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A two-dimensional electron spin echo envelope modulation Zeeman frequency. In NZ-ESEEM the assignment of the nu
(ESEEM) experiment, called nuclear-Zeeman-resolved ESEEM  clear frequencies to the particular types of nuclei or nuclea
(NZ-ESEEM), that correlates nuclear transition frequencies with isotopes becomes definite. With NZ-ESEEM, combinatior
nuclear Zeeman frequencies is introduced. NZ-ESEEM is basi-  |inas can also be separated from the basic frequencies.
cally a three-pulse ESEEM experiment complemented by a mag- The approach, which is based on a scheme that uses micr
netic-field pulse applied during part of the free evolution period L S . . .

wave (mw) excitation in combination with a rapid stepping of

between the second and third microwave pulse. The inner working h . ic field. h | | 2
of the new approach is explained and the instrumentation is the static magnetic field, has some analogy to electron-Ze

discussed. The capacity of the method is illustrated by two exam- Man-resolved EPR1@). The theoretical description of NZ-

ples of applications. © 1998 Academic Press ESEEM is straightforward; the technical realization, however
Key Words: pulse EPR; ESEEM; two-dimensional spectroscopy; IS quite demanding. In this article we explain the basics of th
magnetic field step. technique, discuss the experimental setup, and illustrate tt

efficiency of the approach by two experimental examples.

1. INTRODUCTION 2. THEORY

Electron spin echo envelope modulation (ESEEM) tech-
nigues are widely used for measuring nuclear transition fre-
guencies in paramagnetic specigsd). Although the spectral
resolution of ESEEM is considerably higher than that of field- #Hnz= ol,= —0,BnBol /1 [1]
swept EPR, ESEEM spectra may be very complex and difficult

to interpret. This is because the nuclear transition frequencienhe only B,-field sensitive interaction that contributes to a

are often determined by hyperfine, nuclear Zeeman and nuclggt ear transition frequency. Since this term is a function of the
guadrupolel(= 1) contributions that are similar in magnltudenudeargn value, different types of nuclei show different be-
so that many of the lines in the ESEEM spectrum overlap. p5vior when the magnetic field is changed.

A number of two-dimensional correlation techniques have The NZ-ESEEM method is basically a three-pulse stimu-

been introduced to disentangle complicated ESEEM speciffeq echo experiment, where the time between the second a

eij[h(?r by separating the differe!']t energy contributiqns or l?Mird mw 7/2 pulse is subdivided in two intervals, a variable
eliminating part of them. Hyperfine sublevel correlation (HYfi_me t, and a fixed timet, during which a magnetic-field step

SCORE) experiments are used to correlate nuclear frequenqée%pp"ed (Fig. 1). The building blockr/2—=—m/2 creates
in differentmgmanifolds of the electron spir8¢7). Hyperfine ,cjear coherence that freely evolves under the fBldAfter
spectroscopy allows thdirect measurement of hyperfine Sp"t'timetl a magnetic-field stepB, of lengtht, is applied to allow

tings and their correlation with the corresponding nuclear trafie nuclear coherence to accumulate additional phase. TI
sition frequenciesg-10), whereas with hyperfine-decoupling,,cjear coherence is then transferred to electron coherence

techniques, nuclear frequencies free of hyperfine interactigs, thirg mw/2 pulse and refocused to an electron spin eche
are correlated with the unaffected nuclear frequendi#s19. 5 timer after the pulse. In this 2D experiment the modulation

. In this article we introduce the two-dimensional (2D) eXPel5f the echo amplitude is caused by the variable tigeend the
iment nuclearZeeman-resolve@SEEM(NZ-ESEEM), which | o1iabie magnetic field that is stepped fromBq yaxto +

allows the exclusive correlation of a nuclear frequency MERB_ _ In principle the order of the two time intervaisand

sured in an ESEEM experiment with the corresponding nuclgarean pe chosen arbitrarily, but for technical reasons it is o

1To whom correspondence should be addressed. Fad/1/632 10 21. advantage to apply thBy-field pulse after the free evolution
E-mail: schweiger@esr.phys.chem.ethz.ch. under B,. A 2D Fourier transformation then vyields the 2D

In first order, the nuclear Zeeman term
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w2 /2 /2 same nuclear coherence transfer pathways, the analytical €
T 1 pression for the echo intensity in the NZ-ESEEM experiment i
; \ obtained by introducing a variable nuclear Zeeman interactio
mw ! , : in the three-pulse ESEEM formuld)(

