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Multiple resonance methods are important tools in EPR for
revealing the network of hyperfine levels of free radicals and
paramagnetic centers. The variations of electron nuclear double
resonance (ENDOR) or electron spin-echo envelope modulation
(ESEEM) techniques help to correlate nuclear frequencies with
each other. These methods have limited utility when there is
extensive overlap or suspected overlap in the EPR spectrum be-
tween different species or different orientations. In the ENDOR
spectrum, overlap and second-order shifts of lines also leads to
ambiguity in assignment and interpretation. A new electron nu-
clear multiple resonance method is presented here that is based on
population transfer ENDOR. It is a quadruple resonance method
that correlates ENDOR lines and reveals the network of hyperfine
levels in samples with unoriented paramagnetic species and in
samples with overlapping EPR or ENDOR lines. © 2000 Academic Press

Key Words: ENDOR; electron nuclear multiple resonance;
pulsed EPR.

INTRODUCTION

Electron nuclear double resonance (ENDOR) and ele
spin-echo envelope modulation (ESEEM) spectroscopies
been invaluable in revealing the hyperfine interactions tha
often unresolved in electron paramagnetic resonance (
spectra (1–6). However, once spectral lines are observed,
assignment and interpretation can be difficult. Two partic
problems are commonly encountered.

The first problem arises when there is more than one
magnetic species or more than one orientation in the sa
and their EPR spectra overlap. The problem is whethe
assign two ENDOR lines to the same orientation/specie
to different orientations/species. This problem is part
solved in the two-dimensional ESEEM technique known
HYSCORE (7, 8) that correlates ENDOR frequencies fr
different electron spin manifolds of the same paramag
center. HYSCORE spectra conclusively show that the
frequencies connected by strong crosspeaks arise from
site electron spin manifolds of the same paramagnetic
cies or orientation (9–11). However, crosspeaks correlat
ENDOR frequencies from two different nuclei are often w
741090-7807/00 $35.00
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or absent, making it difficult to establish correlation netwo
that include all nuclei coupled to a paramagnetic cente
variant of HYSCORE, known as DONUT (12), has bee
developed to provide a similar correlation between END
frequencies from the same electron spin manifold. Howe
these ESEEM-based methods have good sensitivity onl
nuclei with a restricted range of hyperfine couplings.

ENDOR is a complementary method to ESEEM and
been extended to establish correlations between freque
from the same electron spin manifold in general TRIP
(1, 8).

HYSCORE- and DONUT-like coherence transfer END
ethods have been proposed (13, 14), but they require speci

hirped-rf generators that are not widely available in EPR
The second frequent problem concerns the assignme

orrelation of ENDOR lines to a particular nucleus. Thi
articularly troublesome when ENDOR lines from two diff
nt types of nuclei fall in the same spectral region. A typ
xample is the question of whether a broad featureless pe
sample with unoriented species is from protons with s

yperfine couplings or a nitrogen with a large hyperfine
ling so thatA( 14N)/ 2 ' nH. This can be resolved by anoth

measurement at a very different EPR frequency, but that
a common option.

A second aspect of this problem is encountered even
there are well-resolved lines but with second-order shifts
either quadrupole couplings, anisotropic hyperfine interact
or anisotropicg tensors. In such cases, the ENDOR lines
not split evenly about the nuclear Zeeman frequency for s
couplings or split by twice the Zeeman interaction for la
couplings (15). If there is more than one set of such lin
correlating pairs of frequencies to a particular nucleus is
ficult. As mentioned above, HYSCORE can help with
problem, but it is not applicable to all nuclei with large hyp
fine couplings. TRIPLE helps, but does not provide the e
solution.

We describe here a population-transfer, quadruple reso
method based on Davies–ENDOR involving two rf-dri
ENDOR transitions and two EPR transitions that solves
problems presented above. We have named it ENQOR
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75ELECTRON NUCLEAR QUADRUPLE RESONANCE
electron nuclear quadruple resonance. ENQOR provide
principle, the capability to assign every ENDOR transition
with other ENDOR transitions of the same nucleus, (2)
the particular electron-spin manifold that frequency co
from, and (3) with ENDOR frequencies from other nucle
the same species and orientation. Unlike HYSCORE, ENQ
is applicable to the entire range of hyperfine and quadru
couplings. We wish to acknowledge here that the inspira

FIG. 1. Pulse sequences for (A) ENDOR, (B) general TRIPLE, and
TRIPLEX indicating the electron spin and nuclear spin inversion pulses
solid line represents the microwave power with pulses indicated by s
waves. The rf pulses are indicated by patterned rectangles to distin
between different rf frequencies. The position of the detected echo sig
indicated. The effect of the rf pulses on the nuclei is detected indirect
generating an electron spin echo to monitor the EPR transition tha
selectively inverted.

FIG. 2. Population of three nuclear spin sublevels in two electron s
pulse; (B) general TRIPLE, selective EPR inversion pulse followed by a

nd (C) Difference TRIPLE stick spectrum obtained by subtracting the
in
)
h
s

f
R
ar
n

for ENQOR came from a remark by Peter Ho¨fer concerning th
effect of electron spin–lattice relaxation on Davies–END
spectra. We also learned during preparation of this manu
that Andrei Astashkin has independently developed a M
ENDOR implementation of ENQOR.

