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A two-dimensional (2D) experiment that correlates electron-
nuclear double resonance (ENDOR) and electron spin-echo enve-
lope modulation (ESEEM) frequencies, useful for unraveling and
assigning ENDOR and ESEEM spectra from different paramag-
netic centers with overlapping EPR spectra, is presented. The
pulse sequence employed is similar to the Davies ENDOR exper-
iment with the exception that the two-pulse echo detection is
replaced by a stimulated echo detection in order to enhance the
resolution in the ESEEM dimension. The two-dimensional data
set is acquired by measuring the ENDOR spectrum as a function
of the time interval T between the last two microwave pulses of the
stimulated echo detection scheme. This produces a series of EN-
DOR spectra with amplitudes that are modulated with T. Fourier
transformation (FT) with respect to T then generates a 2D spec-
trum with cross peaks connecting spectral lines of the ESEEM and
ENDOR spectra that belong to the same paramagnetic center.
Projections along the vertical and horizontal axes give the three-
pulse FT-ESEEM and ENDOR spectra, respectively. The feasibil-
ity of the experiment was tested by simulating 2D ENDOR-
ESEEM correlation spectra of a system consisting of an electron
spin (S = ) coupled to two nuclei (I, = 1, = 3), taking into account
experimental conditions such as pulse durations and off-resonance
irradiation frequencies. The experiment is demonstrated on a
single crystal of Cu®* doped L-histidine (Cu-His), containing two
symmetrically related Cu®* sites that at an arbitrary orientation
exhibit overlapping ESEEM and ENDOR spectra. While the
ESEEM spectrum is relatively simple and arises primarily from
one weakly coupled *N, the ENDOR spectrum is very crowded
due to contributions from two nonequivalent nitrogens, two chlo-
rides, and a relatively large number of protons. The simple
ESEEM projection of the 2D ENDOR-ESEEM correlation spec-
trum is then used to disentangle the ENDOR spectrum and resolve
two sets of lines corresponding to the different sites. © 2000 Academic
Press
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INTRODUCTION

double resonance (ENDOR)1-3 or by electron spin-echo
envelope modulation (ESEEM) spectroscopids-§. At X-
band frequencies these two methods are complementary; |
ENDOR techniques are most suitable for relatively large cot
plings, whereas the ESEEM methods are most effective whe
small hyperfine interactions, in the order of the nuclear Zeem:
interactions, are involved. The assignment of the peaks
ENDOR or ESEEM spectra is often a difficult task due tc
overlapping signals arising from different nuclei and sever:
paramagnetic centers. The development of two-dimension
(2D) correlation spectroscopy has offered new possibilities ft
the interpretation of complex ESEEM and ENDOR spectr
(9-17. The detection of spectral correlations and the enhanc
resolution due to the spread of the spectra into a secol
dimension facilitates considerably signal assignments. An e
ample is the 2D hyperfine sublevel correlation (HYSCORE
experiment, which has revolutionized the field of ESEEN
spectroscopyl(0, 18. In this experiment correlations between
nuclear frequencies belonging to the same paramagnetic cer
and differentM s manifolds are obtained. Another example is
the complementary 2D DONUT-HYSCORE experimeh®)(
which provides frequency correlations within a particuldyg
manifold. In this publication we present a new 2D experimer
that correlates ENDOR and ESEEM frequencies and is usef
for unraveling and assigning ENDOR and ESEEM signal
from different paramagnetic centers with overlapping EPF
spectra.

The 2D ENDOR-ESEEM correlation experiment, shown ir
Fig. 1a, is an extension of the existing 1D experiments, terme
ENDOR-edited ESEEM and ESEEM-edited ENDOR, intro-
duced by Thomann and Bernard®9). These experiments
were designed to differentiate between ENDOR lines of twi
centers, one exhibiting nuclear modulation and the other not.
the first version of these experiments a difference spectrum
two Davies-ENDOR spectra obtained with two different
values, chosen according to the first minimum and maximui

Ligand hyperfine and nuclear quadrupole interactions apé the two-pulse ESEEM time domain pattern, is recordec
major sources of information for understanding both the eleENDOR lines that are independent ofvanish, leaving only
tronic and the geometric structure of paramagnetic centeliees belonging to the center that experiences nuclear modu
These interactions are, however, usually small and not resolvamh. In the second version, two-pulse ESEEM signals at
in EPR spectra. They are best determined by electron-nucldatected as a function af during on- and off-resonance RF
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amplitude is performed to obtain a 2D spectrum. Prior to th
FT, the effect of the RF is isolated by subtracting from eac
ENDOR slice the intensity of the first (off-resonance) fre-
quency point, which is equivalent to taking the difference
between ESEEM spectra recorded with and without RF puls
(see above). The resulting 2D spectrum exhibits cross pea
between ESEEM and ENDOR frequencies that belong to tt
same paramagnetic center, whereas projections along the t
axes give the FT-ESEEM and ENDOR spectra.