——— | ——pie—— 1) = const —p;

BO+ABO IEChO(Tr tl! t21 BO)
: 1k ,
By Lo I =278 {C(1— Coqu(T +1t) + wBtZ:l)
Preparation ESEEM NZ Detection + Cﬁ(l - COS{wQ(T + tl) + w(’]tz])}y [5]

FIG. 1. Pulse sequence for the 2D NZ-ESEEM experiment with th@\/' o
. ) \ ; _ ith the coefficients
variablest, (after Fourier transformation the ESEEM-dimension) akis},
(after Fourier transformation thg-dimension). Typical parameters: length of
the magnetic-field pulsg = 5-10 us; length of the mwn/2 pulses 20 ns. C 5= 1 - codw BT) [6]

NZ-ESEEM spectrum with a nuclear frequency or ESEEMaNd the nuclear transition frequencies
dimension and @, value or NZ-dimension.
In first order the nuclear frequencies change linearly Bjth B A\2 B\21Y2
. . (OM gan 0
thus, the frequency shifts caused by a variationBgfare o) [\ 77 if 5 [7]
directly proportional to the nucleag, factor and therefore P
B 271/2
W3] @
During the fixed timd,, the nuclear frequencies evolve with

characteristic for each nucleus. For a fixed timehe Fourier o 0nBn(Bo+AB,) A\?
transform of the modulation pattern recorded as a function of |\ 3 5
9; tZBn ’ ’ H H i
S(ABy) =——= S| g, . [2] o andwp. According to Eq. [2], the Fourier transform in the
F1 h NZ-dimension is given by

wp
AB, results in the correspondingg,.-spectrum,”

For a more detailed description of the NZ-ESEEM experi-
ment, we consider an anisotrop= 1/2,1 = 1/2 electron- s ( t2B”)
. . . . o, B n h
nuclear spin system. With the nucleus lying in tteplane of
the laboratory frame, the rotating frame spin Hamiltonian is

. k * .
given by = é Cﬁ'aj (;os{w(;ﬁt2 + (pa‘ﬁ)e_|2ﬁgn(t2ﬁn/h)ABodABo’ [9]
%0: QSSZ+ U)|IZ+A$|Z+ BSZIX! [3] -

pwith phasesp,, = o, g(7+1t;).

Figure 2 shows the dependence of the weighted nucle:
frequenciesw,/a and wg/a in the two mgmanifolds (see Eq.
[5]) on the weighted nuclear Zeeman interact{an|/a, with
T = (3/5)a>0, 6=45°, andw, < 0 (as for protons). The solid
lines include the pseudo-secular contributioBs > 0); the
dashed lines are calculated wigh= 0. Three of thelw, |/a
values are marked by (a), (b), and (c). The correspondin
vertical gray-shaded bars indicate the rangéwpf/ a covered

B= (A —A,)sing cosb, [4] by AB, = *£20 mT, corresponding to the maximum field step
that has been realized experimentally in this work.
where T=(uo/4m) 9g,B.8,/r*# is the point-dipole interac- Neglecting pseudo-secular contributions, and wg are
tion with principal axes{ T, —T, 2T), a is the Fermi contact linear inAB,. This approximation is, however, only valid in the
term,r is the vector joining the electron spin and the nucleuBmiting case of weak or strong hyperfine coupling. In the nex
and 0 is the angle between the principal axfg and the section, we will demonstrate that the pseudo-secular contribt
magnetic field vectoB,, tions may considerably influence the values in ¢helimen-
Since NZ-ESEEM and three-pulse ESEEM are based on @ien of the NZ-ESEEM spectra.

where Qs=ws— 0, IS the offset of the electron Zeema
frequencywg from the mw frequencyw,,,, andA andB are
related to the elementgy; of the hyperfine matrix by
A=A, andB=(AZ,+AZ)"2 For an axially symmetric hyper-
fine matrix with principal valuegy = 2T + aandA, = —T +
a,

A= AHCO§6 + ALS”‘]ZQ
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2D plot the two peaks are found in tlge-dimension at the
proton valueg,, = 5.5857, separated in the ESEEM-dimension
by the hyperfine splitting,~a+T/2.

