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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
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or absent, making it difficult to establish correlation network:
that include all nuclei coupled to a paramagnetic center. .
variant of HYSCORE, known as DONUTL12), has been
developed to provide a similar correlation between ENDOI
frequencies from the same electron spin manifold. Howeve
these ESEEM-based methods have good sensitivity only fi
nuclei with a restricted range of hyperfine couplings.

ENDOR is a complementary method to ESEEM and ha
been extended to establish correlations between frequenc
from the same electron spin manifold in general TRIPLE
1,98.

HYSCORE- and DONUT-like coherence transfer ENDOFR
methods have been proposd®,14, but they require special
chirped-rf generators that are not widely available in EPR lab

The second frequent problem concerns the assignment
correlation of ENDOR lines to a particular nucleus. This i
particularly troublesome when ENDOR lines from two differ-
ent types of nuclei fall in the same spectral region. A typice
example is the question of whether a broad featureless peak
a sample with unoriented species is from protons with sme

Electron nuclear double resonance (ENDOR) and electrbyiperfine couplings or a nitrogen with a large hyperfine cot
spin-echo envelope modulation (ESEEM) spectroscopies halieg so thatA(*“N)/2 ~ v,,. This can be resolved by another
been invaluable in revealing the hyperfine interactions that areasurement at a very different EPR frequency, but that is n
often unresolved in electron paramagnetic resonance (ERRjommon option.
spectra {—6). However, once spectral lines are observed, their A second aspect of this problem is encountered even wh
assignment and interpretation can be difficult. Two particul#iere are well-resolved lines but with second-order shifts fror
problems are commonly encountered. either quadrupole couplings, anisotropic hyperfine interaction

The first problem arises when there is more than one parg-anisotropicg tensors. In such cases, the ENDOR lines ar
magnetic species or more than one orientation in the samplat split evenly about the nuclear Zeeman frequency for sm
and their EPR spectra overlap. The problem is whether ¢ouplings or split by twice the Zeeman interaction for large
assign two ENDOR lines to the same orientation/species @uplings {5). If there is more than one set of such lines,
to different orientations/species. This problem is partiallgorrelating pairs of frequencies to a particular nucleus is di
solved in the two-dimensional ESEEM technique known diult. As mentioned above, HYSCORE can help with this
HYSCORE {, 8 that correlates ENDOR frequencies fronproblem, but it is not applicable to all nuclei with large hyper-
different electron spin manifolds of the same paramagnefine couplings. TRIPLE helps, but does not provide the entir
center. HYSCORE spectra conclusively show that the twawmlution.
frequencies connected by strong crosspeaks arise from oppdA/e describe here a population-transfer, quadruple resonar
site electron spin manifolds of the same paramagnetic speethod based on Davies—ENDOR involving two rf-driver
cies or orientation 4—11). However, crosspeaks correlatingENDOR transitions and two EPR transitions that solves th
ENDOR frequencies from two different nuclei are often weagroblems presented above. We have named it ENQOR f

pulsed EPR.

INTRODUCTION
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M A for ENQOR came from a remark by Peteffidoconcerning the
L effect of electron spin—lattice relaxation on Davies—ENDOF
spectra. We also learned during preparation of this manuscr
that Andrei Astashkin has independently developed a Mims
ENDOR implementation of ENQOR.
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FIG. 1. Pulse sequences for (A) ENDOR, (B) general TRIPLE, and (C) . .

TRIPLEX indicating the electron spin and nuclear spin inversion pulses. The The pulse sequence for the basic Davies-ENDOR measu

solid line represents the microwave power with pulses indicated by squareent is shown in Fig. 1 along with two other variations. In

waves. The rf pulses are indicated by patterned rectangles to distinguifier to discuss the genera| features of population-transf

between different rf frequencies. The position of the detected echo signak : ;
indicated. The effect of the rf pulses on the nuclei is detected indirectly t!_:'NDOR (Fig. 2) and other multiple resonance methods bas

generating an electron spin echo to monitor the EPR transition that \Afi@ It, .We hav? chosen a mOdel spin system composgd of
selectively inverted. effective S = 3 electron spin coupled to several nuclei. The

upper levels, Fig. 2 (left), are from the electron spin manifolc

with effectivems = B8 and the lower levels are from, = «a.
electron nuclear quadruple resonance. ENQOR provides,WWe choose three nuclear levels from each of these two electr
principle, the capability to assign every ENDOR transition (19pin manifolds to represent a more complicated hyperfir
with other ENDOR transitions of the same nucleus, (2) withetwork. The vertical arrows are allowed EPR transitions whil
the particular electron-spin manifold that frequency comeéise other arrows are nuclear transitions. The right-hand side
from, and (3) with ENDOR frequencies from other nuclei othe figure is a stick spectrum obtained by sweeping an
the same species and orientation. Unlike HYSCORE, ENQQJRquency and detecting the EPR transition labeled
is applicable to the entire range of hyperfine and quadrupolar-or ENDOR, the populations (indicated by the thickness c
couplings. We wish to acknowledge here that the inspiratidhe energy levels) are prepared by selective inversion of tt

