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A simple theoretical model that describes the pulsed Davies
electron-nuclear double resonance (ENDOR) experiment for an
electron spin S = £ coupled to a nuclear spin | = 3 was developed
to account for unusual W-band (95 GHz) ENDOR effects observed
at low temperatures. This model takes into account the thermal
polarization along with all internal relaxation processes in a four-
level system represented by the electron- and nuclear-spin relax-
ation times T,. and T, respectively, and the cross-relaxation time,
Ty It is shown that under conditions of sufficiently high thermal
spin polarization, nuclei can exhibit asymmetric ENDOR spectra
in two cases: the first when t,, > T, and T,,, T > T, Where
ENDOR signals from the a& manifold are negative and those of the
B manifold positive, and the second when the cross- and/or
nuclear-relaxation times are longer than the repetition time (t,,;, <<
T, < tg and Ty, Ty, > tg). In that case the polarization of the
ENDOR signals becomes opposite to the previous case, the lines in
the « manifolds are positive, and those of the B manifold are
negative. This case is more likely to be encountered experimentally
because it does not require a very long mixing time and is a
consequence of the saturation of the nuclear transitions. Using this
model the experimental t,,;, and t; dependencies of the W-band 'H
ENDOR amplitudes of [Cu(imidazole),]Cl, were reproduced and
the values of T, and T,, > T,, were determined. The presence of
asymmetry in the ENDOR spectrum is useful as it directly pro-
vides the sign of the hyperfine coupling. The presented model
allows the experimentalist to adjust experimental parameters,
such as t,,;, and tg, in order to optimize the desired appearance of
the spectrum.  © 2001 Academic Press

Key Words: high field; pulsed EPR; ENDOR; spin-lattice
relaxation.

INTRODUCTION

shown in Fig. 1. The spectrum is obtained by measuring tt
echo amplitude as a function of the frequency of the radiofre
quency (RF) pulse. This experiment can be divided into thre
periods, (i) the preparation stage, which consists of the sele
tive inversion of one of the EPR transitions by a microwav
(MW) m-pulse, (ii) the mixing period, which starts with the RF
pulse that inverts selectively one of the NMR transitions and

followed by a timet,,,, during which relaxation processes car
take place, and (iii) the detection period, which consists of ¢
echo detection sequence applied at the same frequency as
preparation pulse. ENDOR measurements carried out at hi
fields B, > 2.4 T andv > 70 GHz) and low temperatures
exhibit relatively highS/N due to the large thermal electron
polarization. This large thermal polarization may, howevel
under certain experimental conditions, also lead to unust
ENDOR effects. Recently, a number of high-field ENDOR
studies, which employed relatively long RF pulses, reporte
the appearance of negative ENDOR effects at low temperatu
(2, 3). Bennebroek and Schmidt (4) attributed this effect t
high thermal polarization in combination with an electror
spin—lattice relaxation timeT,,, that is shorter than the total

mixing time. In the case of an electron sgBn= 3 coupled to

a nuclear spin, this results in a negative ENDOR effect for line
belonging to theMs = — 3 manifold and a positive one for

lines in theM s = 3 manifold. Thus, the asymmetry between the
manifolds provides a mean to determine the sign of the hype
fine coupling.

We have also observed asymmetric ENDOR effects in
number of W-band (95 GHZH ENDOR spectra. But unlike
the conditions mentioned above, these asymmetries were
tained during Davies ENDOR experiments with < T, (5).