In the intermediate coupling regioA~2|w, |, theg;, value
of the w,, transition is considerably smaller thap, and the
peak is broadened along the NZ-dimension (Fig. 3b). Thi
broadening is caused by the large nonlinearity betwegrand
w, (see region (b) in Fig. 2). An analytical expression for the
lineshape along thg;-dimension is given inX5).

In the strong coupling cas&>2|w, |, the peaks at frequen-
ciesw,z andwgz are found in different quadrants (Fig. 3c) with
0, values considerably lower than the protgn value (see
position (c) in Fig. 2).

OpseEm/ 2

o = A2 In first order the resolution in the NZ-dimension is deter-
strong weak mined by the; maximum ampl'itud@BO,maX and the lengttt,.
coupling —>|<—  coupling For the minimumg, value differenceAg, ., that can be

resolved for a giveml\ By ., andt,, we find
FIG. 2. Weighted nuclear transition frequencigga andwg/a for anS =

1/2, 1 = 1/2 model system as a function of the weighted nuclear Zeeman
frequency ¢,|/a. An axially symmetric hyperfine interaction is assumed, with A iy | | | = f(tz) . [11]
the isotropic hyperfine coupling constemtind the dipolar coupling constant Gn.min = [[9m On2ll = ABO,max_ BntZABO,max.

T = (3/5)a. The frequencies are calculated b= 45° (maximum modulation
depth). Strong and weak coupling regions are indicated. The full lines include
pseudo-secular contributiorB ¢ 0); the dashed lines are calculated witk=  In Table 1, minimum pulse lengths,;, for resolving peaks of

0. In thea-manifold the pseudo-secular term prevents the transition frequengyo nuclei with differentg,, values and\B, =20 mT are
w, from approaching zero (sublevel noncrossing). Positions (a), (b), and g: llected n max

refer to the simulations in Fig. 3. For each of the three positions the variation
in |w|/a for the maximum=AB; field step (20 mT) is indicated by vertical

gray-shaded bars. 4. EXPERIMENTAL

4.1. Instrumentation
3. NUMERICAL COMPUTATIONS _ o _
The main characteristics of a setup for the generation ¢

To get some insight into how NZ-ESEEM spectra manifeshort magnetic-field pulses are the time constant, the maximui
for typical sets of coupling parameters, numerical simulatio@shievable field step, and the homogeneity of the magnet
have been carried out with the program GAMMA4. All field produced by the pulse. In this section we describe a devic
three contour plots shown in Fig. 3 represent absolute-valigs the generation of magnetic-field pulses of high homogene
spectra, obtained after baseline correction, apodization wittityaand variable length and amplitude.

Hamming window, and 2D Fourier transformation. The NZ- Probehead. The mw part of the probehead consists of a
dimension has been recalculated according to loop-coupled bridged loop-gap resonator (BLGR) and a wire
wound shield. The BLGR is virtually transparent to high-fre-
guency fields and was originally developed for experiments witt
rapid magnetic-field steps; its reliability and characteristics hav
been described earliet§, 17). To prevent the formation of eddy

whereA(ABy) is the incrementation of th&B, field andf(t,)=h/ currents, the resonator is surrounded by an open-ended solenoi
(B.t,). The primedg, factor indicates that due to pseudo-seculdPW shield (copper wire, diameter 0.1 mm, pitch 0.15 mm, 5
contributions, |g,|<|g,| (see later discussion). Since the NzWwindings). The holder for the BLGR and the mw shield are madé
ESEEM time domain data are real, the two hemiplanes of the 2bRexolite. The metallic radiation shield of the dewar is removec
plot contain the same spectral information; it is therefore sufficieitthe field-jump coil area. The shield of the semirigid mw coaxial
to present only the positive values of the ESEEM-dimension. THigble (EZ 86 Cu) that feeds to the coupling loop is cut in its lowe
is in analogy to HYSCORE, where the first two quadrants al§@rt (20 mm) along the cable axis (groove width 0.5 mm). Fol
contain the full spectral information. critical coupling or overcoupling the coupling loop (silver-plated

Figure 3a represents a weak coupling situatiare2|w,|, Prass wire, diameter 0.8 mm, inner loop diameter 4.4 mm) can
corresponding to a nuclear Zeeman interaction marked by (B9ved along the sample axis.
in Fig. 2. The frequencies,; and wg, are almost linearly  Field jump coil. The pulsed magnetic field with a high
dependent oB, (small pseudo-secular contributions). In théhomogeneity across the sample volume is created by higl