The effect of the 2D pulse sequence is demonstrated on
simple spin system of an electron spin wih= 3 coupled to
two nuclei,l, = 3 andl, = 3, with a large hyperfine coupling
to the first nucleusd;) and a small coupling to the second
nucleus &,). Thus, the first interaction results in an easily
detectable ENDOR spectrum and the second in a nucle

FIG.1. The pulse sequences of (a) two- and (b) three-pulse 2D ENDORyodulation effect (ESEEM spectrum). The changes of th
ESEEM correlation experiments. energy level populations during the experiment are followe

and illustrated in Fig. 2, where both couplings are assumed
irradiation on an ENDOR transition. The difference spectrurR€ POsitive and smaller than the nuclear Larmor frequescy
obtained by subtraction of these ESEEM signals followed th1€ €nergies in the diagram of Fig. 2 are assigned according
Fourier transformation (FT), reveals ESEEM frequencies origi€ spin-dowrs) and spin-uga) states of the electron and the
inating from EPR transitions that have a common level with tH#st and the second nucleus, respectively (from left to right
selected ENDOR transition. These combined experiments wafee first microwave (MW)r pulse in Fig. 1a is selective with
applied to distinguish between two FeS centers in oxidizégspect to the large coupling and leads to a population inve
hydrogenase, where both centers exhibit an ENDOR spectrgign of two of the four allowed EPR transitions|Bfa) —
but only one experiences nuclear modulatiob8) ( |aca)} and {|BaB) — |aaB)}, while leaving the other two,

In the 2D version of the experiment the frequency of botBBa) — |aBa)} and {|BBB) — |aBB)}, unchanged. The
the RF pulse and are varied and FT of the dependent echo application of a two-pulse echo detection sequence at the sa
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FIG. 2. Energy-level diagram and the evolution of the energy level populationsSofd, |, = 1, |, = 3 system (with hyperfine couplings anda, and
W = w; > a; > a, > 0) during the ENDOR-ESEEM correlation experiment for a. Black bars correspond to higher populations whereas empty bars to
populations. Allowed EPR transitions are indicated by solid arrows while the forbidden transitions are marked by dotted arrows. The NMR trhhsiiens
marked with dashed arrows.
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MW frequency results then in a negative echo amplitudeoupled remoteé*N nitrogen in the imidazole. Consequently,
Repeating the experiment, while incrementing thaaterval through the correlations between the simple ESEEM spectru
between the two pulses, generates a decaying echo amplitadd the ENDOR spectra, the subspectra corresponding to |
that is modulated with frequencies,, andwg,, corresponding two sites can be distinguished.

to the {aaa) — |aaB)} and {|Baa) — |BaB)} nuclear transi-

tiqqs of I,. The nuclear modu_Iation is a consequence .of the EXPERIMENTAL

mixing of the allowed and forbidden ESR transitions indicated

in Fig. 2B 6). If, prior to the two-pulse echo sequence, an REgmple Preparation

7 pulse is applied at the,, frequency ofl,, the additional

population inversions of the|¢aa) — |aBa)} and {|aap) — CuCl, (0.5% mol) was added to an aqueous solution of 98¢
|aBB)} transitions (Fig. 2C) alter the two-pulse echo amplitude-histidine HCI- H,O (18). Slow evaporation at room temper
and a difference between the ESEEM signal obtained with a@t¥re over a period of a few days generated large crystals.
without this RF pulse is expected. The ESEEM and ENDOR

frequencies that are connected by a common EPR transit®pectroscopic Measurement

will contribute to the difference ESEEM spectrum. The ability
of the MW = pulse to selectively invert EPR transitions en:
ables the correlation between ESEEM lines arising from t
weak hyperfine interaction and the ENDOR lines originatin
from the strong interaction. If the inversion MW pulse woul
be selective also with respect to the small coupling, for exal
ple inverting only the {Baa) — |aaa)} EPR transition, then an
experiment similar to TRIPLEZ1, 22, correlating ESEEM
and ENDOR lines corresponding to the saiMle manifold

