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In hyperfine sublevel correlation spectroscopy (HYSCORE), the
finite duration of the microwave pulses leads to an incomplete
inversion of the electron spin magnetization by the third pulse,
which results in a significant admixture of stimulated ESEEM to
HYSCORE ESEEM. This virtually unavoidable contribution of
stimulated ESEEM seriously hampers the analysis of the modu-
lation amplitudes in HYSCORE. In this work, we analyze the
properties of the spin echo signals contributing to the composite
HYSCORE signal. Based on this analysis, we propose the strate-
gies of HYSCORE data acquisition and processing that allow one
to practically eliminate the contribution of the stimulated echo
and make the HYSCORE ESEEM analyzable in quantitative
terms.  © 2001 Academic Press
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INTRODUCTION

Two-dimensional (2D) hyperfine sublevel
(HYSCORE) spectroscopy introduced by fdoet al. (1) is,

undoubtedly, one of the most informative electron spin ecﬁ
envelope modulation (ESEEM) techniques available today.
2D spectrum obtained by the Fourier transformation (FT) o
HYSCORE ESEEM reveals correlations of nuclear transitio
and disentangles contributions of different types of nuclei in%o
the ESEEM. The HYSCORE method is based on the usifil
three-pulse (stimulated) ESE. The ESEEM frequency correla-
tions are created by a sudden swapping of the electron spi
manifolds during the time interval between the second ar
third microwave (mw) pulses of the stimulated ESE sequence.
For this purpose, an additional mw pulse is used, counting thif

in the thus-obtained four-pulse sequence.

In ESE experiments, the mw pulses have finite duratio

and, correspondingly, a finite spectral range of their action

the electron spins. In HYSCORE, this leads to the incompleI e
inversion of the electron spin magnetization by the third puls
As a result, the ESE signals of two types are simultaneou

formed in the HYSCORE experimerg<6). One of the signals

correlatio

is contributed by those spins reoriented by the third mw puls
This is the signal of interest and the carrier of the HYSCOR
ESEEM. The other signal, unwanted in this experiment, is tt
stimulated ESE, contributed by the spins whose orientatic
was not changed by the third pulse. This signal is a carrier
the stimulated ESEEM.

The HYSCORE and stimulated ESE signals cannot be se
arated by phase cycling(6), and they both contribute to the
resulting ESEEM. In the 2D spectrum, the stimulated ESEEI
produces peaks on the main diagonal of thet) quadrant,
which may obscure the observation of weak HYSCORE line
located close to this diagonal. Even if this does not happen, t
contribution of the stimulated ESE obliterates the reference f
normalizing the HYSCORE modulation amplitudes and prc
hibits their simple analysis. Moreover, we as well as othe
researchers7j have often observed that the amplitude of th
HYSCORE echo is substantially less than that expected bas
n the probability of spin inversion by the third mw pulse
hese observations imply that, besides the incomplete mag!
ization inversion, there are additional reasons for the loss

SCORE signal. Thus, the potential to provide informatiol
aabout the number of nuclei from the normalized modulatio

r;ilsmplitudes remains unrealized in HYSCORE. This effectivel

Imits the quantitative applications of this technique to th
alysis of the ESEEM frequencies only.
In this work we show that the severe loss of the HYSCOR
lgnal is caused by a somewhat different scale of response
four-pulse and stimulated echoes to the electron-nucle
wﬁeeractions. Based on our analysis, we propose the process
the experimental data that allows one to obtain the pu
SCORE ESEEM. The results of this work are also directl

5, 6, § based on the same four-pulse sequence and differi
the incrementation schemes for the interpulse delays and
the types of spectral peaks obtained (fundamental, sum,

gference combination peaks and their various correlations

fé)plicable to other one-dimensional (1D) and 2D experimen
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380 ASTASHKIN AND RAITSIMRING

ranging from 2 to 8 GHz9) and from 8 to 18 GHz10). Each angle of thekth pulse and’ is the spin echo coordinate, can be

spectrometer has two independent mw channels. In the forgadily evaluated using the formalism developed in REf) &s

pulse ESEEM measurements we used the second mw channel

to set the amplitude of the third pulse independently from the "

amplitudes of the other three pulses. V, = J Im{a*Bta%By(|as? — | B3| ) asBrexpliAwt’)}
The data acquisition was performed using fast digitizing Y

boards CS8500 from Gage Applied Sciences, Inc. (2-ns time

resolution, 8-bit amplitude resolutioi;200-MHz bandwidth, X G(Aw)d(Aw). 2]

and about 15-kHz retriggering rate). The acquisition and stor-

age of the whole ESE signal shape for every mw pulse sepa-this expressionAw is the difference between the electror

ration have effectively added one more time dimension, t#@eman and the mw carrier frequencies, @fd w) is the EPR

spin echo coordinate, to our experimental data. The measuggectrum shape. The, and g, are