1
gn,max = m f(tZ) ' [10]
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FIG. 3. Numerical simulations of the NZ-ESEEM experiment for&s 1/2,1 = 1/2 model system. Simulations (a), (b), and (c) refer to positions (a), (b)
and (c) in Fig. 2. The following parameters representing typical experimental situations are/@see: 5 MHz, T/2m = 5 MHz, § = 45°, g, (*H) = 5.5857,
t, = 10 us. (a) Weak couplingw,/2m = —14 MHz, = = 300 ns. (b) Intermediate coupling;/27m = —5 MHz, = = 200 ns. (c) Strong couplings /27 = —1
MHz, 7 = 250 ns.

current pulses fed through a Helmholtz coil, consisting of twl is the total number of turns, ang and 7. are the time
flat coils with a mean diameter af = 26 mm positioned constant of the coil and the discharge time constant of th
outside the mw shield; = 11 mm apart form each other. Eachcapacitor, respectively. Sineg < 7, the shape of the pulses
coil consists of 17 turns of insulated copper wire (diameter Oid mainly determined by, (see later discussion).

mm), wound uniformly in a single layer of circular grooves cut Switching electronics. The current pulse circuit consists of
into a Rexolite holder. The coils fit into the helium gas ﬂOWVVO identical high-v0|tage modulation units shown in F|g 4
dewar and are electrically connected in serles(23 uH at 25  (18). Each of them is designed to produce current pulses up |
MHz). The time-dependent magnetic field in the center of thg = 14 A at a voltage ofJ. = 700 V. The two modulation

Helmholtz coil is given by units are parallel connected to the coaxial cable (RG 233
— —t/7¢ _ At
AB(t) = AB,e™ "1 — e '], [12]
@- g7 v > 5 HELMHOLTZ COIL
with - » k : '
S I
| s
200pF/1.5kV
AB (4) vz | 13 g I
0= MolE] S - '
S z NURP1OE 2 1 d=28mm
BUK456 | 4000vi8a % :
TABLE 1 | 15w
Minimum Time t,.;, Required to Separate Peaks of Different - gl |
Nuclei from Each Other by Applying a Maximum B-Field Step of 2x10002250W |
10cm
20 mT 1y MuRp oo TWISTED
COPPER CORD
Nucleus 1 Nucleus 2 O On2 t2 min (4S) ‘
05m  COAXIAL CABLE
H 2y 5.5857 0.8574 1.38 rass
H e\ 5.5857 0.4038 1.27
H 19 5.5857 5.2577 20.0
H 31p 5.5857 2.2632 1.97
H 5l 5.5857 0.5479 1.30 o _ ) )
14y 31p 0.4038 22632 3.53 FIG. 4. Schematic diagram of the switching electronics for the generatior

of current pulses.
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length 0.5 m) with two fast-recovery high-voltage diodes. Thaelay of 7 us between thd,-field step and the mw pulse is
capacitorC (200 uF, 1.5 kV) is continuously charged by anintroduced. The inhomogeneity of th®B, field leads to a
IEEE-488 bus-controlled power supply (F.u.G. HCHKoroadening of the line in the FT-EPR spectrum from 0.25 tc
800-3500,U. = 0-700 V/400 mA) and discharged by a2.00 MHz. NZ-ESEEM experiments are, however, not very
high-power transistor switch (Power MOSFET, BUK 456sensitive toAB, inhomogeneities, since the intrinsic linewidth
1000B, Philips) to generate the pulse curdgnt Uc/(R+ R ) in the NZ-dimension is comparatively large.

that passes through the Helmholtz c&). (4.7 Q) at 298 K) is Another effect that is caused by thEeB, inhomogeneity
the resistance of the coil arRI(50 (1) is the resistance of two shows up when the voltagd: , is incremented. At higher
parallel high-power resistors (RCEC 250 L, 100 250 W). voltage a deviation from the linear behavior is observed, sinc
The discharge time constant of the capacitor iheAB, steps become slightly smaller. In principle, this can be
7c=C(R+R_)=10.8 ms, sahatU.(t)~Uc , for a typical compensated by a nonlinear incrementation schemé& fqy;
length of theAB-field step oft, = 10 us. The rise time is however, since the deviation between the different steps |
given by 7 ,,=L/(R+R_)=414 ns. The power return pathsmaller than 5%, a linear regression with a conversion factc
contains a fast recovery diode (MURP 100 E, 8 A, 1000 V) ardkfined by