THEORY AND RESULTS
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FIG. 2. Population of three nuclear spin sublevels in two electron spin manifolds following preparation pulses for (A) ENDOR, selective EPR inv
pulse; (B) general TRIPLE, selective EPR inversion pulse followed by a selective rf inversion pulse @he corresponding stick spectra are shown at right
and (C) Difference TRIPLE stick spectrum obtained by subtracting the TRIPLE spectrum from the ENDOR spectrum. See text for explanation.
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EPR transition aw,. After inversion, the normalized popula necessarily in opposite electron spin manifolds of the san
tion difference and the EPR signal intensity of that transition aramagnetic center. They could belong to different orient:
—1. The populations of the other EPR levels remain at therntans or to different paramagnetic species, or they could belor
equilibrium with the lattice. When the applied rf frequencyo the same electron spin manifold but not involve the partic
matches an allowed nuclear transition involving one of thdar EPR transitions being observed (fairly common in nucle
inverted EPR levels, the population difference of the levelsith large nuclear quadrupolar couplings).
probed byv, changes (becoming zero) and the EPR signal
intensity (_:hanges. T_hus, the ENDQR spectrum consists of g, ENQOR Spectrum
change (increase) in the EPR signal fronl to O for rf
frequencies ofv,y5, vy, Vi3, aNdvi, as indicated, Fig. 2A. The remaining problem is to establish correlations betwee
Most correlation spectroscopies are based on a nonlinearfrequencies in different electron spin manifolds in the sam
nonadditive response to excitation. For example, the genefa@dhions as in HY SCORE measurements. Correlations betwe
TRIPLE technique in pulsed ENDOR (Fig. 1B) is based on tHENDOR frequencies in different electron spin manifolds ar
nonadditivity in response to a second rf pulée @ pumping revealed by adding a hard microwave pulse to TRIPLE t
(inverting) rf pulse, rfl, is applied at one of the ENDORnvert ALL the EPR transitions between the two rf pulses (Fig
frequencies (here,,;) following the selective EPR inversion 1C). This additional microwave pulse transfers the initial la
pulse atv,. At this stage, Fig. 1B (left), the population differ beling of an ENDOR transition to the other electron spir
ence and the EPR signal at are both zero. When the secondnanifold and establishes correlations with it (Fig. 3A), henc
(swept) rf pulse, rf2, is applied and excites a nuclear transitiove call this measurement transferred TRIPLE or TRIPLEX
in the opposite electron spin (here themanifold), the popu- The hard inverting microwave pulse following the first rf pulse
lation difference and the detected EPR signal increase just ateiaves the populations inverted relative to the same stage
ENDOR, but from 0 to+1. The effect of rfl1 and rf2 on the TRIPLE (Fig. 2B vs Fig. 3A). The difference is that now the
EPR signal is purely additive. On the other hand, when the rédrrelations withv,,; are made to ENDOR frequencies in tlae
hits a transition in the same electron spin manifold, for instane¢éectron spin manifold (Fig. 3A, right). One can obviously
V135, the two nuclear levels connected by rf2 already have equmnerate a Difference TRIPLEX spectrum as well.
populations. Consequently, the EPR population differeneg at  In principle, the TRIPLE and TRIPLEX spectra contain the
and the detected EPR signal remain unaffected and are zéméormation needed to show which ENDOR frequencies belon
However, if rfl and rf2 have the same frequency, in this cage the same electron spin manifold as the pumped frequen:
V155, the initial population inversion is restored for the EPRnd which belong to the opposite manifold. Subtractin
transition and the detected signal decreasestoln these two the TRIPLEX from the TRIPLE spectrum (or the Difference
latter cases, the EPR signal has a nonadditive response toTRéPLEX from the Difference TRIPLE) eliminates ENDOR-
two rf pulses. The net result is shown in Fig. 2B. The ENDORke contributions from species that are not in resonance wif
response with rf2 in the opposite electron-spin manifold the rf pump frequency, leaving only peaks from spins affecte
exactly reproduced (with a constant offset), while the ENDOBY both rf pulses. Nuclear transitions in the same electron sp
signals are altered for rf2 in the same manifold as rfl. manifold as those excited by the first rf frequency have positiv
If rfl does not excite an ENDOR transition, then the wholsignal amplitudes while those in the opposite electron sp
ENDOR spectrum is reproduced when rf2 is swept. For siifanifold are negative, providing a simple presentation of th
plicity, such ENDOR spectra from “unpumped” species hawrrelations (Fig. 3C).
been omitted from the figures. Thus, a general TRIPLE spec-n practice, the situation is not quite so simple. The secor
trum consists of the TRIPLE response from radicals that haweversion pulse in the TRIPLEX measurement is seldom pe
an ENDOR response at rfl and the ENDOR response frdact, particularly when the microwave magnetic field has ar
those species that do not. Hence, the ENDOR spectrumpigciable inhomogeneity across the sample, as it does in nee
usually subtracted from the TRIPLE spectrum to produce tladl EPR resonators. In addition, the hard inversion pulse ce
pure TRIPLE response, as indicated at the bottom of Fig. 2@oduce some instantaneous diffusion that reduces the detec
Such a Difference TRIPLE spectrum reveals those species tBRR signal. The net result is that the intensities of the TRIPL
have ENDOR frequencies at rfl1 and rf2 in the same electrand TRIPLEX spectra can be quite different. The TRIPLEX
spin manifold. This is, in fact, nearly half the informatiorspectrum is usually contaminated by remnants of the TRIPL
needed to solve the problems identified above. The precimectrum caused by incomplete inversion by the addition
appearance of the TRIPLE spectrum depends both on thdse.
energy level topology and experimental conditions. However, The amplitudes of the TRIPLE and TRIPLEX spectra can b
simple consideration of populations or of the vector equationsade equivalent by including the additional inversion pulse i
presented later can be very helpful in interpreting spectra. both measurements and putting the two rf pulses on the sat
Unfortunately, the ENDOR peaks that are not shown to tsde (for TRIPLE) or opposite sides (for TRIPLEX) of the
correlated with each other in a TRIPLE measurement are ramtded microwave pulse. Subtracting the two measuremel
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FIG. 3. Population of three nuclear spin sublevels in two electron spin manifolds following preparation pulses for (A) TRIPLEX, selective EPR inve
pulse followed by a selective rf inversion pulseia); and then a hard EPR inversion pulse. The corresponding stick spectrum is shown at right; (B) S
spectrum resulting from TRIPLE with a hard EPR inversion pulse following the rf pulses; and (C) ENQOR spectrum resulting from subtraction of &) fro
stick spectrum in (B).