Electron-nuclear double resonance (ENDOR) spectroscapyaddition, the difference between the ENDOR effects fc

is one of the most useful methods for measuring the NMR s

= 1 andMg = — 3 was found to be,,, dependent. To

frequencies of nuclei in paramagnetic systems, which in tuexplain these results it is thus necessary to extend the work
provide the hyperfine and nuclear quadrupole interactions. OBennebroek and Schmid#) and to consider all possible re-
of the standard ways for recording ENDOR spectra is thaxation pathways during the ENDOR experiment. The poss
application of the pulsed Davies ENDOR experimef), ( bility that the differences in ENDOR line intensities arise fron

the hyperfine enhancement fact®) (s excluded because for

1 On leave from MRS Laboratory, Kazan State University, Kazan, a20008/€akly coupled protons at W-band this factor is negligibl

Russia. small.
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T rFon nevertheless, does not reduce the generality of our mod
which is applicable for any sign and value af Under the
above conditions, the ENDOR spectrum will consist of :
doublet, centered a4, with a splitting ofa. The low-frequency
ENDOR line will correspond to an NMR transition in the
manifold with frequencyv, = v,, while the high-frequency
preparation mixing detection line corresponds to a transition in tBemanifold withv, = v;s.
The frequencies of the allowed EPR transitions aseand v,,
and those of the forbidden EPR transitions angand v,.
Three types of relaxation rates define the process of thern

In this publication we present a general theoretical mod guilibration (see Fig. 2): (i) The electron-spin relaxation rate
y and I') (with AMs = 1, Am = 0), the nuclear-spin

for the evaluation of the magnitudes of ENDOR lines in th X )

Davies ENDOR experiment in the presence of relaxatioﬁe.Iaxat!on ratel’, (l‘iv'th ﬁMS - OésAm; 1)1 and the cross-
This model is based on a four-level system composed of gaxation ratesl’j, Iy and g, IS (with AMs = 1,
electron spinS = % coupled to one nucleus = . Al Am = *1). . . . .
possible relaxation pathways, including the electron andThe ENDOR experiment is best described using the fu
nuclear spin—lattice relaxation, and cross-relaxation timegin-density matrix formalism (see, i.e., Gemperle an
T1e Tan Tow respectively, as well as the temperature and teehweiger (§). However, since in the ideal Davies ENDOR
frequency of EPR transition, are taken into account. In tfxperiment it is sufficient to consider only the population
following it will be shown, both theoretically and experi-Of the energy levels, the off-diagonal elements of the densi
mentally, that the asymmetric intensities of thé ENDOR matrix can be ignored and we can restrict our calculations
doublets fort,; < T, occurs whenT,, < t; < T,, T,. the diagonal elements only. This is further justified by th
Namely, it is a consequence of insufficiently long repetitiofact that any nuclear or electron coherences that may |
time, tg. Under these conditions the spin system does ngénerated during the experiment will decay in a time sic
fully relax to equilibrium prior to the application of the nextnificantly shorter than any other relevant time interval of th
ENDOR sequence in a multiple accumulation experimerdgxperiment.

We will also show that this effect is not exclusive to high The populations of the four levels can be described in a for
fields and that, in principle, it can also be observed at logf a vectorn = {n,, n,, n;, n,} and its time evolution during
temperatures during X- and Q-band experiments. The valighy time interval between MW or RF pulses of an ENDOF

ity of the theoretical model is demonstrated by the ana|y5é$(periment can be represented by the master equagjon (
of the W-band ENDOR effect of the copper tetra-imidazole

complex in a frozen solution.

FIG. 1. The pulse sequences of the Davies ENDOR experiment.

dn
THEORY ¢ = —In. (2]

Let us consider an ensemble of independent equivalent four-
level systems consisting of an electron s{8nrs 3, coupled to
a nuclear spirl = 3 with a constant total population that is
normalized to unity. The energy levels are labeled by numbers
from 1 to 4, according to Fig. 2, and their populations rye,
respectively. At thermal equilibrium the populations follow the
Boltzmann distribution.

