 The NK-ENDOR peaks also exhibit hyperfin

nduced shifts from the pure-quadrupole frequencies as
pplied field is increased (Fig. 3B). In fact, the 2D N
NDOR patterns of [Fe(II)EDTA]22 at t 5 260 ns and fields
0 & 60 G, are essentially indistinguishable from the

requency-domain NK ESEEM patterns (Figs. 3A and 3B),
he frequencies derived from the Mims NK-ENDOR exp
ents overlay those from the ESEEM data (Fig. 5) (vide infra

or discussion of higher fields).
Unlike the ESEEM experiments, at present there is no th

o explain either the intensities or the lineshapes of the END
eaks: if the sample had instead contained a trueS 5 1

2

ramers ion, the magnitude of the RF field (B2) would have
een far too low and the duration of the RF pulse too sho
ive a detectable ENDOR response. However, the above
retical treatment does explain these puzzling features of
NDOR spectra in terms of an unprecedentedly large
nhancement factor,enh2 (Eq. [13]), which reflects the R
eld acting on the nuclei through its influence on the elect
pin system (19) which in this case is dependent on thez-
omponent of the applied field,Bz. For example, takingBz ;
0 G and the 14N spin-Hamiltonian parameters f

22 2

FIG. 6. Portion of [Fe(II)EDTA]22 structure including Fe, two ligating
toms, and the O of water. The [FeN2O] fragment is approximately plana w
twofold axis of symmetry. There are two directions,t and u, which are

iscussed in the text, where it is proposed that the NKz-axis lies alongu.
Fe(II)EDTA] , the enhancement term has a value ofenh ;
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03 for either value ofmS. We take this surprisingly larg
alue to explain the ease of observing NK-ENDOR spect
The calculation further explains why the NK-ENDOR a
K-ESEEM spectra presented in Figs. 3 and 4 look basi

he same, even though ENDOR and ESEEM spectra
ramers systems have quite different shapes. For orienta
here the NK-ENDOR enhancement term is large, it c
letely overwhelms the contribution from direct transitions;
rientations where the enhancement vanishes (cosu3 0), the
cho amplitude also vanishes. As a result, one can en
eglect the contribution from direct transitions and, as
ussed above in regard to Eqs. [13b] and [14], NK-END
nd NK-ESEEM peaksshouldhave the same envelope fun

ion, I (d), and hence the same shapes.
Despite the fact that the results and analysis indicate tha
K-ESEEM and ENDOR are in many ways understood

east in a semiquantitative way, there are nonetheless
olved issues. The Mims ENDOR effect also involves a
erfine-selective suppression factor, which depends on
roduct of a hyperfine parameter,: (for the moment unde
ned) andt,

supen~~n ij~d!! 5 ~1 2 cos~2p:~n ij~d!!t!!. [17]

nlike the NK-ESEEM measurements, a broad range oft is
seable in NK-ENDOR (e.g., 100& t & 1800 ns at 14 G), an

his has allowed us to explore thet-dependent hyperfin
election effect. As shown in Fig. 7, at fixed applied field
, the frequency shifts of the NK-ENDOR peaks decrease

ncreasingt, with the peaks nearly collapsing byt 5 720 ns
model calculation shows that this effect is consistent

q. [17] provided that one uses the shift-dependent hype
actor, : 5 Ãeff(d) in the equation. Such an effect wou
xplain why a plot of the NK-ENDOR peak frequencies
5 260 ns deviates from the theoretical curves of Fig. 2

elds above;50 G (not shown).However,we find that appli
ation of the Mims’ heuristic analysis of hyperfine selectio
ims ENDOR (14, 24) to a Hamiltonian,Ĥ nuc(mS), whose
igenvalues are independent ofmS, leads to the conclusion th

he appropriate value to incorporate in Eq. [17] is: [ 0, in
hich case,supen(n ij ) [ 0. In short, such an analysis predi

hat there should be no Mims NK-ENDOR effect. The res
ion of this apparentcontradiction will be addressed by co
ining a study of the field/t dependences of the Mims N
NDOR effect with a full density-matrix treatment of th
henomenon.

CONCLUSIONS

A joint ESEEM and ENDOR study of the non-Kramers,S5
ferrous ion of [Fe(II)EDTA]22 has disclosed an anomalo

quivalence of the experimental patterns produced by the
echniques. A simple theoretical treatment of the freque
omain patterns expected for NK-ESEEM and NK-END
 (
ly
m
ns
-
r

ly
-

he
t
re-
-
he

th

h
ne

r

-

o
y-

ationalizes this correspondence and further suggests th
ery observation of NK-ENDOR is the result of an unpr
dentedly large hyperfine enhancement effect. Analysis o
K-ESEEM measurements yields the quadrupole param

or the14N ligands of [Fe(II)EDTA]22, K 5 1.16(1)MHz, 0 #
# 0.05, which have been interpreted in terms of bon

arameters with the Townes–Dailey model, and indicates
he electronic zero-field splitting tetragonal axis lies along
–N (u) direction indicated in Fig. 6. The theoretical cons
rations have further disclosed a lacuna in our understand

he Mims NK-ENDOR phenomenon, and this will be
ubject of a later report.
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