produces a spectrum that has positive peaks for ENDOR ftae line at the pump frequency. There is a slightly broade
guencies in the same electron spin manifold (as in a differencegative line at 17.1 MHz reflected around the proton Zeem:
TRIPLE spectrum) and negative peaks for ENDOR frequefrequency corresponding to the ENDOR frequency of thos
cies in the opposite manifold. Subtraction also eliminates apyotons in the other electron spin manifold. The negative lin
ENDOR responses from species that lack an ENDOR peakisiklightly broader because the protons at the pump frequen
the pump rf frequency. We call such a spectrum ENQOR fdib not map to a single frequency in the other electron spi
Electron Nuclear Quadruple Resonance because it requiiesnifold if the hyperfine tensor is not axial or if tigetensor
excitation of two nuclear and two electron spin transitions @ the center is not isotropic. In addition to this pair of lines.
the same radical—four different transitions in all, hence quéhere is a broader positive peak at 16.0 MHz and a matchir
druple resonance. The second electron spin transition is excigg@ative peak at 13.4 MHz from a second set of protons who
by the nonselective microwave pulse and hence its frequenctigperfine coupling has the opposite sign as the one at the put
not resolved in the pulse sequence described here. frequency. Their width is comparable to that of the same peal
in the ENDOR spectrum. The hyperfine tensor of those protol
is thus uncorrelated or at least noncoaxial with that of th
The ENQOR spectrum is illustrated using the “isotropicPumped protons because the subset of orientations selectec
line in the center of the EPR spectrum of an oxovanadiutie ENDOR transition at 12.4 MHz shows about the full rang
“N-tetraimidazole complex (VG im,) (10). The ENDOR of ENDOR frequencies from this second type of proton. Not
spectrum, Fig. 4A, shows several overlapping proton ENDORat the line at the proton Zeeman frequency has little intensi
signals centered on the proton Zeeman frequency (just unifethe ENQOR spectrum. It is presumably from predominantl
15 MHz) and a pair of lines at low frequency centered at halipolar couplings to matrix or solvent protons and consists ¢
the N hyperfine coupling and split by 2.8 MHz, twice tfi#&  roughly equal contributions from positive and negative hypel
nuclear Zeeman frequency. For ENQOR, Fig. 4B, the rf punfime shifts. The”N ENDOR lines have opposite intensities, as
frequency was set at 12.4 MHz on the low-frequency shouldexpected in the ENQOR spectrum, indicating that the 6 MH
of the proton ENDOR spectrum. This produces a sharp, pofiequency comes from the same electron spin manifold as t

Experimental Example
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FIG. 5. ENQOR spectra of oxovanadium tetraimidazole complex in 30%

ENDOR Frequency/MHz
FIG. 4. Spectra of oxovanadium tetraimidazole complex in 30% glyceroglycerollwater Q'ass at 22 K taken Wi,th the pump frequency. 12.4,13.4, 16.
d 17.1 MHz in the lowest to the highest spectra, respectively. The spec

water glass at 22 K. (A) Davies—-ENDOR spectrum, (B) ENQOR spectruﬁ"1 : : ; - ]
using the pulse sequence in Fig. 6 with the pump frequency at 12.4 MHz, ﬁg?re_taken Wl.th the same number of scans under ldentlcgl conditions _and he
Difference TRIPLE spectrum with the same pump frequeBgy= 344.6 mT: entlt_:al scaling a_lt_hough the baselines havg been shifted for clarity. Tt
vepr = 9.69 GHz; inversion pulse widths 200 and 32 ns; echo detection pul%perlmental conditions are the same as in Fig. 4.

widths 100 and 200 ns; rf pulses widths &8; 1 kHz repetition rate.

NQOR spectrum as the pumping frequency is varied ce
rovide information about the anisotropy of the hyperfine
Ensor and potentially about the relative orientations of differ
dr:ént hyperfine tensors.

proton lines at 12.4 and 16.0 MHz. The Difference TRIPL
spectrum under identical conditions is shown, Fig. 4C, f
comparison.