THEORY AND RESULTS

The pulse sequence for the basic Davies–ENDOR mea
ment is shown in Fig. 1 along with two other variations
order to discuss the general features of population-tra
ENDOR (Fig. 2) and other multiple resonance methods b
on it, we have chosen a model spin system composed
effective S 5 1

2 electron spin coupled to several nuclei. T
upper levels, Fig. 2 (left), are from the electron spin mani
with effectivems 5 b and the lower levels are fromms 5 a.
We choose three nuclear levels from each of these two ele
spin manifolds to represent a more complicated hype
network. The vertical arrows are allowed EPR transitions w
the other arrows are nuclear transitions. The right-hand si
the figure is a stick spectrum obtained by sweeping a
frequency and detecting the EPR transition labeledn1.

For ENDOR, the populations (indicated by the thicknes
the energy levels) are prepared by selective inversion o

)
e
re
ish
is
y
as

manifolds following preparation pulses for (A) ENDOR, selective EPR
ective rf inversion pulse atn12b. The corresponding stick spectra are shown at r
IPLE spectrum from the ENDOR spectrum. See text for explanation.
pin
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76 BOWMAN AND TYRYSHKIN
EPR transition atn1. After inversion, the normalized popu-
tion difference and the EPR signal intensity of that transitio
21. The populations of the other EPR levels remain at the
equilibrium with the lattice. When the applied rf frequen
matches an allowed nuclear transition involving one of
inverted EPR levels, the population difference of the le
probed byn1 changes (becoming zero) and the EPR si
intensity changes. Thus, the ENDOR spectrum consists o
change (increase) in the EPR signal from21 to 0 for rf
frequencies ofn12b, n12a, n13b, andn13a as indicated, Fig. 2A.

Most correlation spectroscopies are based on a nonline
nonadditive response to excitation. For example, the ge
TRIPLE technique in pulsed ENDOR (Fig. 1B) is based on
nonadditivity in response to a second rf pulse (1). A pumping
(inverting) rf pulse, rf1, is applied at one of the ENDO
frequencies (heren12b) following the selective EPR inversio
pulse atn1. At this stage, Fig. 1B (left), the population diffe-
ence and the EPR signal atn1 are both zero. When the seco
(swept) rf pulse, rf2, is applied and excites a nuclear trans
in the opposite electron spin (here thea manifold), the popu
lation difference and the detected EPR signal increase jus
ENDOR, but from 0 to11. The effect of rf1 and rf2 on th

PR signal is purely additive. On the other hand, when th
its a transition in the same electron spin manifold, for inst

n13b, the two nuclear levels connected by rf2 already have e
populations. Consequently, the EPR population differencen1

and the detected EPR signal remain unaffected and are
However, if rf1 and rf2 have the same frequency, in this
n12b, the initial population inversion is restored for the E
transition and the detected signal decreases to21. In these two
latter cases, the EPR signal has a nonadditive response
two rf pulses. The net result is shown in Fig. 2B. The END
response with rf2 in the opposite electron-spin manifol
exactly reproduced (with a constant offset), while the END
signals are altered for rf2 in the same manifold as rf1.

If rf1 does not excite an ENDOR transition, then the wh
ENDOR spectrum is reproduced when rf2 is swept. For
plicity, such ENDOR spectra from “unpumped” species h
been omitted from the figures. Thus, a general TRIPLE s
trum consists of the TRIPLE response from radicals that
an ENDOR response at rf1 and the ENDOR response
those species that do not. Hence, the ENDOR spectru
usually subtracted from the TRIPLE spectrum to produce
pure TRIPLE response, as indicated at the bottom of Fig
Such a Difference TRIPLE spectrum reveals those specie
have ENDOR frequencies at rf1 and rf2 in the same ele
spin manifold. This is, in fact, nearly half the informat
needed to solve the problems identified above. The pr
appearance of the TRIPLE spectrum depends both o
energy level topology and experimental conditions. Howe
simple consideration of populations or of the vector equa
presented later can be very helpful in interpreting spectra

Unfortunately, the ENDOR peaks that are not shown t
correlated with each other in a TRIPLE measurement ar
is
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necessarily in opposite electron spin manifolds of the s
paramagnetic center. They could belong to different orie
tions or to different paramagnetic species, or they could be
to the same electron spin manifold but not involve the pa
ular EPR transitions being observed (fairly common in nu
with large nuclear quadrupolar couplings).

The ENQOR Spectrum

The remaining problem is to establish correlations betw
frequencies in different electron spin manifolds in the s
fashions as in HYSCORE measurements. Correlations be
ENDOR frequencies in different electron spin manifolds
revealed by adding a hard microwave pulse to TRIPLE
invert ALL the EPR transitions between the two rf pulses (
1C). This additional microwave pulse transfers the initia
beling of an ENDOR transition to the other electron s
manifold and establishes correlations with it (Fig. 3A), he
we call this measurement transferred TRIPLE or TRIPL
The hard inverting microwave pulse following the first rf pu
leaves the populations inverted relative to the same sta
TRIPLE (Fig. 2B vs Fig. 3A). The difference is that now
correlations withn12b are made to ENDOR frequencies in tha
electron spin manifold (Fig. 3A, right). One can obviou
generate a Difference TRIPLEX spectrum as well.

In principle, the TRIPLE and TRIPLEX spectra contain
information needed to show which ENDOR frequencies be
in the same electron spin manifold as the pumped frequ
and which belong to the opposite manifold. Subtrac
the TRIPLEX from the TRIPLE spectrum (or the Differen
TRIPLEX from the Difference TRIPLE) eliminates ENDO
like contributions from species that are not in resonance
the rf pump frequency, leaving only peaks from spins affe
by both rf pulses. Nuclear transitions in the same electron
manifold as those excited by the first rf frequency have pos
signal amplitudes while those in the opposite electron
manifold are negative, providing a simple presentation o
correlations (Fig. 3C).