ments were performed with a pulse repetition rates of 500

Hz-1 kHz, limited by the saturation of the investigated sam- ondpr Ao ondpk

ples. @ =CoS—5— — | o sin—5—;
The experiments were mostly performed with two types of

well-characterized samples often used in a methodological B = —i expligy) %sin onidpk

pulsed EPR work. One of these samples, tparadiated “ ¥ oy 2

quartz, contains only a small fraction of magnetic nuéi&i
(4.67% natural abundance) and shows only a very weak
ESEEM. The other sample waa 1 mM glassy methanol ] ] ] ]
solution of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) sta’/Nere ¢« is the phasef, is the duration, andoy is the
ble free radical obtained from Aldrich. In addition, a number @MPplitude of thekth pulse. The latter two values determine th

bioinorganic samples, e.g., sulfite oxidase and low-spin irgiPminal flip gpgleekz = @udpe
chlorine. were used. The quantitieda,|* and|Bs|* represent the probabilities for

the electron spins to be turned or not turned, respectively, |

the third pulse 11). When the third pulse is “off,]as|* = 1,

|Bs|> = 0, and Eq. [2] describes the three-pulse stimulated ecl

signalVe(t"). In the opposite situation of the third mw pulse

being “on,” with|a;|*> = 0 and|B;|* = 1 for anyAw, the shape

and the absolute value of the amplitude\gf(t’) should be
HYSCORE is essentially the nuclear coherence transigxactly same as those Wi(t').

experiment 8§, 5, 6, § where ESEEM reflects the nuclear spin |n a general case o0#,|*> # 0, |B4|* # 0, V(1) is the sum

evolution between the mw pulses. However, the ESEEM g two terms:

carried by theelectronspin echo signal, whose amplitude is

also determined by factors unrelated to the nuclei responsible V(1)) = Vis(t') + Vig(t'). [4]

for the ESEEM. If we narrow our scope down to the systems

. . Y : .
with the electronic spits = 5 and not too strongly anlsotroplcE]e termV(t'), (=Bs]?) is the signal of interest because, in

g-ten_sor, then the most important factor mfluencmg the E_ e presence of the electron-nuclear interactions, it carries t
amplitudes and shapes (apart from the ESEEM) is the widt SCORE ESEEM. The termV,s(t') (=|as|?) is the un
and shape of the EPR spectrum. In this section we wish \X%nted stimulated echo generated in the four-pulse sequer

consider this factor separately, without complications assogélow’ the total,, signal will be referred to as the composite

_ated W'.th the_ ESEEM' The e_ffects of the electr_on—nucle%rcho, and th&/,, signal will be referred to as the HYSCORE
interactions will be discussed in subsequent sections. Thefe-, | four-pulse echo
fore, let us consider first the simplest spin system consisting of. '

. . . o To give an idea about the shapes and relative amplitudes
an electron spirs = 3 and described by the spin-Hamiltonian g ! . b W PAu

ith onlv the 7 int fion taken int r Vuy and Vs, we simulated these signals numerically, usin
with only the zeeman interaction taken into account: Egs. [2—4], for the mw pulses of equal durations and for th

. . commonly used nominal flip anglés of /2, w/2, 7, and /2.
H = gBSB,, [1]  TheVssignal was simulated using the same expressions, wi
t,s = 0 andf; = 0. The EPR line was assumed to be infinitely
whereg is the electronig-factor, 8 is the Bohr magneton, andbroad G(Aw) = 1). The results of the simulations are showr
B, is the external magnetic field. in Fig. 1.
The spin echoV,, generated by the four-pulse sequence As seen from Fig. 1, fo6(Aw) = const and for mw pulses
0,—1—0,—t,—0,—t,—0,—(7 + t'), where6, is the nominal flip of equal durations, the maximal amplitufiﬂ of the composite

o= (ol Aw?, (3]

RESULTS AND DISCUSSION

1. The Four-Pulse ESE Signal in the Absence of Nuclear
Interactions
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2 I E 0.0
E Iy ] where |5 is the integral ofV.g(t'), Iy is the integral of
Zh 195 Vuu(t'), and G(0) is an amplitude of the EPR line at the

- . _, . .4-10 observation position (i.e., d&w = 0). Thus, in the integrated

0 50 echo signal, the parameters related to the spin sys&()j

and to the instrumentf{) are factorized.
One can see from Eqg. [5] thiis = 0 if 0; = 7. At the same
FIG. 1. (a) Simulated shapes of the three-pulse stimulated é¢hpand time, the integral of the HYSCORE echlq,;, becomes max

th_e four-pulse composite ech¥,. (b) Simulated shapes of the four-pulseimal and equal to the integral of the stimulated echo in th
stimulated echoy s, and the four-pulse (HYSCORE) echo prop¥€r,, the .