This assignment of ENDOR lines to electron spin manifol
is consistently seen in the series of ENQOR spectra as ti§e pulse Sequence
pumping frequency is shifted across the ENDOR spectrum,
Fig. 5. The pumping frequency is set from the bottom spectrum The pulse sequence used to measure all the ENQOR spex
to the top at 12.4, 13.4, 16.0, and 17.1 MHz, respectively. THPorted here is shown in Fig. 6. The basic sequence is
peak at the pump frequency is always positive and the otHeavies—ENDOR sequence with an added inversion pulse dt
peak intensities are consistent with the relative signs of tHd the period for the rf pulses. An analogous sequence can
couplings. The ENQOR spectra are more intense when @rRnstructed based on the Mims—ENDOR sequence. In order
pumping frequency is set at the narrower, more intense pe&@ain the best quality spectra with flat baselines and no sp
in the ENDOR spectrum, where a greater fraction of the
radicals in the sample contribute to the spectral changes. One
important feature is that the lines in the different ENQOR H_H

spectra have different shapes. The line at the pump frequendy & R
RS

and its partner are fairly sharp because the experiment selects
a subset of orientations of the oxovanadium complex that %)m srpencos H_H ;
satisfies the EPR resonance conditions and (2) has an ENDOR sy '
resonance at the pump frequency. However, peaks for other
nuclei tend to be broader because at the selected orientatio
they do not necessarily map to a single set of ENDOR fre-
quencies.

The ENDOR lines at 13.4 and 16.0 MHz are somewhatr—1 P | A
broader than their ENQOR lines when either frequency is
pumped showing that they have some anisotropy. The wings ifflG. 6. ENQOR pulse cycle based on a Davies-ENDOR sequence. Tt
the proton ENDOR spectrum have sharp ENQOR lines whépfid line represents the microwave power with pulses indicated by squa

waves. The rf pulses are indicated by patterned rectangles to distingui
pumped at 12.4 or 17.1 MHz, but when the pump frequencydgtween the two rf frequencies. The position of the detected echo signal

set to a different set of protons (13.4 or 16.0 MHz), thejgicated and the +" or “ —" indicate whether the echo signals are added ol
become broad shoulders. Such systematic changes in dfigracted to produce the ENQOR signal.
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typical example is a nitrogen directly coordinated to Cu(ll)
The hyperfine splitting is usually aboat = 30-40 MHz, so
its ENDOR spectrum a#/2 = vy =~ v, can overlap that of
weakly coupled protons at typical X-band fields. Comparabl
confusion can exist for nearly any lownucleus. The ENDOR
L spectrum of Cu(ll) bound at the metal inhibition site in the
) cytochromeb¢f complex @6, 17, Fig. 8 upper trace, shows a
peak atv,, with a prominent shoulder at higher frequencies
where a directly coordinated histidine nitrogen would be ex
pected. The poorly defined ENDOR lineshapes and the pos
bility of distortions from variations in matching of the ENDOR
coil across the spectrum makes definite assignment difficu
However, the ENQOR spectrum should show correlations b
Sa';ﬁézéCOErdN;i'? 1(:118%”) ag;‘ffg%?_‘* ('OWZV)GZEEEE"Z _‘?;Ué?gf;edulssig%Ween frequencies in the spectrum for a weakly coupled protc

= . Verr = 9. ) . . .
Widtl?s 96 and 48 ns; echoodetection pulse widths 48 and 96 ns; rf puIsF,)es wioqlmges atvy = A/2) and/or fora strongly Coupled rjltrogen (Ilnes
6 us; 1 kHz repetition rate. atA/2 = 3/2Q = vy). For a strongly coupled nitrogemA\(>

Q and 2, whereQ is the projection of the nuclear quadrupole

tensor), the first-order approximation is valid and gives twi

rious responses, we find it necessary to (1) keep the positiors8t9/€-quantum ENDOR transitiong/2 £ 3/2Q + wy, in
the microwave pulses invariant and (2) reflect the rf puls@&€ €lectron spin manifold, and another two transitiéie, +
about the central microwave pulse. This sequence requires/#Q — ¥ in the second manifoldQ and possiblyA are
delay between inversion and detection that is at least four tinf¥éentation dependent. Pumping at 20 MHz we select a bro
the width of an rf pulse for ENDOR. For samples with faspet of orientations that share the pump frequenc_y, for examp
spin—lattice relaxation or spectral diffusion, there can be/2 * 3/2Q + wy = 20 MHz. In the opposite electron
significant loss in sensitivity relative to ENDOR. We find thaft@nifold, all these selected orientations have a nitrogen fr
omitting the periods in each pulse train where there is no $HeNCY at exacti/2 + 3/2Q — vy = 20 MHz — 2vy. This

pulse applied degrades the ENQOR spectrum although wifiinains true regardless of the magnitud&ofassumingA >
some increase in sensitivity. Q) or how broad a set of orientations is selected by pumpin

at 20 MHz. The ENQOR spectrum, Fig. 8 lower trace, with the
Application to Overlapping ENDOR Lines rf pump frequency set at 20 MHz shows a negative line at 8.
MHz reflected about,, = 14.3 MHz and a pair of weak lines
lit from the pump frequency-2v, = 2.15 MHz. This first
ak shows there is at least one proton with a hyperfir
upling of 11.4 MHz while the other pair indicates a nitroger
Swith a hyperfine coupling of 38—42 MHz. This spectrum
ows two effects that warrant further comment.