two additional resistors (10@- 47 Q) that shorten the dis-

charge time of the coil gnd rgduce the fall timerfo, = 285 m(T) = ABo/Uc, [15]

ns. The high-voltage spikes induced by the Helmholtz coil are

limited to 300 V by three Zener diodes (BZT036100, 100 V . _ .
connected parallel to the resistors (Fig. 4). The maximum drAzfﬁS been used. Since at cryogenic temperatures the resista
source voltage is therefore limited to 1000 V. From output of the coil is drastically reduced, the conversion factor

the two combined modulation units deliver the high-currer'l?creases with decreasing temperature. The results of the c:

AL -2
ulse (21, = 0-28 A) to the probehead. The feed through thgration arem = (1.8433 0.0184) 10 “mT/VatT = 21.5
pulse (2l, ) P g ndm = (1.6847+ 0.0226) 10 2mT/V atT = 298 K, for

probehead to the coils is made of a flexible copper cord (Iengﬁha )
100 mm, diameter 0.2 mm) with additional Teflon insula\tiorﬁaCh of the two units.

During the application of the field step the power is mainly TransientAB-field imperfections. If the last mwa/2 pulse
dissipated in the two high-power resistors (MCB RCEC256s applied immediately after th&B,-field step is switched off,
100 Q, 250 W), which are mounted on cooling plates. Thiéhe falling edge ofAB, causes the electron coherence to accu

fastest repetition rate is therefore given by mulate phase during the evolution period of timehat is
proportional to the average magnetic field. One can easily g¢
Pr rid of this phase change by using quadrature detection ar

[14] calculating absolute-value spectra. One should, however, n
extend this phase accumulation to angles larger thanA3-
suming a maximum field step afB o, = 20 mT and an
evolution period ofr = 300 ns, this corresponds to a minimum
waiting time of about 5.5r_ ¢, before the third mw pulse is
applied. The imbalance of the two detection channels has be
corrected using the CYCLOPSyclically orderedphasese-
guence) procedurel9, 20.

Apart from the pseudo-secular contribution of the hyperfine
interaction, there are also experimental limitations leading to 5. EXPERIMENTAL RESULTS
nonlinear behavior of the NZ-ESEEM experiment. The appli-
cation of magnetic-field steps is limited by the inhomogeneity The experiments have been carried out with a homebui
of the ABO field, which consists of a time-independent parﬁigh-power X-band Cwlpu|se EPR Spectromem) (a'[ a tem-
determined by the geometrical arrangement of the Helmhofgrature of 16 K and an mw frequency of 9.456 GHz. The ech
coil, and a time-dependent part caused by the eddy curregignals have been measured with a boxcar averager (PA
generated in the metallic elements close to the sample.  model 162 with a gated integrator model 165).

Linearity and homogeneity aiB,. Imperfections of the  The NZ-ESEEM spectra were recorded using quadratur
pulsed magnetic field may lead to spectral distortions. Tlietection with the full CYCLOPS for the three mm2 pulses
most pronounced ones are caused by the magnetic-field inbbeurationt, = 20 ns; other parameters:= 210 ns, length of
mogeneity. Experimentally, the homogeneity has been detthe ABy-field stept, = 10 us, starting valud,(0) = 1.3 us,
mined via the FID of a single crystal of lithium phthalocyaninime incrementAt, = 20 ns. The voltage has been increased ir
(room temperature, standard sample tube, 3.5 mm i.d.) alteps ofAU. = 25 V, corresponding to a field-step increment
served after a mwr/2 pulse and Gs AB, = 22 mT withB, + of A(AB,) = 0.4830 mT (conversion facton = 1.9321- 10 2
AB, = const. To allow for the eddy currents to decay, a timeT/V). The data matrix consisted of 81 points in the NZ-

M max = Wptz ,
with the maximum allowed power dissipati® and the pulse
power Ucl,. In the experimentt{ ~ 10 us), howeverr is
limited to about 500 Hz because of temperature effects.