latter two signals being the constituent part3/pf (c) and (d) Integrals of the three-pulse sequende, i.e., |l (05 = m)| = [l (65 = )]
ESE shapes shown in (a) and (b), respectively, over the spin echo coordirﬁté I ss|- These integral properties are demonstrated in Figs.
t’. In the simulationst, = 20 ns for all pulses. The nominal flip angles in theand 1d. Despite the fact that so far we did not take th
calculation ofV¢s were /2 for aI_I thre_e pulses. In the calculation 6fy, Vs, hyperfine (hfi) and nuclear quadrupole (nqi) interactions int
andVy = Vi + Vs, the nominal flip angles for the four pulses werk2, 550 nt e intend to consider here the possible use of the

7/2, w, andw/2. The EPR linewidth was taken to be infini8(Aw) = const). . . . .
Note that the integral oV,s, |4s equals zero. The absolute values of théntegral properties to eliminate the unwanted stimulated ech

integrals of the composite echfl ), four-pulse echo|(.)), and stimulated Vus(t'). Therefore, we will assume for the rest of this pape
echo (Isd) are equal. that 6; = r, unless otherwise explicitly specified.

t' (ns)

2. The Composite Spin Echo Signals Observed in

echo is approximately half the maximal amplitudes of the ~ Experiment and Their Qualitative Discussion

three-pulse stimulated echo. The ra¥ig,/Vs (where the tilde  \yhjle experimenting with various systems at different mv
denotes the absolute values of the maximal amplitudes of {he, s (from S to P), we found that the conservation of integre
respective ESE signals) is about 5:2, and so the compogjigy the similarity of shapes of the experimental composi
signal contains about 30% of the unwanted signal. For @fynals to those expected from simulations are often violate
infinitely broad EPR spectrum, the raNG,./V.s depends only of the samples studied in this work, only theirradiated
on the relative durations of the mw pulses. As shown in Fig. duartz (at all operational frequencies) and TEMPO (at hig
if the relative duration of the third mw pulse (withy, = )
decreases, the unwant¥gs signal also decreases. This repre
sents the most direct way to suppress the contribution of this 1.0
signal toVy (6). .

Unfortunately, in the ESEEM applications, the implementa-
tion of such a direct approach is hindered by the limited power
of the traveling wave tube amplifiers routinely employed in
most ESE spectrometers, as well as by the necessity to usé
resonators with a low quality factor (to accommodate veg\E
short mw pulses), resulting in decreased sensitivity. We there- %4
fore chose to consider an alternative approach to eliminating
the contribution ofV,s to V. This approach is based on the o2
integral properties of ESE signals and may be more affordable
than the “brute force” method discussed above (although it ,
would also gain from the use of a possibly short third mw
pulse).

Let us integrate V(') _(Eq' [2]) over t_,' SlnCQ J FIG. 2. Dependence of the ratio of amplitudes of stimulated echoes |
explAwt’)dt’ « 5(Aw) (*8" is the delta-function), the inte- foyr- and three-pulse sequences on the duration of the third pulse. The E
gral overAw is readily evaluated: linewidth is assumed to be infinité&5(Aw) = const).

tpS/tpl,ZA
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sk rations between the mw pulses. The averaged shapes
02 f integrals are denoted by horizontal bars placed over the resp
0.0 [~ tive symbols (e.g., the ESE signd), averaged ovet; andt,
o gi is denotedV,,, and the integral o¥/,, overt’ is denoted! ).
:5 06 F Examples of cases significantly violating the conservation
= (l’g C integrals are presented in Figs. 3b—3d. B
g U Although the shapes of the composite signdlsin Figs.
m 8; ; 3b-3d are very different from those predicted by Egs. [2—4
A 00 . we were able in all cases to reproduce the experimental shar
gi C using instead of Eq. [4] the expression with a weighted cor
06k tribution of V.
0.8
-1.0

TS0 0 s Vi(t') = Vis(t') + a+ Vig(t'), [6]
t' (ns)

FIG.3. Experimental and simulated shapes of three-pulse stimulsig}l ( \where« is a constant, an,,s(t') andV,(t') are calculated
and four-pulse compositeV(;,) echoes for various samples at various mV\{JSing Egs [2 3] An example of such a simulation for TEMPC
frequencies,,. In all experiments, the nominal flip angles werk, 7/2, and o . A
7/2 in the three-pulse sequence am®, /2, =, and /2 in the four-pulse at low mw frequency 1S S_hown in Fig. 3b. We found that eve
sequence. The off-resonance baselines were subtracted from the ESE shipethe worst cases off/lsf < 0.1, the value ofa did not
In (b) and (c) the averaging of the ESE shapes was performed after norngéviate fr0m|| ull ss| by more than 30%. Phenomenologically,
ization by the nonoscillating part of the stimulated ESE decay. The ratios @js result indicates that, for all investigated systems, the int
ESE integrals are shown in all panels. (a) Solid lines: experimental for 1 m T : :
solution of TEMPO in methanol at,, = 16.375 GHz,B, = 585.5 mT gl'éﬂ s was close to zero. At th.e same time, the amplltu_de ar
(maximum of the EPR spectrumy,= 310 ns;t, = 1200 nst, = 2000 ns: integral of the HYSCORE signaVy, were substantially
temperature, 77 K. All mw pulses were of 30 ns duration. Dashed linesmaller than the theoretical values. This absolute and relati
simulations using Egs. [2-4] and the experimental EPR lineshape (for f@ss of the HYSCORE signal, with the stimulated ESE sign:

stimulated ESE calculation, the third pulse in Eq. [2] was assumed to be ofgmaining seemingly intact, requires an explanation and di
(b) Solid lines: experimental for 1 mM solution of TEMPO in methanol a&ussion

Vmw = 3.758 GHz,B, = 134 mT (maximum of the EPR spectrum)= 438 . .
ns; temperature, 20 K. All mw pulses were of 30 ns duration. The ESE shapecorrelat'ng the ESE and ESEEM data, one can notice th

V.. was obtained by averaging over all the individual shapes at difieremd ~ the loss ofl,; is greater when a deep ESEEM is observed. If th
t, of the 100x 100 points HYSCORE data set. The shafig was obtained modulation is shallow (like that in the-irradiated quartz or
by averaging over 200 points of the stimulated ESE data set. Dashed lingg MPO atwv,,, = 16.375 GHz), the ratigl ./ o4 is close to
simulations using the experimental EPR lineshape. Theshape was simu. iy - Systematic measurements for TEMPO at different my
lated as in (a). Th¥/,, shape was simulated using Egs. [2, 3, 6] witin Eq. . . .
[6] equal to 0.12 (which is close t/Tsd = 0.09). (c) Low-spinbis- frequencies (the durations of the mw pulses were same in
imidazoled, complex of iron(lll) tetraphenylchlorine at,, = 16.652 GHz, measurements, and the nominal flip angles wigrg = /2,

B, = 500 mT, 7 = 400 ns; temperature, 4.2 K. Microwave pulses wete 3 6, = 47) in order to vary the modulation amplitude show &
(15 ns) in the three-pulse sequence and (150€)5 ns)X (10 ns)x (15ns)  regular decrease &H/TSS| with decreasing,,,, (see Fig. 4)At

in the four-pulse sequence. The ESE shdpevas obtained by averaging over : : :
all the individual shapes at differentandt, of the 80x 80 point HYSCORE the same time, quite naturally for decreasing, the ESEEM

data set. The shapéss was obtained by averaging over 160 points of thdﬁmp“tUde Increases.
stimulated ESE data set. (d) Mo(V) center in the high-pH form of sulfite From these measurements we may conclude that the

oxidase atn,, = 15.795 GHzB, = 571.5 mT,r = 400 ns,t; = 1300 ns, served decrease of thg,,; signal relative toV,s is caused by
t, = 2500 ns;temperature, 12 K. All mw pulses were of 20 ns duration. alectron-nuclear interactions and has the same origin as |
ESEEM. The ESE signal in the presence of ESEEM may |
represented as the sum of oscillating and nonoscillating tern
operational frequencies) have produced results in agreemgnin orientationally disordered system, the oscillating comp:
with the above simple theory. The experimental data fofents tend to damp, and the contributions of many differe;
TEMPO at a high mw frequency are presented in Fig. 3gyrmonics tend to cancel each other. Therefore, after a cert
together with simulations based on Egs. [2—4]. The intelgral time interval between the mw pulses, the spin echo amplitud
in this case is about 90% ofs, in good agreement with theory. approach their asymptotic values, different for the stimulate

For other samples thk, values were considerably smallefocho and HYSCORE. For example, in a system Witk 1
thanlss. Because of deep ESEEM, thg(t’) shapes for these (2 12

samples were different from those predicted by Egs. [2—4] and
strongly depended on time intervals between the mw pulses. In
such situations, in order to minimize the distortions caused by k 3k

ESEEM, the ESE signal shapes were averaged over the sepa- Vsd) = 1 =55 V(=) =1 =7, 7]
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! : : : : ! ! the same, as demonstrated in Fig. 3c showing an exam
L R o S -1 of data for such a system containing six strongly couple
+ L 000 i 5 | 8| N nuclei.
1 S AR Thus, a plausible reason for the loss of the HYSCORE sign
_ | ! : ' 3 ! : is established. Other reasons, of minor importance, are d
Y] R — S R [T S S .| cussed in Appendix I, while in Appendix Il we discuss
|\: L '® | | ; 3 | possible application for this signal loss. It is, however, not cle:
= | | : : ! ! : yet how to separaté, into its component signals, because the
04 N T T " | ESEEM behavior ofV,s is not known. SincéV,s is mostly
o . 5 : | : : contributed by nonresonant spins (at least figr= ), its
0.2 =mpmmmoee ot e Feoeee "1 ESEEM might differ from that o¥/ss. To explore this problem,
. : : ! : : direct numerical simulations are necessary.
0.0 — . . i l i 3
4 6 8 10 12 14 16

3. Numerical Simulations in the Presence of Nuclear
Vow (GHZ) Interactions

FIG. 4. Dependence ofl/lsq on the mw frequencyr, for TEMPO  \,marical simulations were performed for real mw pulse:
(black circles) andy-irradiated quartz samples (open circles). The data at .