RF pump

Intensity

(1)

.wv\rc—'

T T

10 20 30 40 50
Frequency (MHz)

In the case of the oxovanadium complex above, the END
spectrum initially showed two resolved sets of proton peaks.
commonly encountered situation is illustrated by the ENDO
spectrum of irradiated sugar, Fig. 7 upper trace. There i
matrix proton ENDOR line and a pair of peaks near 7 and
MHz centered at,, = 14.9 MHz from protons with a hyperfine
coupling near 15 MHz. Less obvious is the offset in the
baseline extending to beyond the 40 MHz limit of the rf
amplifier. The offset could be just a lumpy baseline or it could
be from a proton with a broad distribution of hyperfine split-
tings. In the ENQOR spectrum, Fig. 7 lower trace, with the
pump frequency set at 12.6 MHz, we expect weakly coupled
protons to produce a negative peak near 17.2 MHz as observed
(marked 1). A strongly coupled proton would produce a neg-
ative peak 2, = 28.9 MHz toward higher frequencies or 42.4
MHz. Indeed, a weak negative line (marked 2) is observed
there demonstrating that the ENDOR line at the pump fre-
quency of 12.6 MHz includes overlapping weakly and strongly . ‘ ‘

10 20 30 40
coupled protons. Frequency (MHz)

Intensity

Assignment of Peaks to Nuclei FIG. 8. ENDOR (upper) and ENQOR (lower) spectra of Cu(ll) bound to

. . . . the metal inhibitory site in the cytochroniigf complex at 20 KB, = 336.6
ENDOR lines from different nuclei can easily be expected it ;... = 9.695 GHz; inversion pulse widths 96 and 48 ns: echo detectio

the same frequency region, making assignment problematicpéise widths 48 and 96 ns; rf pulses widtha§; 1 kHz repetition rate.
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The first concerns that pair of negative peaks markeé@Nyis  Thus, the original hole 11.4 MHz away from resonance i
where only one peak might have been expected from ttiee EPR spectrum is replaced by three holes, a remnant at 1
previous discussion. The nitrogen hyperfine and quadrupdl#z and new holes at 11.4 3.68 MHz. These holes can be
couplings, as indicated by the relatively broad shoulder in tiséifted back into resonance for detection as a TRIPLEX effe
ENDOR spectrum has considerable anisotropy, at least 8 MHby. ENDOR transitions of protons with hyperfine couplings of
Thus, there is an ENDOR transition at 20 MHz from som#&l.4 and 11.4- 3.68 MHz or ENDOR frequencies aof;, —
orientations of the protein witlh = 42 MHz and ENDOR A/2 = 8.6 and 8.6+ A\, MHz, respectively. Similar effects
frequencies (disregarding the nitrogen quadrupole coupling)iofthe TRIPLE-like portion of the ENQOR sequence produc
20 and 22.15 MHz A/2 £ vy). There is also another set ofan analogous structure as observed around the pump freque
orientations withA = 38 MHz and ENDOR frequencies ofby the sequential transitions of two protons whose hyperfir
17.85 and 20 MHz. Thus, the ENQOR spectrum has a positiveuplings differ by 2\,. This explanation requires an acci
peak at the pump frequency of 20 MHz and a negative peakd&ntal near degeneracy in the EPR spectrum between ste
22.15 MHz from those orientations with= 42 MHz and also that differ in exactly three nuclear spin quantum numbers ar
a negative peak at 17.15 MHz from those orientations withat can be linked by one ESEEM and two ENDOR transition:
A = 38 MHz. These extra lines seem to appear very infrequently, primari

The second effect is the appearance of weak lines flanking the highly degenerate, inhomogeneously broadened ENDC
peak markedH. Careful examination shows that these flankintransitions when there is strong ESEEM. However, both re
lines are separated from each other by 3.6 MHz, which is disrees remarked on them, we present a qualitative illustration
tinctly smaller than the 4, = 4.3 MHz separating the lines how such responses can originate. An analogous effect appe
marked"N. In fact, similar features appear as weak shoulders possible in conventional pulsed TRIPLE.
the line at the pump frequency. They arise from ESEEM-like
effects_ in combi_nation with an accidenta_l match_ of thr_ee_ qiﬁereﬁtalculating the ENQOR Spectrum
hyperfine couplings. One of the Cu(ll) ligands is a histidine and
the directly coordinated nitrogen has the large 30—40 MHz hy-The calculation of peak amplitudes in ENQOR spectra i
perfine coupling. The “remote” histidine ring nitrogen has a smathirly simple because ENQOR is a form of population transfe
nearly isotropic hyperfine coupling of 1.84 MHz and a significalENDOR and no coherences are involved except in detection
quadrupole interactiorl). The result is strong nitrogen ESEEMthe EPR signalX). The microwave and rf pulses can create
from that remote nitrogen. electron and nuclear coherences. However, those coheren

The flanking lines are best understood in terms of the “sp@an be ignored at all stages in the calculation of the ENQO
packet shifting” model of ENDOR. Let us consider onlyesponse. (1) Electron coherences are rejected by phase cyc
the weakly coupled protons around the bound Cu(ll) in trend dephased by the inevitable component of the strong
TRIPLEX portion of the ENQOR sequence. The selective micrpulses along the applied magnetic field. (2) Nuclear coherenc
wave inversion pulse burns a single hole in the EPR spectrum amd lost because the two rf pulses are normally incoherent wi
the rf pump frequency pulse shifts the EPR frequency of that ha@ach other. Thus, only a vector of populations and not th
by the hyperfine coupling. In the present case, the 20 MHzH{ complete density matrix is required in the calculation.