In practice, the situation is not quite so simple. The se
inversion pulse in the TRIPLEX measurement is seldom
fect, particularly when the microwave magnetic field has
preciable inhomogeneity across the sample, as it does in n
all EPR resonators. In addition, the hard inversion pulse
produce some instantaneous diffusion that reduces the de
EPR signal. The net result is that the intensities of the TRI
and TRIPLEX spectra can be quite different. The TRIPL
spectrum is usually contaminated by remnants of the TR
spectrum caused by incomplete inversion by the addit
pulse.

The amplitudes of the TRIPLE and TRIPLEX spectra ca
made equivalent by including the additional inversion puls
both measurements and putting the two rf pulses on the
side (for TRIPLE) or opposite sides (for TRIPLEX) of t
added microwave pulse. Subtracting the two measurem
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77ELECTRON NUCLEAR QUADRUPLE RESONANCE
produces a spectrum that has positive peaks for ENDOR
quencies in the same electron spin manifold (as in a differ
TRIPLE spectrum) and negative peaks for ENDOR freq
cies in the opposite manifold. Subtraction also eliminates
ENDOR responses from species that lack an ENDOR pe
the pump rf frequency. We call such a spectrum ENQOR
Electron Nuclear Quadruple Resonance because it req
excitation of two nuclear and two electron spin transition
the same radical—four different transitions in all, hence
druple resonance. The second electron spin transition is e
by the nonselective microwave pulse and hence its freque
not resolved in the pulse sequence described here.

Experimental Example

The ENQOR spectrum is illustrated using the “isotrop
line in the center of the EPR spectrum of an oxovanad
15N-tetraimidazole complex (VO12 im4) (10). The ENDOR
spectrum, Fig. 4A, shows several overlapping proton END
signals centered on the proton Zeeman frequency (just
15 MHz) and a pair of lines at low frequency centered at
the 15N hyperfine coupling and split by 2.8 MHz, twice the15N
nuclear Zeeman frequency. For ENQOR, Fig. 4B, the rf p
frequency was set at 12.4 MHz on the low-frequency shou
of the proton ENDOR spectrum. This produces a sharp,

FIG. 3. Population of three nuclear spin sublevels in two electron sp
pulse followed by a selective rf inversion pulse atn12b and then a hard EP
spectrum resulting from TRIPLE with a hard EPR inversion pulse followi
stick spectrum in (B).
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tive line at the pump frequency. There is a slightly broa
negative line at 17.1 MHz reflected around the proton Zee
frequency corresponding to the ENDOR frequency of th
protons in the other electron spin manifold. The negative
is slightly broader because the protons at the pump frequ
do not map to a single frequency in the other electron
manifold if the hyperfine tensor is not axial or if theg tenso

f the center is not isotropic. In addition to this pair of lin
here is a broader positive peak at 16.0 MHz and a matc
egative peak at 13.4 MHz from a second set of protons w
yperfine coupling has the opposite sign as the one at the

requency. Their width is comparable to that of the same p
n the ENDOR spectrum. The hyperfine tensor of those pro
s thus uncorrelated or at least noncoaxial with that of
umped protons because the subset of orientations selec

he ENDOR transition at 12.4 MHz shows about the full ra
f ENDOR frequencies from this second type of proton. N

hat the line at the proton Zeeman frequency has little inte
n the ENQOR spectrum. It is presumably from predomina
ipolar couplings to matrix or solvent protons and consis
oughly equal contributions from positive and negative hy
ne shifts. The15N ENDOR lines have opposite intensities

expected in the ENQOR spectrum, indicating that the 6 M
frequency comes from the same electron spin manifold a

manifolds following preparation pulses for (A) TRIPLEX, selective EPR
inversion pulse. The corresponding stick spectrum is shown at right; (
the rf pulses; and (C) ENQOR spectrum resulting from subtraction of (Ahe
in
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78 BOWMAN AND TYRYSHKIN
proton lines at 12.4 and 16.0 MHz. The Difference TRIP
spectrum under identical conditions is shown, Fig. 4C,
comparison.

This assignment of ENDOR lines to electron spin manif
is consistently seen in the series of ENQOR spectra a
pumping frequency is shifted across the ENDOR spect
Fig. 5. The pumping frequency is set from the bottom spec
to the top at 12.4, 13.4, 16.0, and 17.1 MHz, respectively.
peak at the pump frequency is always positive and the
peak intensities are consistent with the relative signs o
couplings. The ENQOR spectra are more intense whe
pumping frequency is set at the narrower, more intense p
in the ENDOR spectrum, where a greater fraction of
radicals in the sample contribute to the spectral changes
important feature is that the lines in the different ENQ
spectra have different shapes. The line at the pump frequ
and its partner are fairly sharp because the experiment s
a subset of orientations of the oxovanadium complex tha
satisfies the EPR resonance conditions and (2) has an EN
resonance at the pump frequency. However, peaks for
nuclei tend to be broader because at the selected orient
they do not necessarily map to a single set of ENDOR
quencies.