Vmw ~ 9.3 GHz for TEMPO were collected using the pulsed EPR spectrometé?!N9 the density matrix formalism. Pulse propagators in the
of Professor Freed’s research group. In the measurements of TEMPO, all ofiiulations were based on the full spin-Hamiltonian of the spi
mw pulses were 30 ns in duration. In the quartz measurements, the mw pgystem G = 1= %), including electron and nuclear Zeemar
durations were 100 ns (in‘ order to make the excitation bandwidth narrowgiteractions, hfi, and the interaction of the electron spins Wi
than the EPR spectrum width). the mw field. The desired signals were separated from ti
unwanted echoes by appropriate phase cycl®)g The Vs

) ) ] andV, signals were calculated separately using diagonal al
wherek is the usual modulation amplitude factd2], and the  54i_giagonal blocks, respectively, of the third pulse propag

infinite arguments indicate that the separations between the gy || of the ESE signals were calculated as a function of tw
pulses are large enough to ensure the complete damping ofdRe, \ariaples. One of these variables was the spin ec
ESEEM harmonics. Ik < 1, the asymptotic amplitudes of . ginatet’. The other time coordinate for<s was the time
both echoes are close to unity. In the opposite limikof 1, jyerval T between the second and third mw pulses. In th
we haveVyy,()/Vs{>) ~ 0.5. Finally, ifN nuclei with similar ¢, ise sequence, the second time coordinatetwas, =

k values contribute to the ESEEM, a rough order—of—magnituqig which corresponds to the 1D combination peak (CR) e;
estimate of the asymptotic ESE amplitudes is given by periment 8).

N \ Some results of the calculations are presented in Fig. 5.
Ved0) [l _ k] o Vp(0) o [1 _ 3k} these particular simulations, the hfi parameters were similar
S 1 HH . [8]
2 4 those for the methyl protons of TEMPO at the lowegt and
B, used in our experiments. To maximize the ESEEM ampl
It follows from Eq. [8] that ifk # 0 andN is large enough, the tude, the simulations were performed for the single crystal-lik
ratio of asymptotic amplitudes (and, possibly, the ratio afituation, with the angl® betweenB, and the axis of the hfi
integrals|l yu/1s{) may become arbitrarily small. tensor equal to 45°. This resulted in the modulation amplituc
In our experiments, the average (over orientations) factorfactork ~ 0.7. Asseen in Fig. 5, the hfi practically did not
for each of the close methyl protons of TEMPO was variethange the shapes &fss and V,,s compared with the no-hfi
from about 0.02 av,,, = 16.4 GHz to about 0.4 at,,, = 3.8 case, resulting idTHS/TSS| ~ 0.002. Both signals, however,
GHz, as estimated for the anisotropic hfi constBnt~ —3.5 decreased about 1.81 times as a result of the hyperfine int
MHz (13). With 12 methyl protons, this giveg,,(=)/Vs{*) action. Similarly, the shape &f,,, remained similar to that in
changing from about 0.94 to about 0.2. In agreement with thethe absence of hfi, but the amplitude of this signal decreas
estimates, the numerical calculation of the stimulated aBd36 times. The resulting ratios of the integrals jarg/l s =
four-pulse ESEEM traces for 12 methyl protons of TEMP( /s = 0.55. These changes of ESE amplitudes, with th
gives V,,./Vss = 0.22 for the low-frequency situation cofre shapes of the signals remaining unchanged, justify phenon
sponding to Fig. 3b. The interaction of the electron spin withological Eq. [6]. The simulations with averaging ovkegave
distant protons and with the hydrogen-bound hydroxyl protosgmilar results, although the decrease/lofl sJ was less pro
of solvent (CHOH) (12) results in a further decrease ofnounced in this casgl(/lsd ~ 0.8) due to smaller average
Vil Vs modulation amplitude.
The above estimates were made forx= 1. For| > } the Simulation of the three- and four-pulse stimulated ESEEN
results of the electron-nuclear interactions will be qualitativefpr various instrumental and hfi parameters (e.g., Fig. 6) ri



384 ASTASHKIN AND RAITSIMRING

and with At; = At,, one should record® — 1 points of
Vs((T), with AT = At; = At,, and convert them to thd X
N 2D array in such a way that the elementj( of the output
2D array equals to the elemeintt j — 1 of the original 1D
stimulated ESE data (herg,j € [1 ---N]). The described
procedure allows one to obtain the HYSCORE spectra prac
cally without any contribution from the stimulated ESEEM.