Pulsed EPR and ENDOR measurements were performed
-band at 12 K on a Bruker ESP 380 spectrometer. Ech
etected (ED) EPR measurements were done using the tv
ulse echo sequencerf2——m—r—echo} with pulse lengths of
4/48 ns. Typical MW pulse widths for the two-pulse anc
three-pulse ESEEM experiments were the same as in the E
EPR experiment. The ENDOR spectra were collected wit
either selective MW pulse$,, ... = 100 ns,tyw.. = 200 ns,
only, is obtained. or with nonselective pulseSyw ..» = 24 nS,tyw.. = 48 ns. The

In practice, the 2D experiment described above suffers fro'?r‘: pulse lengtht, in the Davies-ENDOR experiment was 8

a low resolution in the ESEEM dimension, caused by tHES: In 1D ENDOR experiments 1024 points were sampled wit

relatively fast decay of the two-pulse echo in solids. This cﬁ’bgz Ste.ptw'dégi?':’ 0f 0.02 MHZC'i ,Aa?DtgathDset of 5.12 t
be circumvented by replacing the two-pulse echo detecti points ( ime) was recorded in the EXperiments

sequence#/2——m—7) by a stimulated echo sequence/@— ¥V'th AIRF :t.t(.)'OA' '\tAHZ ang a dvx\elll t|me:&T :h 16 ns. IA )
77l 2-T—m/ 2—7), as shown in Fig. 1b. In this experimenis ypical repetition rate was = ms. A four-step phase cycle we

held constant and is incremented. Since the ESEEM genere_zmployed in all experiments involving the three-pulse ESEER

ated by the stimulated echo suffers from blind spé&ls i is Sequence to remove interfering echo2s)(
advisable to repeat the experiment for sevenalues in order ] )
to ensure detection of all ESEEM frequencies. In addition, 2at& Manipulation

four-step phase cycling of the detection sequence is necessafyhe time domain 1D ESEEM data were treated using Bruke
in order to eliminate interferences from unwanted ech@8p ( \y\NEPR software. The manipulation included baseline col

The feasibility of this 2D experiment was first tested theqgtion, zero filling, Fourier transform, and magnitude mod.
retically and then demonstrated experimentally on a singlg|cyjation. In the case of the ENDOR-ESEEM correlatiol
crystal of Cu(ll) doped-histidine HCI- H,O. The space group gyperiment, baseline corrections were carried out for bo
of the crystal is P2,2, and two crystallographic sites aregequency and time domains. In each ENDOR (RF) slice th
present that both contribute to the EPR, ESEEM, and ENDQR|ye of the intensity of the first frequency point was subtracte
spectra 24). This crystal has been a subject of many investiom gl other points, yielding the appropriate difference spec

gations and the hyperfine and quadrupole tensors of the c@sim. Then FT was carried out in the time domain, followed by
pled nuclei are known1@, 24-26. In this crystal the copper 4 magnitude calculation.

ion is coordinated to the amino nitrogen of one histidine

molecule and to_ Fhe i.m.idazole nitrogerj of .ar)o_ther hiﬁidir@imulations

molecule. In addition, it is bound to a third histidine molecule

through its carboxylic oxygen, a water molecule, and two A computer program has been designed to calculate 1D a
chloride ions. This coordination structure makes the ENDORD spectra that are obtained from pulse EPR, ENDOR, ar
spectrum of each Cu(ll) congested and complicated as it c@SEEM experiments on a system of one electron §pin
sists of lines arising from two strongly couplétN nuclei coupled to two or more nonequivalent nuclei with spins
(amino and imino), a number of protons, and twdCl nuclei. or 1. For simplicity, we describe the methodology of compu
In contrast, the ESEEM spectrum is considerably simpler adation considering an electron coupled to two nuclei with=

is dominated by low-frequency signals due to a single weakly = 3. This system has a spin Hamiltonian of the form