The ENDOR lines at 13.4 and 16.0 MHz are somew
broader than their ENQOR lines when either frequenc
pumped showing that they have some anisotropy. The win
the proton ENDOR spectrum have sharp ENQOR lines w
pumped at 12.4 or 17.1 MHz, but when the pump frequen
set to a different set of protons (13.4 or 16.0 MHz), t
become broad shoulders. Such systematic changes i

FIG. 4. Spectra of oxovanadium tetraimidazole complex in 30% glyc
ater glass at 22 K. (A) Davies–ENDOR spectrum, (B) ENQOR spec
sing the pulse sequence in Fig. 6 with the pump frequency at 12.4 MH
ifference TRIPLE spectrum with the same pump frequency.B0 5 344.6 mT

nEPR 5 9.69 GHz; inversion pulse widths 200 and 32 ns; echo detection
widths 100 and 200 ns; rf pulses widths 10ms; 1 kHz repetition rate.
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ENQOR spectrum as the pumping frequency is varied
provide information about the anisotropy of the hyper
tensor and potentially about the relative orientations of di
ent hyperfine tensors.

The Pulse Sequence

The pulse sequence used to measure all the ENQOR s
reported here is shown in Fig. 6. The basic sequence
Davies–ENDOR sequence with an added inversion pulse
ing the period for the rf pulses. An analogous sequence c
constructed based on the Mims–ENDOR sequence. In ord
obtain the best quality spectra with flat baselines and no

l/
m
C)

se

FIG. 5. ENQOR spectra of oxovanadium tetraimidazole complex in
glycerol/water glass at 22 K taken with the pump frequency 12.4, 13.4,
and 17.1 MHz in the lowest to the highest spectra, respectively. The s
were taken with the same number of scans under identical conditions an
identical scaling although the baselines have been shifted for clarity
experimental conditions are the same as in Fig. 4.

FIG. 6. ENQOR pulse cycle based on a Davies–ENDOR sequence
solid line represents the microwave power with pulses indicated by s
waves. The rf pulses are indicated by patterned rectangles to distin
between the two rf frequencies. The position of the detected echo sig
indicated and the “1” or “ 2” indicate whether the echo signals are adde
subtracted to produce the ENQOR signal.
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79ELECTRON NUCLEAR QUADRUPLE RESONANCE
rious responses, we find it necessary to (1) keep the posit
the microwave pulses invariant and (2) reflect the rf pu
about the central microwave pulse. This sequence requ
delay between inversion and detection that is at least four
the width of an rf pulse for ENDOR. For samples with f
spin–lattice relaxation or spectral diffusion, there can b
significant loss in sensitivity relative to ENDOR. We find t
omitting the periods in each pulse train where there is n
pulse applied degrades the ENQOR spectrum although
some increase in sensitivity.

Application to Overlapping ENDOR Lines

In the case of the oxovanadium complex above, the END
spectrum initially showed two resolved sets of proton peak
commonly encountered situation is illustrated by the END
spectrum of irradiated sugar, Fig. 7 upper trace. There
matrix proton ENDOR line and a pair of peaks near 7 an
MHz centered atnH 5 14.9 MHz from protons with a hyperfin
oupling near 15 MHz. Less obvious is the offset in
aseline extending to beyond the 40 MHz limit of the
mplifier. The offset could be just a lumpy baseline or it co
e from a proton with a broad distribution of hyperfine sp

ings. In the ENQOR spectrum, Fig. 7 lower trace, with
ump frequency set at 12.6 MHz, we expect weakly cou
rotons to produce a negative peak near 17.2 MHz as obs
marked 1). A strongly coupled proton would produce a n
tive peak 2nH 5 28.9 MHz toward higher frequencies or 4

MHz. Indeed, a weak negative line (marked 2) is obse
there demonstrating that the ENDOR line at the pump
quency of 12.6 MHz includes overlapping weakly and stro
coupled protons.

Assignment of Peaks to Nuclei

ENDOR lines from different nuclei can easily be expecte
the same frequency region, making assignment problema

FIG. 7. ENDOR (upper) and ENQOR (lower) spectra of irradiated s
sample recorded at 140 K.B0 5 346.0 mT;nEPR 5 9.695 GHz; inversion puls
widths 96 and 48 ns; echo detection pulse widths 48 and 96 ns; rf pulses
6 ms; 1 kHz repetition rate.
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typical example is a nitrogen directly coordinated to Cu
The hyperfine splitting is usually aboutA 5 30–40 MHz, so
its ENDOR spectrum atA/ 2 6 nN ' nH can overlap that o
weakly coupled protons at typical X-band fields. Compar
confusion can exist for nearly any low-g nucleus. The ENDO
spectrum of Cu(II) bound at the metal inhibition site in
cytochromeb6f complex (16, 17), Fig. 8 upper trace, shows

eak atnH with a prominent shoulder at higher frequenc
where a directly coordinated histidine nitrogen would be
pected. The poorly defined ENDOR lineshapes and the p
bility of distortions from variations in matching of the ENDO
coil across the spectrum makes definite assignment diffi
However, the ENQOR spectrum should show correlation
tween frequencies in the spectrum for a weakly coupled p
(lines atnH 6 A/2) and/or for a strongly coupled nitrogen (lin

t A/ 2 6 3/ 2Q 6 nN). For a strongly coupled nitrogen (A @
Q and 2nN, whereQ is the projection of the nuclear quadrup
ensor), the first-order approximation is valid and gives
ingle-quantum ENDOR transitions,A/ 2 6 3/ 2Q 1 nN, in

one electron spin manifold, and another two transitions,A/ 2 6
3/ 2Q 2 nN, in the second manifold.Q and possiblyA are
orientation dependent. Pumping at 20 MHz we select a b
set of orientations that share the pump frequency, for exa
A/ 2 1 3/ 2Q 1 nN 5 20 MHz. In the opposite electro
manifold, all these selected orientations have a nitrogen
quency at exactlyA/ 2 1 3/ 2Q 2 nN 5 20 MHz 2 2nN. This
emains true regardless of the magnitude ofQ (assumingA @

Q) or how broad a set of orientations is selected by pum
at 20 MHz. The ENQOR spectrum, Fig. 8 lower trace, with
rf pump frequency set at 20 MHz shows a negative line a
MHz reflected aboutnH 5 14.3 MHz and a pair of weak line
split from the pump frequency62nN 5 2.15 MHz. This firs
peak shows there is at least one proton with a hype
coupling of 11.4 MHz while the other pair indicates a nitro
with a hyperfine coupling of 38–42 MHz. This spectr
shows two effects that warrant further comment.