A2 = 14.3 MHz + 11.4/2 MHz) pump pulse shifts the hole by The population vectoR, of the spin system following an rf or
11.4 MHz. Normally, the hard inversion pulse would leave microwave pulse is related to th&,, immediately before the
single hole in the inverted EPR spectrum that could be shiftedise asP(t) = O - P,, whereO is the matrix representation
back into resonance for detection as a TRIPLEX response onlydperator for the pulse. The populations do not change betwe
another rf pulse of 8.6 MHz{; — A/2). pulses as do coherences, so the evolution matrix for such a per

It is not widely appreciated that if there is a sharp hols simply the identity matrix. Should there be significant cros
burned in the EPR spectrum of a species exhibiting stronglaxation or spin—lattice relaxation, the appropriate matrix i
ESEEM, then a hard inversion pulse can flip a nucleus givirsimple to construct. Only the net magnetization, that is, departur
rise to that ESEEM along with the electron. To keep discussifmom equal populations, contribute to the EPR or ENQOR signal
brief, we consider only the “double quantum” transition of theo the initial population vector can be represented by the deviati
remote nitrogen, which is rather intense in the ESEEM. Tldd the populations from equality in the high-temperature appro»
hard inversion pulse flips the electron and, with significaimation (assuming the electron Zeeman interaction dominates a
probability, the remote nitrogem\fns = =1 andAm, = *=2). hyperfine or quadrupole interactions). The formalism used earli
The change in nuclear spin shifts the resonant frequency of tfat ESEEM (8-2)) is applied to ENQOR in the Appendix to
paramagnetic center, for such a double quantum transition, fipvide simple vector equations, even when there is substant
twice the hyperfine coupling. Thus, at least part of the hole intensity in the formally “forbidden” nuclear spin—flip transitions
the EPR spectrum is shifted byA2, = 3.68 MHz. The holes in the EPR spectrum. The simple product operator formalisi
will be shifted to both higher and lower frequencies if there i€2) is easily applied when there are strong EPR selection rul
significant inhomogeneous broadening. (Amg = +3, Am, = 0) and no ESEEM. When that is no longer
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true and there are significant branching transitions, the vector
equations developed here are more convenient. The matrices can
become quite large with only a few nuclei involved, but levels that R
will not impact the measured response can be judiciously removed.
We can order the energy levels for an effect8se 1/2 so that
the upper spin manifold is at the top of the vector with levels
connected by the formally “allowed” EPR transitions appearing in
the same order. There is one entry for each spin state and, for
example, thermal equilibrium for the spin system in Fig. 3A can
be described by a six-element vector whose elements are propor-
tional to the departures from equal populations:

vigg

vizg

2P OO0O000 RO OOOO

Po . [1]
1 2]

OCOO0OO0OO0OFr OO0OFrRPOO0OO OOFrOoOOoOo
OO Fr o

O

|
OO0ORFrRPROO0OO0O OO0OO0OPFrRPROO OOO0OOFrOo
OFRPO0OO0O00 O0OO0OO0OPFrO OOO0OO0OO0oOr
POOOOO O0OO0OO0OO0Okr OOOFr OO
OO O0OO0OFrRrO OFRPOOOO OFroOoOooo

The operators are applied sequentially to produce the various

intermediate populations. Thus, the series of operators for thel he final step is the detection of the population differenc
TRIPLEX sequence in Fig. 1C l@wm =0,, -0, 0, - through its EPR signal, whether by a FID or spin-echo, whicl
OS“ where the order of the operators is the reverse of thépvolves either selective excitation or detection of particula
order in time, with subscripts denotingi- selective anchi- EPR transitions.

hard inversion pulses, andi- rf pulse withn = 1, 2. In the In the pulse sequence in the top trace of Fig. 6, the signal a
limit that there are strong selection rules for the EPR arifié detection vector are

nuclear transitions, it is simple to write down the various

operators assuming a perfect inverting pulse. The pulse opersS = DT Oyppar* P

ators are symmetric W|trO,J = O,, A selective pulse,

whether the initial microwave selective inversion pulse or one -1
of the rf pulses, connects only levels in resonance with the 0
pulse, while an ideal hard pulse connects all allowed transi- _ BT. @m . orfz_ ém' Osi' P withD = 2 3]
tions. The operators needed to calculate the TRIPLEX re-
sponse for Fig. 3A in the limit of no branching transitions are 8
0 0010
01 00 OO Similarly, the total ENQOR signal resulting from the indicatec
- 0O 01000 addition and subtraction of signals in Fig. 6 is
Oi=11 0 0 0 0 o
0 000 10¢0 S:DT‘ohi‘érfz'érfl'ési'|5
0 00 00O LA A A A =
-DT"- Oi2° Opi* Oy1 Oy P
1 0000 S oA N A A =
010000 + DT O1° Oy Opi- Ogi- P
CA)mﬂ: 8 8 é 8 2 8, _DT'Orfl'Ohi'oer'Osi'PA )
0 001 0 0 =D"- (Ohi* Or2* Os1 = Os2* Opi* Oyry
00000 + 041 012 Oni = Oyr1+ Oni- Oyrn) - OsP. [4]
1 0000
01 000 O With these operators and vectors, it is straightforward to ca
. 0 0O1 0O0O culate the stick ENQOR spectrum in Fig. 3C as well a
O = 0O 000 O0 1 ENDOR, TRIPLE, and TRIPLEX spectra. The vector equa
0 0001 Q0 tions from the Appendix do have the advantage of readil
0 0010 accommodating pulses that are not ideal and branching tran
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tions in the EPR spectrum that can partially scramble polasities of lines do not follow such a clear pattern as with a har
ization during any of the microwave pulses or during detectianversion pulse. The responses can readily be calculated us
of the EPR signal. The spectra, particularly the TRIPLE aritle vector equations, but the ability to correlate transitions
TRIPLEX spectra, do depend on which EPR transitien ¢,, the same nucleus in different spin manifolds is reduced.