One example of such data processing is presented in Fig.
Figure 7a shows a HYSCORE spectrum of TEMPO obtained
a low mw frequency. The peaks in this spectrum locate
between two dashed anti-diagonal lines correspond to corre
) tions of the fundamental harmonics. The peak at the prot
o s Zeeman frequencyy, = 5.7 MHz, is due to the distant
t' (ns) protons, and the broad anti-diagonal ridge is due to the clo
. . _ methyl protons. All other features are the heteronuclear cor
FIG. 5. Simulated shapes of three-pulse stimulated (a) and various four- ~: . . . .
pulse echoes (b—d) in the presence (dashed lines) and in the absence ( ﬁ@t'on_ lines. Trace 1in Fig. 7b represents a 1D prqECt'on ‘
lines) of electron-nuclear interaction. Simulation parameters: duration of &n1€ portion of the 2D spectrum between the dashed lines. Tre
mw pulses, 20 ns; isotropic hfi constamy, = 0 MHz; T, = —4 MHz;», = 3 in Fig. 7b is the result of subtraction of the stimulatec
5.7 MHz; 7 = 200 ns; the angle betwe& and the axis of the hfi tensof,= ESEEM using Eq. [9]. One can see that in this particular ca:
45°; average over 200 data points aldn¢for the three-pulse sequence)tor limi . f h. . | | . h
t, = t, (for the four-pulse sequence). The scaling factors used to match Jﬁ%e e 'mmatlon of theVys signa .resu ted in . a more than
shapes simulated with and without hfi are shown. In (d) the shapes of coofold increase of the Zeeman line due to distant protons.
posite echoes do not match because of different scaling factovgf@ndVss, A less rigorous but more simple way to suppress the ul
The ESE shapes in (a—c) are shifted relative to each other by 4 ns. The rg\t)g_medeS signal is based on its integral properties and on th
[Tu/1sd in this case is equal to 0.55. L . ~ .

acquisition ofl(t) instead ofV,(t). This method does not

eliminate Vs completely, because the ESEEM and signe

veals that the modulation patterns depend’oin appearance, amplitude are not factorized. As we have seen, however, t
phase, and amplitude. In the vicinity of maxima of the ESBEonoscillating part ofVys is practically eliminated by the
signals ¢’ =~ 0), however, the normalized ESEEMSs and their
FTs are quite close, as shown in Fig. 6c¢ (this is only valid if
amplitudes of the mw pulses exceed the Zeeman and hyperfine

a b
interactions, see Appendix IIl). Thus,tat~ 0, the ESEEM of % /\/V\/’\/\VW———

ESE Amplitude

-50 0 50

the V,, signal can be represented as ol M Z'ai
~ g 0: A/\/WW 5
Vi(ty, tp) = \:/ VsdT) + Viu(ty, to), [9] 40 @

SS

-80

|

whereT = t, + t,. Equation [9] holds the key to eliminating | ! |
the unwantedV,s signal in the four-pulse experiments. Vist) ’ L LSEEM soordinate. (s !
Namely, the shapes of the three- and four-pulse stimulated ’
echoes are to be simulated using Egs. [2, 3]. These simulations
allow one to determin& ,.J/V ss because this ratio practically
does not depend on the presence of ESEEM. Then, using the
experimentalV,,(t,, t,) and Vs{T) (recorded at the same
experimental conditions and, f&(t,, t,), with 6; = ) and
the theoretical ratio/ ,¢/V ss the HYSCORE echo is sepa T T T %
rated using Eq. [9]. MHz

For processing the 1D data obtained in the four-pulse CHFIG. 6. (a) Simulated shape of the stimulated echo in the four-pulse sequer
experiment 8), the stimulated ech¥s{T) should be recorded (Vi) averaged over the time intervel= t, = t,. (b) The ESEEM patterns
with the step in the third pulse interval T, being twice the observed at different points of this signal (marked by circles in (a) and arranged

B - - the same order). (c) Amplitude FT spectra of the normalized modulations in t
stepAt = Aty = At,. Other 1D four'pUIse eXpe”menS’(G) vicinity of the maxima {4 ns) for the three-pulse stimulated edhg (dots) and

will require differentAT (AT = At;, AT = Aty, or AT = 0).  the four-pulse stimulated echés (solid line). Simulation parameters are as in Fig.
For processing the 2D HYSCORE data of, sidyxX N points, 5, but the orientational averaging is performed.