NI= NI
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2 where U(t;, t;) is the evolution propagator defined by the
Ho=wsS,+ > (S*A;* 1, — wyly), 1] Hami!tonign%ff(t) in the time inter.valtllbetween andtf..Using
=1 the high field approximation the initial density matpk0) at

the start of each experiment is
wherews = BgBy/A andw,; = ,9,Bo/%. The three terms in

Eq. [1] are the electron Zeeman interaction, assuming an iso- 2
tropic g value, the hyperfine interaction, and the nuclear Zee- p(0) « S, + > (9n,B/9B)I ;. [6]
man term.B is the electron Bohr magneton constgi,is the =1

nuclear magneton constant, agg is the isotropic nuclear
g-factor. The principal values of the hyperfine tensdts,are Three types of time domains can be distinguished in the e
A Ay, andA,,;. In the case that one of the nuclei has a spiperiments and accordingly three evolution propagatois;,
| > 1 a nuclear quadrupole interaction term should be addeg), are used. During free precession and MW irradiation th
During a MW or RF pulse the following irradiation termsHamiltonian is time independent and
must be added to the Hamiltonian:
Uomw(ti, t) = exp{—i%5(t; — t)}, (7]
Huw(t) = 20,sS,cod oywt + duw) [2]
) where ¥#§ is the spin Hamiltonian withw, (t) = 0 and the
_ value of w,s(t) equals zero and s, respectively. During the
Honelt) = 204 E hicoswrel + dre), Bl third time domain the RF pulse is on aridg(t) is time
dependent. To evaluate the evolution propagator during an F
O[f)ulse starting at a timg the Hamiltonian is transformed to the
doubly rotating frame, defined by an additional transformatio

J

wherew,s, wy, anddyw, dre are the intensities and phases
the MW and RF fields, ana,,, andwg are their correspond ]
ing frequencies, respectively. The effects of the RF irradiatic%n'

on the EPR transitions and that of the MW irradiation on the )

ENDOR transitions are ignored, thus the hyperfine enhance- U'(t, t) = expl—iogela + 12(t — )} (8]
ment factor is not taken into accour®)( The EPR signals are

detected in the rotating frame of the MW frequency field and In this frame the Hamiltonian wittv(t) = 0 becomes equal
the MW rotating frame Hamiltoniar#¢{(t), is to

Ho(t) = AwsS, 2
%S’R(t) = AwsS, + E [Azszzlzj - Awlj'zj]

2 j=1

+ 2 ('AzxjszI Xj + Azijzlyj + Azszzlzj - w0||Zj)

j=1 2
+ [,;COSre + 1;SIN
+ wls(t)(s)(COSd)MW + Sysin d)MW) Jé:l wlS( Xj d)RF i d)RF)
: 2
+ 20y(1) 21 1COS wret + Pre), [4] + 3 elomli (A g1
i= =
- —lorr(ti—ti)lz
whereAws = os — oww. The time-dependent MW and RF + AyS e ertir i, [9]

fields, introduced in Eq. [4], are zero between the pulses and
equal tow,s and w,, during the pulses, respectively. The RFaNd stays time dependent. In Eq. ®b; = w; — weke The
term commutes with the rotating frame transformation operat@yolution operator during the RF pulse in the MW rotatin
g lom( W% and therefore stays time dependent in this frame. fi@me can then be evaluated 7|
& (t) the time-dependent hyperfine terms that include the
operatorsS, andS, were neglected because they are assumed t
to be small,ws > |A|. Ure(ti, t) = U'(t;, t)T eXP{ =i J %(E))R(t)dt]: [10]
The time response of the spin system to this Hamiltonian is t
evaluated by solving the Liouville—von Neumann equation for
the spin density operatqi(t) in the rotating frame, whereT is the Dyson ordering operator. For the actual calcu
lations of Ug(t;, t;) in Eq. [10] the Dyson operator was
p(ty) = U(t;, t)p(tHhU ~X(t;, tp), [5] replaced by a numerical stepwise integration. When the R
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field intensity is much stronger than the anisotropic parts of the RESULTS
hyperfine coupling, the time-dependent term&fgf(t) can be _ _
ignored and the evolution operator can be calculated straighimulations

forwgrdly_ by a simple integration of the time-independent rq gimulations of the ENDOR-ESEEM correlation exper
Hamiltonian. iment were carried out on a relatively simple system of tio