FIG. 8. ENDOR (upper) and ENQOR (lower) spectra of Cu(II) boun
the metal inhibitory site in the cytochromeb6f complex at 20 K.B0 5 336.6
mT; nEPR 5 9.695 GHz; inversion pulse widths 96 and 48 ns; echo dete
pulse widths 48 and 96 ns; rf pulses widths 6ms; 1 kHz repetition rate.
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80 BOWMAN AND TYRYSHKIN
The first concerns that pair of negative peaks marked asN,
where only one peak might have been expected from
previous discussion. The nitrogen hyperfine and quadru
couplings, as indicated by the relatively broad shoulder in
ENDOR spectrum has considerable anisotropy, at least 8
Thus, there is an ENDOR transition at 20 MHz from so
orientations of the protein withA 5 42 MHz and ENDOR
frequencies (disregarding the nitrogen quadrupole couplin
20 and 22.15 MHz (A/ 2 6 nN). There is also another set
orientations withA 5 38 MHz and ENDOR frequencies

7.85 and 20 MHz. Thus, the ENQOR spectrum has a po
eak at the pump frequency of 20 MHz and a negative pe
2.15 MHz from those orientations withA 5 42 MHz and als

a negative peak at 17.15 MHz from those orientations
A 5 38 MHz.

The second effect is the appearance of weak lines flankin
peak marked1H. Careful examination shows that these flank
lines are separated from each other by 3.6 MHz, which is
tinctly smaller than the 4nN 5 4.3 MHz separating the lin
marked14N. In fact, similar features appear as weak shoulde
the line at the pump frequency. They arise from ESEEM
effects in combination with an accidental match of three diffe
hyperfine couplings. One of the Cu(II) ligands is a histidine
the directly coordinated nitrogen has the large 30–40 MHz
perfine coupling. The “remote” histidine ring nitrogen has a sm
nearly isotropic hyperfine coupling of 1.84 MHz and a signific
quadrupole interaction (16). The result is strong nitrogen ESEE
rom that remote nitrogen.

The flanking lines are best understood in terms of the “
acket shifting” model of ENDOR. Let us consider o

he weakly coupled protons around the bound Cu(II) in
RIPLEX portion of the ENQOR sequence. The selective m
ave inversion pulse burns a single hole in the EPR spectrum

he rf pump frequency pulse shifts the EPR frequency of that
y the hyperfine coupling. In the present case, the 20 MHz (nH 1

A/2 5 14.3 MHz1 11.4/2 MHz) pump pulse shifts the hole
1.4 MHz. Normally, the hard inversion pulse would leav
ingle hole in the inverted EPR spectrum that could be sh
ack into resonance for detection as a TRIPLEX response on
nother rf pulse of 8.6 MHz (nH 2 A/2).
It is not widely appreciated that if there is a sharp h

burned in the EPR spectrum of a species exhibiting st
ESEEM, then a hard inversion pulse can flip a nucleus g
rise to that ESEEM along with the electron. To keep discus
brief, we consider only the “double quantum” transition of
remote nitrogen, which is rather intense in the ESEEM.
hard inversion pulse flips the electron and, with signific
probability, the remote nitrogen (DmS 5 61 andDmI 5 62).

he change in nuclear spin shifts the resonant frequency o
aramagnetic center, for such a double quantum transitio

wice the hyperfine coupling. Thus, at least part of the ho
he EPR spectrum is shifted by 2ANr 5 3.68 MHz. The hole
ill be shifted to both higher and lower frequencies if ther
ignificant inhomogeneous broadening.
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Thus, the original hole 11.4 MHz away from resonanc
he EPR spectrum is replaced by three holes, a remnant a
Hz and new holes at 11.46 3.68 MHz. These holes can

hifted back into resonance for detection as a TRIPLEX e
y ENDOR transitions of protons with hyperfine couplings
1.4 and 11.46 3.68 MHz or ENDOR frequencies ofnH 2

A/ 2 5 8.6 and 8.66 ANr MHz, respectively. Similar effec
in the TRIPLE-like portion of the ENQOR sequence prod
an analogous structure as observed around the pump freq
by the sequential transitions of two protons whose hype
couplings differ by 2ANr. This explanation requires an ac-
dental near degeneracy in the EPR spectrum between
that differ in exactly three nuclear spin quantum numbers
that can be linked by one ESEEM and two ENDOR transiti
These extra lines seem to appear very infrequently, prim
on highly degenerate, inhomogeneously broadened EN
transitions when there is strong ESEEM. However, both
erees remarked on them, we present a qualitative illustrati
how such responses can originate. An analogous effect ap
possible in conventional pulsed TRIPLE.