The Hamiltonian describing this system contains the elec-
tronic and nuclear Zeeman interactions and in addition a hy-
perfine coupling term. The first order ENDOR frequencies,
andv,, corresponding to the transitions in thgMs = 3) and

B (Mg = — 3) manifolds, are given (7):
a a
v=|mr gl w=|owg 1]

o ) FIG. 2. A schematic illustration of the four-level syste®= 3,1 = 3,
For clarity, in the following we shall assume th&at> 0 and and the corresponding relaxation rates. The thickness of the levels repres

a < 2vy, wherevy is the nuclear Larmor frequency. Thisrelative populations.
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I' is a relaxation matrix,

[y + T+ 155 - - T, ~ T
-T r,+r,+r2 . i -T,
r = 1 I ! 1 3]
- T, -T3 Ly + T+ T3 -T, ’
-TH - T, -T, r, +T,+TH

which represents the relaxation process towards thermal eguireren(0) denotes an initial state. The eigenvalue¥ define

librium. To obtain the Boltzmann distribution of the populatiorthe characteristic relaxation rates of the system, which corr
as the solution of Eq. [2] in thermal equilibrium, the ratispond to the relaxation parameters measured in an experime
between the “up” and “down” relaxation rates must be equbd the Appendix we present the explicit expressions of th

to (9) eigenvalues of” for two cases]’, = 0 andI', = 0. In most
cases the major relaxation rates depend on the sum of the “(
r, uorz hy and “down” relgxation rates. Therefqre, for further comparisc_)
ﬁZ s — 1=~ XP<—k-|-)- [4] between experimental and theoretical results, the relaxati
x| x|

times are defined as

Here we assumed that at thermal equilibrium the populations of

the states with the samidls (1-3 and 2—-4) are equal and _ 1 T. = i T. = 1 [9]
populations of states with differeM differ by the Boltzmann oL+ or, Y Ty
factor; h andk are the Plank and Boltzmann constants, respec-

tively, v ~ vi, =~ vy is the EPR transition frequency, afids  To describe the evolution of the population of the energ
the temperature. Equation [4] is justified because the nuclegyels during the ENDOR experiment we introduce operato

spin Zeeman interaction and the hyperfine coupling constanht represent the selective MW and RF inversion pulse
are much smaller than the electron-spin Zeeman interactiqhese are

Similarly, we assume thdt} = T2 =T,,, [y} =T =T,
and Eq. [4] becomes

0100 1 000
r r h pi2_ 1 000 P _ 0100
Ty _ xT:eXp<_”). (5] "=loo 10" PP=lo o001
r, Ty KT 000]7/ 0010
The validity of Eq. [5] can be checked by solving the master 8 2 Cl) 8 é 8 8 (1)
equation at thermal equilibrium, namelgn/dt = 0. The o = 100 o PE. = 00 1 ol [10]
solution of Eq. [2] is then 00 0 1/ 0100
FL + FXl 12 34 i
1 . +T whereP; andP;" invert the 1-2 and 3—4 EPR transitions anc
ne = 20T, +T, + T + T ) FT n FXT , [6] PgaandPg:the 1-3 and 2—4 NMR transitions at frequenaigs
! ! 1 el Fi + in andv,, respectively. The effect of the echo detection sequen

on the populations can be represented by the nonunitary n

H 12 34
wheren® is given by the Boltzmann distribution. As long as th(terlces P> andPo,

equilibrium state populations obey = n; andn, = n,, n®

is independent of ,, and according to Eq. [5], 1300 1000
Lo o 0100
12 _ 2 2 34 _
n ni Iy+0y Ty Ty hv 7 o (2) 01 0 Po=lo 0 3 3f [H]
e nETr, 40, T, T, O™k [ 000 003 3
is obtained. Then?’s in Eq. [7] are the components of. The population vector just before the application of the ech
The general solution of Eq. [2] is detection sequence can be readily calculated using the abt

operators. When no RF is applied, or when its frequency is f
n(t) = e n(0), [8] off-resonance, the population is
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N(tms) = €7""P(0), [12] 4 _

wheren(0) represents the population at the beginning of the
ENDOR experiment. The echo signal at the end of each ex-
periment is proportional to

b

Iech0: nl(tmix) - nz(tmix)- [13]
This value corresponds to the baseline (background) of the B
ENDOR spectrum. When the RF pulse is applied on-reso- Pre - -
nance, aw, or vg, the populations before the echo detection ar& boie