The calculations were performed in a matrix representation |ei (| = b coupled to a single electrorS(= ). One

of the spin Hamiltonian and the density operator and Wher'fi"trogen, N, has a large isotropic hyperfine interaction,

necessary the Hamiltonian was diagonalized to enable t)_qgol — 42.35 MHz, and the secondN,, has a smaller and
calculation ofU(t;, t;) according to

anisotropic hyperfine interactionA(, = 1.787, A,, =
1.488,A,, = 2.442 NHz). These hyperfine values where

U(t;, t) = exp{—i9C(t; — t))}

V(exp(—iA(t; — t)))V [11]

whereA is the diagonal form of¢ obtained byA = V™ '%V.
Successive application of the evolution propagators of the
MW, RF, and free evolution time domains on the initial spin
density matrix enables the calculation of the EPR signal de-
fined by

aM
b
M_(t) = tr(p(t)S.). [12] L

0 5 10 15 20 25 30 35 40 45

For the simulations of 2D ENDOR-ESEEM correlation spectra
a full calculation was performed for each RF irradiation and
eachT value. The resulting echo intensities, givenMy (wgg,
T), were Fourier transformed and a 2D spectiMm(wenpor,
weseev) Was obtained withogypor = wgre and weseey being the
frequency parameter of the FT of the stimulated echo intensi-
ties.

In actual experiments unwanted signal components, which d O,
are created due to the finite intensities and durations of the MW
and RF pulses, are eliminated by phase cycliag).(In the Wg,
calculations signals corresponding to unwanted echoes and
FIDs, originating from the stimulated echo sequence, were also . , , , , ,
eliminated by phase cycling. Unwanted FID signals do not 0 2 4 6 8 10
interfere in the experiments since the inhomogeneous line Frequency, MHz
broadening causes them to decay within the spectrometer dead e
time. To eliminate unwanted nuclear coherences, all off-diag-
onal elements of the density matrix corresponding to these
coherences were set to zero before and after the RF pulse
application. This approach is valid when the applied RF pulse
is designed to induce changes in the populations of the energy 0 10 20 30 40 50
levels which are represented exclusively by diagonal elements. RF frequency, MHz
This procedgre shortens the computation tlme, but must b%IG.S. (a) A simulated FT-EPR spectrum ofa= 1 I, I, = 1 system.
performed with some care. For example, during the ESEEM . = 42.35 MHz,A,, = 1.787MHz, A, = 1.488MHz, A,, = 2.442
pulse sequence the nuclear spin coherences are responsiblsml‘?;:z,rtMWﬂ/2 = 0.25 nsB, = 3500 G, andvyy = 9.829 GHz; (b) same with
the stimulated echo modulation and must, therefore, be selective pulsestuw... = 100 ns; (c) two-pulse; and (d) three-pulse FT-
tained. Actual relaxation phenomena during the experimerﬁ§EAE'\_" SF’Iec”daE‘)’f the sé‘mggésmm and C?ndi:,ions s 1ol - 100183.
were taken "f‘to a(?count by |nt.rodu0|ng a nuclegy, an.d a.n E]es),tM\NS:,m: gto% nsil::ej 5 Ms,AR:F;e(z)t.r;T/IHO;;tTEeSZrl]irS;/rslzjggzgiving the
electronic spin—spiril,, relaxation parameter and rT"u|tlplymgorientati0n of the hyperfine tensor 8N, with respect to the crystal axes are
the appropriate matrix elements during the free precessign, 112°, 11°, and those describing the crystal orientation with respect to t
periods bye "™ ande "™, respectively. magnetic field are 90°, 37°, 0°.

wal wﬂ 7
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FIG. 4. Simulated 2D ENDOR-ESEEM correlation spectra obtained with (top) two-pulse and (bottom) three-pulse detection sequences. The sin
parameters are as in Figs. 3c—3e.