Calculating the ENQOR Spectrum

The calculation of peak amplitudes in ENQOR spectr
fairly simple because ENQOR is a form of population tran
ENDOR and no coherences are involved except in detecti
the EPR signal (1). The microwave and rf pulses can cre
electron and nuclear coherences. However, those cohe
can be ignored at all stages in the calculation of the ENQ
response. (1) Electron coherences are rejected by phase c
and dephased by the inevitable component of the stro
pulses along the applied magnetic field. (2) Nuclear cohere
are lost because the two rf pulses are normally incoheren
each other. Thus, only a vector of populations and no
complete density matrix is required in the calculation.

The population vector,P, of the spin system following an rf
microwave pulse is related to that,P0, immediately before th
pulse asPW(t) 5 Ô z PW 0, whereÔ is the matrix representatio
operator for the pulse. The populations do not change be
pulses as do coherences, so the evolution matrix for such a
is simply the identity matrix. Should there be significant c
relaxation or spin–lattice relaxation, the appropriate matr
simple to construct. Only the net magnetization, that is, depa
from equal populations, contribute to the EPR or ENQOR sig
so the initial population vector can be represented by the dev
of the populations from equality in the high-temperature app
imation (assuming the electron Zeeman interaction dominate
hyperfine or quadrupole interactions). The formalism used e
for ESEEM (18–21) is applied to ENQOR in the Appendix
provide simple vector equations, even when there is subst
intensity in the formally “forbidden” nuclear spin–flip transitio
in the EPR spectrum. The simple product operator forma
(22) is easily applied when there are strong EPR selection
(DmS 5 61

2, DmI 5 0) and no ESEEM. When that is no lon
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true and there are significant branching transitions, the v
equations developed here are more convenient. The matric
become quite large with only a few nuclei involved, but levels
will not impact the measured response can be judiciously rem

We can order the energy levels for an effectiveS5 1/2 so tha
the upper spin manifold is at the top of the vector with le
connected by the formally “allowed” EPR transitions appearin
the same order. There is one entry for each spin state an
example, thermal equilibrium for the spin system in Fig. 3A
be described by a six-element vector whose elements are p
tional to the departures from equal populations:

PW 0 } 1
21
21
21
1
1
1
2 . [1]

he operators are applied sequentially to produce the va
ntermediate populations. Thus, the series of operators fo
RIPLEX sequence in Fig. 1C isÔtotal 5 Ôrf 2 z Ôhi z Ôrf 1 z

Ôsi, where the order of the operators is the reverse of
order in time, with subscripts denoting:si- selective andhi-
hard inversion pulses, andrfn- rf pulse withn 5 1, 2. In the
limit that there are strong selection rules for the EPR
nuclear transitions, it is simple to write down the vari
operators assuming a perfect inverting pulse. The pulse
ators are symmetric withÔi , j 5 Ôj ,i . A selective pulse
whether the initial microwave selective inversion pulse or
of the rf pulses, connects only levels in resonance with
pulse, while an ideal hard pulse connects all allowed tra
tions. The operators needed to calculate the TRIPLEX
sponse for Fig. 3A in the limit of no branching transitions

Ôsi 5 1
0 0 0 1 0 0
0 1 0 0 0 0
0 0 1 0 0 0
1 0 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 1

2 ,

Ôn12a
5 1

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 0 1 0
0 0 0 1 0 0
0 0 0 0 0 1

2 ,

Ôn13a
5 1

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 0 0 1
0 0 0 0 1 0
0 0 0 1 0 0

2 ,
tor
can
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Ôn12b
5 1

0 1 0 0 0 0
1 0 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

2 ,

Ôn13b
5 1

0 0 1 0 0 0
0 1 0 0 0 0
1 0 0 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

2 ,

Ôhi 5 1
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0

2 . [2]

The final step is the detection of the population differe
through its EPR signal, whether by a FID or spin-echo, w
involves either selective excitation or detection of partic
EPR transitions.

In the pulse sequence in the top trace of Fig. 6, the signa
the detection vector are

S5 DW T z Ôtotal z PW

5 DW T z Ôhi z Ôrf 2 z Ôrf 1 z Ôsi z PW , with DW 5 1
21
0
0
1
0
0
2 . [3]

Similarly, the total ENQOR signal resulting from the indica
addition and subtraction of signals in Fig. 6 is

S5 DW T z Ôhi z Ôrf 2 z Ôrf 1 z Ôsi z PW

2 DW T z Ôrf 2 z Ôhi z Ôrf 1 z Ôsi z PW

1 DW T z Ôrf 1 z Ôrf 2 z Ôhi z Ôsi z PW

2 DW T z Ôrf 1 z Ôhi z Ôrf 2 z Ôsi z PW

5 DW T z ~Ôhi z Ôrf 2 z Ôrf 1 2 Ôrf 2 z Ôhi z Ôrf 1

1 Ôrf 1 z Ôrf 2 z Ôhi 2 Ôrf 1 z Ôhi z Ôrf 2! z ÔsiPW . [4]

ith these operators and vectors, it is straightforward to
ulate the stick ENQOR spectrum in Fig. 3C as wel
NDOR, TRIPLE, and TRIPLEX spectra. The vector eq

ions from the Appendix do have the advantage of rea
ccommodating pulses that are not ideal and branching t
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tions in the EPR spectrum that can partially scramble p
ization during any of the microwave pulses or during detec
of the EPR signal. The spectra, particularly the TRIPLE
TRIPLEX spectra, do depend on which EPR transition (n1, n2,

r n3, in Fig. 2A) is used for the selective inversion a
detection. If there is significant inhomogeneous broadenin
the EPR spectrum, one transition may be pumped in
radical and a different one in another radical, so that
observed spectrum is a weighted sum of spectra measure
different EPR transitions.