4.2. Experimental Limitations
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the NZ-ESEEM experiment. Despite of the lower resolution of
the 2D plot in the ESEEM-dimension, the outer two lines of the
quartet at about 12 MHz can unequivocally be assignédNo
nuclear transitions. The nitrogen peak at higher frequenc
appears in the first quadrant of tgg-dimension; the nitrogen
; I i ; peak at lower frequency appears in the second quadrant (stro
] . @g@e@ _____ é __________ a0 coupling case). All the proton peaks, however, appear in th
‘ ’ first quadrant (weak coupling case). The two proton ESEEN

&’

transitions close to 9 MHz slightly deviate from tigg(*H)

olboe i S e 2.9
value in the NZ-dimension; this is the result of the increasinc
Al influence of the pseudo-secular term at lower frequencie:
R P ESEEM transitions between 1 and 3 MHz stem from weakly
0 10 2 coupled nitrogens of neighboring glycine molecules.

5.2. ldentification of Combination Lines

For nuclei withl > 1/2, such ag“N or ?H, transitions with
Am, = *2 gain in intensity in strong mixing situations. Since
these transitions evolve with twice the nuclear Zeeman fre
qguency w,, they produce peaks agRin the NZ-dimension.
The same is true for combination harmonics of different
1/2 nuclei within the samengmanifold that can occur in
three-pulse ESEEM experiments.
e 28, The contour plot of an NZ-ESEEM spectrum of bis(glyci-
nato)Cu(ll) in a single crystal of deuterated triglycine sulfate is
shown in Fig. 5b. The cross-peak at 5.7 MHz in the ESEEM
dimension and close togR (*H) = 1.71 in the NZ-dimension
AP is assigned to a combination harmonic of the two strong peak
h : : . close to 3 MHz. The very weak cross-peak at 4.7 MHz in the
o2 MHa) ESEEM-dimension is probably a combination harmonic of twc
FIG.5. (a) Three-pulse ESEEM spectrum and corresponding Nz-Eseelasic frequencies of weakly COUP|92‘H'| nuclei with basic
contour plot of bis(glycinato)Cu(ll) in ar-glycine single crystal at arbitrary frequencies in the range 1.8-3.8 MHz. Note that in the stan
or‘ientation. The asterisks label two lines in thg_quartet tha_t can be assiggptkd ESEEM spectrum the signal intensity of this peak is
with t.he help of NZ-ESEEM td“N nuclear transitions. Experimental pa_ram- mparable to the level of the noise. However, since NZ
eters: see text. (b) Three-pulse ESEEM spectrum and corresponding - . . . . .
ESEEM contour plot of bis(glycinato)Cu(ll) in a deuterated triglycine sulfat EEM introduces a new dimension with onIy a few discrete
single crystal at arbitrary orientation. Experimental parameters: see text. Values, the method allows one in some favored cases to di
tinguish between weak signals and noise. Such an identific:
tion of ESEEM lines is especially useful in strong mixing
dimension (symmetric taAB, = 0) and 256 points in the situations, where peaks are expected even at higher multipls
ESEEM dimension. The data were baseline corrected, apd-g,. This is particularly true for protons in the S-band
dized with Hamming windows (symmetric in the NZ-dimenfrequency range2@d). On the other hand, second-order effects
sion), zero-filled, and 2D Fourier transformed; absolute-valwan also complicate an NZ-ESEEM experiment, making &
spectra are shown. For comparison, the corresponding threerrectg,, assignment difficult (see Section 3).
pulse ESEEM trace was recorded with much higher resolution
(starting valueT, = 500 ns, time incremefT = 10 ns, 3000 6. CONCLUSION
data points).

&/

< ,(CH)

The NZ-ESEEM experiment introduced in this work allows
one to spread an ESEEM spectrum into a second dimensio
The improvement in resolution is demonstrated omeagly- according to the,, values of the individual ESEEM transitions.
cine single crystal doped with bis(glycinato)Cu(ll). In thisAlthough the nuclear Zeeman interaction is not as sensitive t
copper complex the nuclear transitions of the directly coordiariations of theB, field as the electron Zeeman term in
nated'“N ligands lie in the proton frequency range and caBZ-resolved EPR, the new experimental scheme can ver
easily be observed with ESEEMZ). Figure 5a shows the successfully be applied to assign the ESEEM transitions of

three-pulse ESEEM spectrum together with the contour plotlafge number of nuclei (see Table 1).

5.1. Separation of Overlapping ESEEM Lines
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