(v

ESEEM Amplitude
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20 tation of the ESEEM 14). For example, if there are only
- deuterium nuclei contributing to the ESEEM, one can sele
t,s = 10 ns (close to the limits of modern hardwaté)j and
t, = t,, = t,, = 50 ns, which will result in a practically zero
contribution ofV s (see Fig. 2). For weakly coupled protons in
the X-band, however, the/2 pulses should be no more than 1-
ns long in order to provide for complete excitation of the
ESEEM (14), which still results in a reasonabié.g/V,,, =
0.17 fort,; = 10 ns. In the case of very deep ESEEM, the
suppression o s with this straightforward technique may not
be feasible, because the required durations formf2epulses
FIG.7. (a) The & +) quadrant of the HYSCORE spectrum of TEMPO inwill be comparable with the transverse relaxation time in th
methanol atv,, = 3.758 GHz,B, = 134 mT (maximum of the EPR sample (hundreds of nanoseconds). In such situations,
spectrum),7 = 438 ns; temperature, 20 K. All mw pulses were of 30 ngechnique described in this work still allows one to eliminat

duration. The ESE signal integration gate was 20 ns. (b) Trace 1: the . . . .
projection of the area between the dashed lines in the HYSCOREspectrumtﬁ contribution of the stimulated echo to the composit

Trace 3: the same, but after removing the contribution of the stimulatéd SQORE signal, making this signal quantitatively analyz
ESEEM as described in the text. Trace 2: the projection of the HYSCOREble in terms of the ESEEM amplitude.
spectrum obtained with integration over the entire ESE signal (integration

gate= 146 ns). APPENDIX |

ESEEM Amplitude (Arb.U.)

<

| T - |
0 5 10 15 20 0
v(MHz) MHz

Other Factors Influencing the Amplitude
integration. The relative contribution of the stimulated ESEEM of the HYSCORE Echo

to |, is also substantially suppressed, at least when the nuclei ) .

are far from the Zeeman/hfi cancellation condition. To avoid a ON€ Of the factors that can affect the relative amplitude
loss of the desired modulation due to the phase dependence’en@1d Vi signals (and the ratio of their integrals) is the
t', the pulse duration in such an experiment should be shorfgfexation caused by the instantaneous diffusion. A simp
than the period of the modulation harmonic with the highe§Valuation shows that for randomly distributed spins the dec:
expected frequency. As an example, trace 2 in Fig. 7b shoff!sed by this mechanism is

the 1D projection of the HYSCORE spectrum obtained with

the integration over the entire ESE signal. One can see that this V(7) < exp(—8.1- 10" *Cr(1 — [] coswudpdguw)
spectrum is close to spectrum 3 obtained using Eq. [9], with the k

amplitude of the proton Zeeman line being about twice as great [Al]

as that in spectrum 1. . . L -
whereC is the spin concentration in ¢y ( - - - )., indicates

averaging over the EPR spectrum, d&né 2, 3 for stimulated
echo (L6) and 2, 3, 4 for HYSCORE. The ratio of the four-

In this work we investioated a structure and properties of t ulse and stimulated echo amplitudes due to the instantane
IS WOTK We Investig uctu properti iffusion mechanism is then

four-pulse ESE signal that is a carrier of the ESEEM in the

four-pulse ESEEM experiments. We have explained the rea-

sons for the loss of the amplitude of this signal often observed "" _ exp( —16.2-1073Cr

in experiments. We have proposed a rigorous way to eliminateVss

the contribution of the unwanted stimulated ESE/ESEEM into ot

the composite four-pulse signal and the use of the integrals of X <cos Wit COS Wit peSIN® N23 p3> ) . [A2]

spin echo shapes for detecting “hidden” nuclei unobservable 9()

with standard ESEEM techniques. We have also proposed a

more simple approximate way to eliminate the unwanted stimhere it is taken into account that the third pulse of th

ulated echo based on the integration of the ESE signal.  stimulated ESE sequence is same as the fourth pulse of |
Since the suggested treatment of the four-pulse/HYSCOR®ur-pulse sequence, and pulse numbering corresponding to

experimental data is more complicated than that usually efour-pulse sequence is used. This ratio calculated for a 1 m

ployed, we wish to make a final remark on its merits. In theample of TEMPO7 ~ 400 ns, and mw pulse durations of 20

case of weak ESEEM, one can easily suppress the stimulatsd(with the nominal flip angles of/2, #/2, and=/2 for the

ESE signaV,;s using the shortest possible third mw pulse anstimulated echo, and/2, «/2, , and «/2 for the four-pulse

selecting durations for other pulses to be considerably longaho) is not less than 0.96.

thant,; (6), while short enough to ensure the complete exci Another reason for the departures of the ESE signal shar

CONCLUSION
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and integrals from those predicted by the simple theory is the
inhomogeneity of the mw fiel®, in a probe. Deviations from