taken from the*'N coupling parameters of the Cu-His crystation of the FID produced an EPR spectrum, shown in Fig. 3:
(25). For typical experimental conditions of an X-band speavrhich consists of two doublets, separated by 42.35 MHz, wit
trometer the ENDOR spectrum shows only signals ffaiy,,, an inner doublet splitting of 1.85 MHz. The frequencies of th
because the frequencies 'df , are too low to be detected. Infour hyperfine components were then determined and the M!
contrast, only interactions wit°N, will contribute to the carrier frequency ) was set to the center of the lowest
ESEEM spectrum. The reason for the absence of'iNg, frequency EPR doublet. The MW pulse intensity,s, and
signals in this case is the vanishing anisotropic hyperfinength,t,,,, were adjusted to excite only this particular doublet
interaction necessary for the observation of nuclear modulBhe simulated FT-EPR spectrum obtained from this selecti
tion. However, even if a significant anisotropic hyperfine inexcitation is shown in Fig. 3b. These parameters were the
teraction would have been present, the bandwidth of a typiealed to simulate the two-pulse and three-pulse ESEEM a
MW pulse is not sufficient to excite concomitantly allowed an®avies ENDOR spectra presented in Figs. 3c, 3d, and 3
forbidden ESR transitions, which is essential for the observaspectively. The ENDOR spectrum shows only signals c
tion of ESEEM. *N ), namely a doublet centered at 21.17 MHzA.,/2), with
The MW and RF pulse lengths, amplitudes, and frequenciasplitting of 3.0 MHz corresponding to twice th#N Larmor
used for the ENDOR-ESEEM correlation simulations wergequency,visy. The signals of°N, are absent, since the MW
determined as follows. First, the FID EPR signal at a particulpulse width is nonselective with respect to its hyperfine col
magnetic field was simulated using a single, very shgt pling. The two-pulse ESEEM spectrum, obtained after FT ¢
pulse that covers all four EPR transitions. Fourier transformtdre modulated echo decay, shows four peaks, all originatir
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and three-pulse 2D ENDOR-ESEEM correlation spectra, ca
l culated with the same set of parameters employed for the
spectra simulations, are shown in Fig. 4. Projections along tl
vertical axis yield the ESEEM spectra shown in Figs. 3c an
3d, whereas the projection along the horizontal axis corre
sponds to the ENDOR spectrum shown in Fig. 3e. In bot
spectra correlations appear between all ENDOR and ESEE

frequencies, as expected.

Experimental Results

The ED-EPR spectrum of a Cu-His single crystal, placed
an arbitrary orientation with respect to the magnetic field, i

shown in Fig. 5. The spectrum consists of two overlappin
quartets, corresponding to the two Cisites. The magnetic
5o a5 3000 31'25 1250 33‘75 35'00 36‘25 field chosen for the pulsed experiments was 3367 G, where t
B Gauss _spegtra of the_ t_wo sites overlap. The ESEEM spec_trum, shov
0> in Fig. 6, exhibits two sets of peaks. The first consists of a fe\
FIG. 5. ED-EPR spectrum of a Cu-His single crystal at an arbitrarintense lines grouped in the low-frequency region, 0—4 MHz
orientation.vyw = 9.7348 GHztww .. = 24,twn, = 48 ns,r = 200 nsT =  that originate from the remot&N of the imidazole moiety
12 K. The two sets of**Cu hypgrfipe components are indicated in_ the figureﬁls)_ Only 6 of the total 12 expected lines (6 for each site
The arrow marks the magnetic field at which the pulse experiments were . . - . ‘
performed. appear. _The a_b_sence of some lines is not_surpr_lsmg since 1
ESEEM intensities depend on the crystal orientation and, in tf
three-pulse ESEEM, also on the time interv#b). The second
from **N,, with two peaks corresponding to the., wg) group of lines appears in the 10- to 20-MHz region and i
doublet centered ats, and two combination peaks at, = consists primarily of'H lines, while the appearance of some
wg- The three-pulse ESEEM spectrum shows only the fundeontributions from strongly coupledN and***Cl nuclei can
mental frequencies,, and wg,. Simulations of the two-pulse not be excluded2b).

| i ] 1 | “'/k“"“?“”

|
0.0 5.0 10.0 15.0 20.0 25.0 30.0

Frequency, MHz

FIG. 6. Three-pulse ESEEM measurements of a Cu-His single crystal recordd=at3367 G, at thesame orientation as in Fig. by = 9.7348 GHz,
tww.z = 16 Ns,7 = 288 ns. The inset presents the expanded region between 0 and 4 MHz, containing the lines originating from tHé\rernibie imidazole
moiety.
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FIG. 7. ENDOR spectra of a Cu-His single crystal recorded at the same orientation and field as in Fig. 6. (a) Standard Davies ENDOR spe288m (
ns) recorded with long MW pulses (200, 100, 200 ns, respectively)rand us. The diamonds mark théd signals. (b) Same as (a) but short pulses (48, 24
48 ns) andr = 288 ns. In both spectrag: = 8 us andARF = 0.02 MHz.