—
N(t) = & ""PEP(0), [14] =[]
N(tmy) = €~""PEP*n(0). [15] . - :
preparation mixing detection

_ln general, the initial stateB(O) in Egs. [12’ 14, 15] can FIG. 3. A schematic illustration of the behavior of population distribution
differ from each other and need not be the Boltzmann stéte, of the four-level system during an ENDOR sequence in presence of electrc

In a typical Davies ENDOR measurement the EPR echo aspin relaxation. (a) The time evolution in the absence of an RF pulse. (b, c) T
plitude is obtained by signal averaging. At each RF frequené e eyolution with an RF pulse applied _m and B manifolds, respectively.
the ENDOR experiment is repeated with a repetition titge, " Wi9ly arrows represent electron-spin relaxation.

and the echo amplitudes are accumulated. Wheis much
longer than any of the relaxation times in the system, the initiEeI

. . fore th ion néaq., = 0, wher =
staten(0) for each experiment is equal to the Boltzmann sta efore the detectio seque DOR 0, /ne .eag:ENF’OR
5 : o L .5 when the detection sequence is applied immediately afi
n°. However, wheriy is not sufficiently long, the initial states

. . . . .the RF inversion pulset i < Tie, Tin T1)-
are changing during the accumulation. Assuming that the N> s evolution of the populations described by Egs. [12—1¢

tial states converges fast to the respective steady state limits . . ,
No, N, andné, it is possible to substitute(0) in Eqs. [12, 14, and the steady state solutions derived from Egs. [16-18] &

15] with these limits, which in turn can be determined bgrentzgm(lp edTby ?le) |ntﬂ2pswngetril:nsacrjaerlr;§tser; 'E[rrllreeeElr\le[I)ag;tl
. . . . les 1ny X/

solving the following equations: sequencet(,,, tr), and the polarization vector at thermal equi-

librium (n®), defined by the temperature and the frequency ¢

Tlte ) p 125 Ttxp 12y — o . :
(e HnmIPgie P BN, = n,, [16] the EPR transition. In the following we will evaluate the
(e It tmplgTmpa pi2yna — pa [17] ENDOR efﬁmency'for dlffgrent values of these parameters. T
et D 120 Tt B D12\ B 5 simplify the analysis we will assume that, < tg, namely that
(e Mmtmipfe '™ PEPINE = ng. [18]  the repetition time of the signal accumulation experiment |

. _ _much longer than the electron spin-lattice relaxation time. Th
Equation [16] corresponds to the case that no RF is appliggtuation is typical for most experimental conditions unde
whereas Eqgs. [17] and [18] correspond to cases where the \ich ENDOR spectra are measured.

is applied atv, or vg, respectively. First we will discuss some limiting cases which lead tc
We define an ENDOR efficiency parametBgypor, as asymmetric ENDOR spectra.
F Igrc]hc(tmixa tR) - Igghc(tmix- tR) [19] Ty ==, Tle <Tuw <tk
ENDOR 21 %o ’ Figure 3 shows the evolution of the population distributior

during a Davies ENDOR experiment in the limiting casé gf
where the echo amplitud@&, (tmx tr) andl &, (t, tz) are > t.,. BecauseT,, < tg, the system returns to the thermal
the ENDOR signals obtained in the absence and presence efjailibrium after each ENDOR measurement, and the popul
RF pulse on-resonance with an NMR transition, respectivelyon vector at the beginning of the next experiment is equal 1
oho IN the denominator is the echo amplitude after a singt€. The evolution of the populations in the absence of RF puls
two-pulse EPR echo experiment with the sanaes that used in is shown in Fig. 3a, whereas Figs. 3b and 3c represent t

the ENDOR experiment anty > T,., Ty, Ty | %m0 provides evolution for on-resonance RF pulses/abor v, respectively.

the normalization factor that is independent gfandt,,, (the In the first case, immediately after the selective MW pusg,
echo amplitudes are obtained from Eq. [13]). For lap@nd the populations of the 1-2 transition are inverted and those

tmx» When the spin system has relaxed to thermal equilibriug+4 remain unchanged. During the mixing time the electron
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0.50