0, = a result in an increase &f s and decrease of,, in the
composite ech®’\,. This effect is substantial only if the sample
size is comparable with that of the resonator, and usually it céh
be easily avoided by decreasing the dimensions of the sam@e
(unfortunately, for the samples of limited concentration this i

v
. V2
not always an option). In our measurements, the samples wege L
of cylindrical shape, having a height of approximately 5 m% ) L
and diameter of 3 mm. With samples of this size, even in thg 1
14

smallest resonator used with a height of 10 mm, the effect

v
B, inhomogeneity on the relative amplitudes\gfs and V
does not exceed 10%, which is an order of magnitude less than 5
that found in some of our measurements. — ———————
8

APPENDIX 11 MHz

FIG. 8. Traces 1 and 2 in both panels: the amplitude spectra of normaliz
Detecting “Hidden Nuclei” with Four-Pulse ESE four-pulse (1D) and three-pulse stimulated ESEEM, respectively, calculat
. . . for mw pulse durations of 30 ns in (a) and 10 ns in (b). The simulatiol
As follows from numerical simulations (see Results anghrameters wers =, 1 = 1 », = 8 MHz, a,, = 0 MHz, T, = —5 MHz,
Discussion), the ratidl /I of reflects the strength of the elec = 200 ns. The anglé betweerB, and the hfi axis is 54.7°. The peak labeled
tron-nuclear interactions and the number of the interactirig results from the usual fundamental harmonics & 54.7° they have

nuclei (see Eq. [8]). Normally, these nuclei can be Studiéanilarfrequencies).The peak labeled2” in trace 1 results from the nuclear
. : ) ’ . . in evolution during the third m Ise (see text).
using the ESEEM spectra. However, if the nuclei have rathar © oo Guing ird mw pulse (see text)

strong hfi with distributed parameters (e.g., due to slightly

different conformations of the paramagnetic center), thec}pring the mw pulses. Figure 8 shows the simulated spectra

might become practically undetectable with convention%e three- and four-pulse stimulated ESEEMs for a sihgte

ESEEM methods because the corresponding ESEEM harm?ﬂhcleus Withy. = 8 MHz andT . = —5 MHz. The maanetic
ics will damp within the dead time. The nonoscillating term Of?r'eld B, was oIr}ilented at the “matgic angle” (54.70) withgrespec

the ESEEM, on the other hand, always adds up constructiv f . : o .
: o he hfi axis. In this case the nuclear transition frequencies &
leading to the decrease of the average (over the time intervals .

eneratey, = v ~ v,. Therefore, only one line should be

echo amplitude. As our analysis shows, the presence of su . K .
“invisible” nuclei may be established if the deviation|ﬁfll_55| o%served in the stimulated ESEEM spectra, with the frequen

o . . close tov,.
from unity is considerably greater than that predicted based andeed, the spectra of the three-pulse stimulated ESEE

the nuclear parameters obtained from the observable ESEI;EI

L . . aces 2 in Figs. 8a and 8b) show only one line at th
Such a situation was found, e.g., in a sample of the high _ _ . I .
. . ; . equencyrv = v, = v, = 8.75 MHz. An additional line,
form of sulfite oxidase that contains a paramagnetic Mo(

) . .~ however, is present in the spectra of the four-pulse stimulat
center coordinated by the Qiroup (L7, 1§. The anisotropic e%SEEM (trace 1 in Figs. 8a and 8b), with the frequenty/=

hfi of the close hydroxyl protons is quite strong and distribut _ _ . .
in broad limits (8), so that it has taken considerable effort argpj‘*lz = v,/2 = 4.38 MHz. The latter harmonic appears in the

aovlication of the zero dead time refocused primary E dgur—pulse stimulated ESEEM because the third polsgnite
pplic : L . P Y uration has a probability of turning the electron spin by the
technique 13) in combination with low mw frequency to

. X i
detect them at all. At the same time, the measurement of t%ngle ofn 27 (n # 0), accompanied by the turn of the

e . : . .
integrals of the composite and stimulated echoes, at- 16 nuclear spin (same as it occurs in pulse-adjustable and pul
GHz, gives|l./lsd ~ 0.53, indicating the presence of clos

matched ESEEM 19-21) and coherent Raman beat®2)
protons in vicinity of the Mo(V) center. %echniques). Such a flip re_sults in termination of the nucle:
coherences already evolving after the second pulse and
starting the new coherences, which leads to the harmonics
the four-pulse stimulated ESEEM described by a0g{t. . +
w7/ 2). There are similar harmonics in the four-pulse
ESEEM properZ2). In the latter case, however, they can appese
without any nuclear spin evolution during the mw pulse, sinc
The numerical simulations have revealed some peculiaritig® nuclear coherences are transferred between the elect
of the stimulated ESEEM as obtained with the four-pulsgpin manifolds with different sets of nuclear eigenfunction
sequence, which are related to the nuclear spin evoluti(s 6).

APPENDIX 111

Half-Frequency Harmonics in the Four-Pulse
Stimulated ESEEM
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