Assignment of Transitions to Nuclei

The stick spectrum in Fig. 3 indicates that the ENQOR lin
the pump frequency and the corresponding transition in the
electron spin manifold have intensities that are enhanced re
to the lines of all other ENDOR nuclei. This result is borne ou
other nuclear spin level topologies and in the vector equa
The reason for this relative enhancement is simple to under
The transition of the same nucleus in the opposite electron
manifold,n12a in Fig. 3A, is unique in the respect that it undoes
effect of the pumping rf pulse in both the TRIPLE and TRIPL
sequences. This unique feature results in extra intensity i
ENQOR spectrum and distinguishes the transition that c
sponds to the one pumped.

This may not be readily apparent in a single ENQOR spec
because of the different amplitudes of peaks in the END
spectrum and differences in lineshape or turning angles of
pulses. For instance, in the VOim4 complex, Fig. 4B, the tw
proton peaks at 13.4 and 17.1 MHz from the opposite ele
spin manifold both have similar intensities for the rf pump at
MHz. However, when the other proton peak in the same man
(at 16.0 MHz) is pumped, Fig. 5 second from top, the peak at
MHz is strongly enhanced relative to that at 17.1 MHz or e
relative to the15N peaks. Also, the intensity of the peak at 1
MHz is reduced relative to the15N peaks.

Throughout Fig. 5, there is a consistent pattern of rela
peak enhancements indicating that the ENDOR lines at
and 17.1 MHz are from the same nucleus but opposite ele
spin manifolds; the same relationship holds for the lines at
and 16.0 MHz. This interpretation is entirely consistent w
weak, first-order hyperfine interactions with protons. W
there are significant second-order shifts or when the
transition is between levels other thanms 5 61

2, this additiona
information correlating transitions may be invaluable for
terpreting the spectra. However, sorting of transitions acc
ing to their intensity is meaningful to the extent that there
good mapping of nuclear spin states in one manifold onto t
in the other, that is, when there is little or no ESEEM and
EPR branching transitions are negligible. Otherwise, the
crowave pulses spread polarization across many spin subl
weakly enhancing many ENDOR transitions.

It is possible to measure ENQOR spectra using only s
tive microwave inversion pulses. However, the relative in
r-
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sities of lines do not follow such a clear pattern as with a
inversion pulse. The responses can readily be calculated
the vector equations, but the ability to correlate transition
the same nucleus in different spin manifolds is reduced.

Conclusions

The ENQOR spectroscopy described here is a useful m
of obtaining additional correlations between ENDOR frequ
cies to aid in the interpretation of spectra. It finds several u
(1) in systems with overlapping EPR or ENDOR transiti
from different species or different orientations of the s
specie; (2) for identifying the nuclide responsible for a pa
ular ENDOR line; (3) for correlating the same transition
different electron spin manifolds when there are signifi
second-order shifts caused by hyperfine org-factor anisotropy
or for high-spin species with EPR transitions between le
other thanms 5 61

2; and (4) for probing the relative anisotro
of hyperfine interactions of different nuclei.

The ENQOR pulse sequence is based on Davies–EN
although it is readily adaptable to Mims–ENDOR and requ
no special instrumentation beyond a flexible pulse program
and that required for pulsed TRIPLE. The sensitivity suf
somewhat relative to Davies–ENDOR because of a lo
period required for the rf pulses and because of the acc
lated effects of imperfect inversion by both the microwa
and the rf pulses. Nevertheless, it can provide vital informa
and correlations analogous to HYSCORE required for
interpretation of complex ENDOR spectra.

EXPERIMENTAL

Measurements were made on a Bruker ESP-380E X-
spectrometer equipped with the DICE ENDOR accessory
an ENI A-500 rf amplifier and the EN4118X-MD4 ENDO
probehead in an Oxford Instruments CF935 cryostat.

The oxovanadium tetraimidazole sample was prepare
R. I. Samoilova with15N-labeled imidazole from Cambrid
Isotope Laboratories in a 30% solution of glycerol in water
frozen in a Wilmad 707-SQ thinwall EPR tube with 4 m
nominal o.d. The sample of Cu(II) bound to cytochromeb6 f
complex isolated from spinach was prepared by S. Rao
and D. Kramer from Washington State University and c
tained nominally 200mM of the 1:1 complex at pH 7.6 HEPE
buffer frozen in a Wilmad 707-SQ thinwall EPR tube with
mm nominal o.d. The irradiated sugar sample was mad
roughly 20 mg of sucrose irradiated at room temperatur
60Co g-rays to nominally 100 kGy in air. It was also placed
a Wilmad 707-SQ thinwall EPR tube with 4 mm nominal o

Data were processed by the 2D-WinEPR software pac
from Bruker and the WinDS processing software from A
Astashkin of the Institute of Chemical Kinetics and Comb
tion, Novosibirsk. Calculations were made using MathC
7.0 and plotted with Sigmaplot or Origin.
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APPENDIX

Microwave and rf Pulses

In the formalism used by Mims for treating ESEEM (18–
20), the effect of a hard microwave pulse of turning angleu on
the initial density matrix,ri, for a spin system is

r9 5 R*u
T z r i z Ru whereRu

5 S cos~u/ 2! z 1̂ i z sin~u/ 2! z M̂
i z sin~u/ 2! z M̂* T cos~u/ 2! z 1̂ D , [A1]

where the submatrix 1ˆ is the identity matrix andM̂ is Mims’
atrix M, which is unitary. Since we only need follow t
opulations or diagonal elements of the density matrix, we
educe Eq. [A1] to

r i 5 SPa 0
0 Pb

D
r9 5 S P9a · · ·

· · · P9b
D

5 1
cos2~u/ 2! z Pa 1 i z sin~u/ 2! z cos~u/ 2!