T =02, T, > tg

Up to this pointt; was assumed to be longer than an
Te-ad 8.3 relaxation time and therefore each single ENDOR experime

- O

= started with a spin system in thermal equilibrium and a Boltz
mann distribution of the populations. However, whgnbe-

0.25 [} *

--------------------- 0.83 |
""""" 2. comes of the order df ,,, the F &iror Values become dependent
@_é 000 d b ISt 0.083 | ontg. In this case the steady state populatiogsng, andn}
3z must be evaluated from Egs. [16—-18], and then used to calc

R . B { late the echo amplitudes and the ENDOR efficiencies.
"""""" Whent,,, > T, the distribution of populations after the
-------7  mixing stage is almost identical to those described previousl
| However, fort.,, < T, the behavior is completely different.
Figure 5 illustrates the evolution of the populations in this cas
-0.50 during the second accumulation in the ENDOR experimel
0 ' 5 ' 10 ' 15 ' 2 with T, = T,, = . It demonstrates that in the absence of a

L ! The RF pulse the system reaches thermal equilibrium aftend

off _ 10 . . .
FIG. 4. The dependence df,0r ON t,, at different temperatures. The | ecno €QUAIS— I ceno (Fig. 5a). When an RF pulse is applieciat

hw/KT ratios are indicated in the figure. Thin lines correspon@Fta.ox and the ENDOR sequence does not affect the populations of t
thick lines toF £yor The solid line corresponds ta/kT = =, t; = », T,, = monitored EPR transition, and as in the case of “norma
o, andTy, = . In all other cased /Ty = 30,tz = 0, Ty = . ENDOR, | &, becomes 0 (Fig. 5b). In contrast, when the RI
pulse affects th¢g transition, the whole population is gatherec
at level 2, resulting in a negative echo amplituffe, = — 212,
relaxation brings the system back to thermal equilibrium. Thgig. 5c). Thus, for short,,,, as usually employed in standard
echo detection sequence monitors the population differenceesgperimental conditions; &yoor = 0.5 andF £ypor = —0.5.

the 1-2 transition antidh, (tmy,) starts from—12.,att,, = 0 Figures 3 and 5 suggest that under the condifign= T,, =

and grows toward ¢, at largert,.. In the second and third « a steady state is reached for the initial populations alreas
cases the populations after the RF pulse are redistributed safter the first experiment. Simulations have shown that fc
that att,;, = O levels 1-2 and 3—4 are equally populated. If atommon relaxation times the number of repetitions needed
this position in time the echo signal is measured, B@ifa(0) reach this state is not more than 3.

andl 2, (0) would be zero ané &yoor (0) = FEuoor (0) = 0.5. The dependence OF &{or ON tyy for te/T,, = 10 and
For t, longer thanT,,, whereT,, = o, the electron-spin
relaxation transfers the whole population to the 1 or 3 states,
depending on the RF frequency. In this case the echo signdls, —
| &no(tmx) @ndl &0 (t ), both start at 0 and become 0 and.2,
respectively with increasinty,,. The value ofF &0r Starts at

0.5 for both manifolds and evolves towaFtpor (tmix) =
—0.5 andF£ypor (tmy) = 0.5. This yields fort,,, > T, an
asymmetric ENDOR spectrum with a negative amplitude,at p,
and a positive amplitude af;, as described earlier by Benne-
broek and Schmidt (4).