or vs, in Fig. 2A) is used for the selective inversion and

detection. If there is significant inhomogeneous broadening @bnclusions

the EPR spectrum, one transition may be pumped in one ) _
radical and a different one in another radical, so that the 1" ENQOR spectroscopy described here is a useful mez

observed spectrum is a weighted sum of spectra measured fJriPtaining additional correlations between ENDOR frequer
different EPR transitions. cies to aid in the interpretation of spectra. It finds several use

(1) in systems with overlapping EPR or ENDOR transition:
from different species or different orientations of the sam
specie; (2) for identifying the nuclide responsible for a partic

The stick spectrum in Fig. 3 indicates that the ENQOR line 4f&" ENDOR line; (3) for correlating the same transition in
the pump frequency and the corresponding transition in the otf&férent electron spin manifolds when there are significar
electron spin manifold have intensities that are enhanced relafifgond-order shifts caused by hyperfingdactor anisotropy,

to the lines of all other ENDOR nuclei. This result is borne out fdi" for high-spin species with EPR transitions between leve

_ 41 - - -
other nuclear spin level topologies and in the vector equatioQ&€r thamms = =37 and (4) for probing the relative anisotropy

The reason for this relative enhancement is simple to understaighyPerfine interactions of different nuclei.

The transition of the same nucleus in the opposite electron spinf "€ ENQOR pulse sequence is based on Davies-ENDC

manifold, v, in Fig. 3A, is unique in the respect that it undoes thé!though it is readily adaptable to Mims-ENDOR and require
effect of the pumping rf pulse in both the TRIPLE and TRIPLEX© SPecial instrumentation beyond a flexible pulse programm
sequences. This unique feature results in extra intensity in ff&d that required for pulsed TRIPLE. The sensitivity suffer:
ENQOR spectrum and distinguishes the transition that cor@mewhat relative to Davies-ENDOR because of a long
sponds to the one pumped. period required for the rf p_ulses_and because of the accum
This may not be readily apparent in a single ENQOR spectr@f€d effects of imperfect inversion by both the microwave
because of the different amplitudes of peaks in the ENDGRR the rf pul_ses. Nevertheless, it can provide V|tal_|nf0rmat|o
spectrum and differences in lineshape or turning angles of théfd correlations analogous to HYSCORE required for th
pulses. For instance, in the Viln, complex, Fig. 4B, the two Nterpretation of complex ENDOR spectra.
proton peaks at 13.4 and 17.1 MHz from the opposite electron
spin manifold both have similar intensities for the rf pump at 12.4 EXPERIMENTAL
MHz. However, when the other proton peak in the same manifold
(at 16.0 MHz) is pumped, Fig. 5 second from top, the peak at 13.4Measurements were made on a Bruker ESP-380E X-bal
MHz is strongly enhanced relative to that at 17.1 MHz or evespectrometer equipped with the DICE ENDOR accessory wit
relative to the™N peaks. Also, the intensity of the peak at 17.an ENI A-500 rf amplifier and the EN4118X-MD4 ENDOR
MHz is reduced relative to thEN peaks. probehead in an Oxford Instruments CF935 cryostat.
Throughout Fig. 5, there is a consistent pattern of relative The oxovanadium tetraimidazole sample was prepared |
peak enhancements indicating that the ENDOR lines at 1R4 |. Samoilova with*°N-labeled imidazole from Cambridge
and 17.1 MHz are from the same nucleus but opposite electisntope Laboratories in a 30% solution of glycerol in water an
spin manifolds; the same relationship holds for the lines at 13rézen in a Wilmad 707-SQ thinwall EPR tube with 4 mm
and 16.0 MHz. This interpretation is entirely consistent withominal o.d. The sample of Cu(ll) bound to cytochromgd
weak, first-order hyperfine interactions with protons. Whetomplex isolated from spinach was prepared by S. Rao B.|
there are significant second-order shifts or when the ERIRd D. Kramer from Washington State University and con
transition is between levels other tham = +3, this additional tained nominally 20QuM of the 1:1 complex at pH 7.6 HEPES
information correlating transitions may be invaluable for inbuffer frozen in a Wilmad 707-SQ thinwall EPR tube with 4
terpreting the spectra. However, sorting of transitions accontin nominal o.d. The irradiated sugar sample was made
ing to their intensity is meaningful to the extent that there isrmughly 20 mg of sucrose irradiated at room temperature &
good mapping of nuclear spin states in one manifold onto thoS€o y-rays to nominally 100 kGy in air. It was also placed in
in the other, that is, when there is little or no ESEEM and thee Wilmad 707-SQ thinwall EPR tube with 4 mm nominal o.d.
EPR branching transitions are negligible. Otherwise, the mi-Data were processed by the 2D-WIinEPR software packa
crowave pulses spread polarization across many spin sublevistsn Bruker and the WinDS processing software from A. V
weakly enhancing many ENDOR transitions. Astashkin of the Institute of Chemical Kinetics and Combus
It is possible to measure ENQOR spectra using only seld@mn, Novosibirsk. Calculations were made using MathCAL
tive microwave inversion pulses. However, the relative inteff-0 and plotted with Sigmaplot or Origin.