sin2~u/ 2! z M̂ z Pb z M̂* T ~Pa z M̂ 1 M̂ z Pb!
2i z sin~u/ 2! z cos~u/ 2! cos2~u/ 2! z Pb 1

~M̂* T z Pa 1 Pb z M̂* T! sin2~u/ 2! z M̂* T z Pa z M̂
2 ,

[A2]

where thePa/b are diagonal submatrices whose diagonal-
ments are the elements of the population vectorPW . Thus, afte
a hard microwave pulse,

~P9a! ii 5 cos2~u/ 2! z ~Pa! ii 1 sin2~u/ 2! z O
j

~Pb! jj z uMij u 2

and likewise,

~P9b! jj 5 cos2~u/ 2! z ~Pb! jj 1 sin2~u/ 2! z O
i

~Pa! ii z uMij u 2.

This can be recast as a vector equation as

PW 9 5 S cos2~u/ 2! z 1̂ sin2~u/ 2! z M2
sin2~u/ 2! z M2T cos2~u/ 2! z 1̂ D z PW 5 Ô z PW ,

[A3]

here M2 is the submatrix whose elements areuMji u 2. The
effect of a series of pulses is obtained by applying that s
series of operators in sequence toPW , although the operators a
more complicated if the pulses are not hard. This connecti
the formalism used for ESEEM means that the powerful m
ods developed for ESEEM are readily applied to the calc
n

e

to
h-
a-

tion of ENQOR spectra. In particular, the Mims formulation
his M submatrix as the tensor product of such matrices
individual nuclei provides a simple means of working w
large, complicated hyperfine manifolds in the general lim
negligible direct nuclear–nuclear spin couplings.

In the simple case that there are no branching transitio
ESEEM, M̂ is the identity matrix (or becomes one upon
appropriate exchange of rows and columns) and the effec
pulse is to mix the populations of the levels connected b
EPR transition. Au 5 p pulse inverts the populations while
u 5 p/2 pulse equalizes them as expected and the operat
the pulse is quite simple, Eq. [4]. The situation is more c
plex when there are nonequilibrium populations in levels
nected by the branching transitions. A hard inversion pulse
invert a spin system that is at thermal equilibrium in
high-temperature limit. During ENDOR and ENQOR, ho
ever, the spin system is not in equilibrium, there is substa
two-spin order following the initial selective inversion pulse
hard inversion pulse with branching transitions partially scr
bles such two-spin order. The diagonal elements of Eq. [A
vector Eq. [A3] must be evaluated when there are signifi
branching transitions and the classic EPR selection rule
DmI 5 0 does not hold.

Both the initial microwave pulse and all the rf pulses
selective. For spin systems with strong selection rules, w
implies no branching EPR transitions for the microwave p
and negligible quadrupole coupling for the rf pulse, a sele
pulse on the allowed EPR or nuclear transition between l
i and j gives (P9) jj 5 cos2(u/ 2) z (P) jj 1 sin2(u/ 2) z (P) ii ,
and (P9) kk 5 (P) kk, k Þ i , j .

When selection rules break down, the prescription of Z
omirov and Salikhov (23) can be used in the limit that we
separated EPR or nuclear transitions are excited. If only
lated pairs of levels are connected, the operator can be w
formally as a series of one or more 23 2 block diagona
submatrices and the vector equation becomes

PW 9 5 @1̂ 1 O 2 sin2~u9/ 2! z ~d jj ,mn 1 d ii ,mn!

1 sin2~u9/ 2! z d ij ,mn# z PW , [A4]

where d ij ,mn denotes that elementmn of the matrix is zer
where the transition between levelsi andj is pumped unlessij
or ji 5 mn, in which case it is one. The turning angle
the i , j transition in Eq. [A4] is related to the nominal turni
angle by

u9 5 u z uMij u 2, [A5]

whereuMij u 2 is the transition moment for that transition. In
case of an EPR transition, it is simply taken from the M
matrix M. Even a weakly allowed transition can be comple
nverted by a selective pulse as long as the pulse intensit
ength are adjusted properly. When the selective pulse ex
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84 BOWMAN AND TYRYSHKIN
two or more transitions involving the same spin level,
situation becomes much more complicated and the ope
must be evaluated for the specific case at hand (24).

The final issue is the detection of the signal. For simpli
we will consider the signal from a single, selectivep/2 pulse
(or a spin echo if relaxation and ESEEM are neglected).
resultant signal isS 5 Tr(Ô*p/ 2

T z r z Ôp/ 2 z M1) which can be
educed to the vector formS } 1W T z (d ij ,mn 2 d ji ,mn 2 d jj ,mn 1

d ii ,mn) z PW in the limit of no EPR branching transitions, wh
and j are the EPR transitions observed and 1W is a vecto

omprised of ones and helps extract the trace of the im
atrix. This can be further reduced toS } DW T z PW , whereDW T

is a detection vector whose elements are zero for level
being detected and21 or 1 for detected levels in the upper a
ower electron spin manifold, respectively.

These few relationships are sufficient for the rapid est
ion of ENQOR signal intensities and to gain insights
pectra. More realistic and complex calculations are pos
ollowing the general procedure described here.
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