The Davies ENDOR spectrum, recorded with selectiibhe spectrum obtained with the standard Davies ENDOR s
pulses and presented in Fig. 7a, is very congested in the 7qtence, except that tH&N is lower due to the generation of
23-MHz region and comprises overlappitid and ““N signals. “unwanted” echoes2).

The 'H doublets, which are symmetric about thHé Larmor The 2D ENDOR-ESEEM correlation spectrum, recorded ¢
frequency,vy, are indicated in the figure. Most of these douthe same magnetic field as the ESEEM and ENDOR spect
blets can be eliminated by recording the spectrum with shorsrown in Figs. 6 and 7, is presented in Fig. 8. The vertice
MW pulses that are nonselective with respect to small hypetimension, F2, represents the three-pulse FT-ESEEM spectrt
fine couplings (Fig. 7b). The resulting spectrum therefore cofenly the region of the*’N is shown), while the horizontal
sists mainly of“N signals of the directly bound nitrogens. Thalimension, F1, corresponds to the ENDOR spectrum. Follov
ENDOR spectrum, presented in Fig. 9c, was recorded undieg the connectivities of the cross peaks, the ESEEM peaks
the same conditions, with the exception that the stimulat8®4, 1.83, 1.04, and 0.35 MHz are readily assigned to site
echo pulse sequence was used for detection. It is identicamtbereas the 3.4- and 0.35-MHz lines are attributed to site |
The two sites overlap at 0.35 MHz. Using the correlations c
the two intense ESEEM lines at 3.9 and 3.4 MHz, the ENDOJ

Jm [\ A!vu spectrum breaks into two subsets shown in the slices depict
in Figs. 9a and 9b, respectively. The two subsets are mark
R o MM JL e [F2MH2) : i .
"’* e L Al M - “ with full and empty triangles in the ENDOR spectrum showr
g 4.5 in Fig. 9c. The ENDOR spectra of each site is relatively simpl
% b ! bet b db et 4.0 and several quartets, assigned to differéNtnuclei are easily
= :11 bor cwe o vab - | 3.5 identified in each site. The additional nonmarked signals ha
K 3.0 not been assigned and may be attributedsoor ***Cl.
25
<::§ © . o 0 o 48 ° ¢ i 20
% 1.5 SUMMARY
— g 3.. 1.0
P é\@o., o b4 @é - £ S L 0.5 A new 2D experiment that provides correlation betweel
RSP += 0.0 ESEEM and ENDOR frequencies, designed to resolve nucle
5.0 7.5 100 125 150 175 200 225 . . . .
[F1, MHZ] frequencies of two different sites, was presented. The feasib

ity of the experiment has been demonstrated theoretically on

FIG. 8. A 2D ENDOR-ESEEM correlation spectrum of a Cu-His single_: le system, consisting of &= 2 electron coupled to two
crystal recorded at the same conditions and crystal orientation as in Figs. 6 §H&1p y ISt g 2 up W

7. vuw = 9.7438 GHZARF = 0.04 MHz,AT = 16 ns,te = 8 s (512x  different nuclei withl = 3, as well as experimentally on a
1024, RFX time). Cu(ll) dopedL-histidine single crystal. The 2D spectra show
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5.0 7.5 10.0 125 15.0 17.5 20.0 225

RF frequency, MHz

FIG. 9. Slices taken from the 2D spectrum shown in Fig. 8 along 3.94 MHz (a) and 3.4 MHz (b). S¥iXeqaiartets are indicated (solid lines) along with
proton doublets (dotted lines) (c). For comparison the Davies ENDOR recorded with a stimulated echo detec#88 (s,T = 400 nstge = 8 us, andARF =
0.02 MHz). is shown as well. The empty and full triangles represent the two subsets as identified from the 2D experiment.

selective ENDOR-ESEEM correlations, which allowed thprovide information regarding the relative orientation of the
straightforward separation of the ESEEM and ENDOR spectngperfine tensors involved. This information should be ex
corresponding to different paramagnetic centers, thus facilittiacted from the specific lineshapes of the cross peaks.

ing significantly the assignment of ti# signals. To improve
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