Assignment of Transitions to Nuclei
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APPENDIX tion of ENQOR spectra. In particular, the Mims formulation of
_ his M submatrix as the tensor product of such matrices fc
Microwave and rf Pulses individual nuclei provides a simple means of working with

In the formalism used by Mims for treating ESEENIS large, complicated hyperfine manifolds in the general limit o

20), the effect of a hard microwave pulse of turning angten N€9ligible direct nuclear—nuclear spin couplings. g
the initial density matrixp,, for a spin system is In the simple case that there are no branching transitions

ESEEM, M is the identity matrix (or becomes one upon the
b pxT. . appropriate exchange of rows and columns) and the effect o
pr=RyTpit Ry whereR, pulse is to mix the populations of the levels connected by &
cog6/2) -1 i +sin(6/2) - M EPR transition. A9 = 7 pulse inverts the populations while a

- <i -sin(6/2)-M*T  coq6/2) -1 > (AL 0 = @/2 pulse equalizes them as expected and the operator
the pulse is quite simple, Eq. [4]. The situation is more com

where the submatrix Is the identity matrix andyl is Mims' plex when there are nonequilibrium populations in levels cor
matrix M, which is unitary. Since we only need follow thenected by the branching transitions. A hard inversion pulse wi
populations or diagonal elements of the density matrix, we cHivert a spin system that is at thermal equilibrium in the

reduce Eq. [Al] to high-temperature limit. During ENDOR and ENQOR, how-
ever, the spin system is not in equilibrium, there is substanti
P, O two-spin order following the initial selective inversion pulse. A
pi= ( 0 pB> hard inversion pulse with branching transitions partially scrar
bles such two-spin order. The diagonal elements of Eq. [A2]
p' = < Pa - | ) vector Eqg. [A3] must be evaluated when there are significal
P branching transitions and the classic EPR selection rule th

cos(6/2) - P, + i - sin(6/2) - cog6/2) Am, = 0 does not hold.
Sin?(0/2) - N+ Py M* T (P M+ M- Pg) Both the initial microwave pulse and all the rf pulses ar
| —i-sin(6/2) - cog 6/2) cos(0/2) - Py + , _selef:tlve. For spin systems Wlth strong selch_on rules, whic
(M*T-P, + P, - M*T)  sin?(0/2) - NI*T-P, - M implies no branching EPR transitions for the microwave puls

and negligible quadrupole coupling for the rf pulse, a selectiv
[A2] pulse on the allowed EPR or nuclear transition between leve
i andj gives P'); = cos(6/2) - (P); + sin’(6/2) - (P),
where theP,,, are diagonal submatrices whose diagonat eland P’),. = (P)w, K # i, j.
ments are the elements of the population veBtorhus, after  When selection rules break down, the prescription of Zhic
a hard microwave pulse, omirov and Salikhov Z3) can be used in the limit that well-
separated EPR or nuclear transitions are excited. If only is
(PL)i = coS(0/2) - (P)y + sin%(0/2) - X, (Py); - My lated pairs of levels are connected, the operator can be writt
j formally as a series of one or more>2 2 block diagonal
submatrices and the vector equation becomes
and likewise,

Pr=[1+ 2> —sin(6'/2) (8jmn+ Siimn)

! P . . i 2 . ... . 2 =
(Pp)j = cos’(6/2) - (Py); + sin’(6/2) E (Poii * [My]2. + Sin2(612) - 8y ] - P, Ad]
where §; ,, denotes that elememtin of the matrix is zero

where the transition between levélandj is pumped unles§
or ji = mn, in which case it is one. The turning angle for

This can be recast as a vector equation as

.1 in2 .
B — (siigia(lezl)z-)MlzT S(':ZS(Z?/;)Z) Mf) P=0-P, thei, j transition in Eq. [A4] is related to the nominal turning
angle by
[A3]
0, = 9.|Mij|2! [A5]

where M2 is the submatrix whose elements ak;|>. The

effect of a series of pulses is obtained by applying that saméere|M;|? is the transition moment for that transition. In the
series of operators in sequencePoalthough the operators arecase of an EPR transition, it is simply taken from the Mim:
more complicated if the pulses are not hard. This connectionrtatrix M. Even a weakly allowed transition can be completely
the formalism used for ESEEM means that the powerful metimverted by a selective pulse as long as the pulse intensity a
ods developed for ESEEM are readily applied to the calculeength are adjusted properly. When the selective pulse excit

| 2
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two or more transitions involving the same spin level, the

gation of the squaric acid radical, Chem. Phys. Lett. 132, 279

situation becomes much more complicated and the operators(1986)-

must be evaluated for the specific case at h&#)l. ( 8.
The final issue is the detection of the signal. For simplicity,
we will consider the signal from a single, selectin# pulse
(or a spin echo if relaxation and ESEEM are neglected). Thg
resultant signal iS = Tr(O*% /- p - O,,, * M.) which can be
reduced to the vector for§ o« 17 - (8ijmn = Ojimn — Ojjmn T
Siimn) * P in the limit of no EPR branching transitions, whereio.
i andj are the EPR transitions observed andsla vector
comprised of ones and helps extract the trace of the implicit
matrix. This can be further reduced $ox D" - P, whereD"
is a detection vector whose elements are zero for levels not
being detected and 1 or 1 for detected levels in the upper and
lower electron spin manifold, respectively. 12
These few relationships are sufficient for the rapid estima-
tion of ENQOR signal intensities and to gain insights into
spectra. More realistic and complex calculations are possible
following the general procedure described here. 13
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