WhenT,, is of the same order df,, the absolute values of
F&ior (tmy) decrease with increasirtg,, and become depen-
dent on the Boltzmann factor. The lower the temperatures, the
longer it takes for the populations to reach equilibrium (for the
sameT,, andT,,). Figure 4 depicts the dependenceFgfior
on t,, for T,/T.. = 30 and for three Boltzmann factors,
hv/kT = 8.3, 0.83, an®.083. The value 0.83 corresponds to
v = 95 GHz (W-band) and a temperature of 5.5 K and the other preparation
values to 10 times higher and lower frequencies, or 10 times
lower and higher temperatures. These plots show that at 5.5 N:,IG. 5. A schematic illustration of the behavior of population distribution

during the second shot in ENDOR sequence in the presence of electron-s

[¢3 B H 1 1 1 1
Fenoor and Fenpor have opposite signs at Iong mixing tImeSrelaxation forTy, = oo, Ty, > tg. (@) The time evolution in the absence of RF

even at X-band frequencies. Thus, spectral asymmetry is §¥ise. (b, c) The time evolution with RF pulse appliechimnd 8 manifolds,
pected to be observed N permits. respectively. The wiggly arrows represent electron-spin relaxation.

-0.25

P12 P52|:|
P . Pp, %

-

mixing detection relaxation
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0.5 0.50

0447, 1

0.25

2 & 0.00
[z}
=g 0 32
o} 5 h:u
LL -0.
025
-0.3 -
-04 4 - -0.50 4
4 T T T T T T T T T T T T T T T
05 0 2 4 0 20 40 60 80
(I) ; é é Alt é é ; trm,\ /Tle tm[x /Tlc
Foe ! The FIG. 7. The dependence % &,0r ON tyy, for different values ohwv/kT

and tg/T... The hu/KT values are indicated in the figure. The solid line
corresponds td@,,/T,. = 100, T,, = . Dotted line corresponds 6,/T1. =
100, T, = . Thin lines correspond tB gypor and thick lines td- yoor. In ()
tr/T1e = 10 and in (b)ts/T,. = 1000.

FIG. 6. Simulations of the dependence B0 on t.; for different
T./T1. values which are indicated in the figure. Thin lines corresporftttgor
and thick lines toFEypor. IN all cased /T, = 10 andhy/kT = 0.83.

different values ofT, /T is shown in Fig. 6. AST, /T,
decreasesF o (0) increases and approaches the value 8ture (10). The Cu(ll) concentration of the sample used in
¢ wor (0). In contrast, whet,,,, > T, the relationF gwor = experiments was 2 mM in #/glycerol (1:1 vol/vol).
—FEwor is almost independent &f,/T .. )
Spectroscopic Measurements

Tin =00, Ty # Pulsed Davies ENDOR measurements were performed

Figure 7 (left) shows that the dependenc&gf,oron T, at  W-band (94.9 GHz) on a homebuilt spectromefe)(at 5.5 K.
relatively high temperatures and smajl is similar to the All reported experiments were carried out with M2 andm
dependence off,,. It is, however, possible to differentiatePulses of 0.1 and 0.@s, respectively, and with an echo delay
between these two relaxation mechanisms. The nuclear relie, 7, of 0.35us. The duration of the REr-pulses was 14is,
ation equilibrates the populations of levels 1 and 3 with @ determined from the Rabi oscillations of selected ENDO
process that is independent of temperature. In the absence of
nuclear relaxation these populations can reach thermal equi- , , ‘ , , )
librium due to a complex process characterized by a relaxation
time that increases for decreasing temperature (see Appendix).
A comparison of the dependencesFf,or 0Nty athv/kT =
8.3 for systems with nuclear relaxation and without cross-
relaxation and vice versa is presented in Fig. 7 (right). Even at
hv/kT = 0.83 thecoefficient exp(-hv/kT) leads to a sub-
stantial decrease of the cross-relaxation efficiency. This isg
demonstrated in Fig. 8, where the dependencdsff. onty %2
is presented for equal nuclear and cross-relaxation rates. Thesg
plots also show that the optimal repetition rate for ENDOR 00—
experiments is determined bly,, (or T,,) and may be much : /
longer thanT,.. A more explicit description of the different 0.1 ¢
effects of the nuclear- and cross-relaxation is given in the

Appendix. 024
0 l 2I5 I 5IO ' 7|5 l 100
EXPERIMENTAL
t, /T,
Sample Preparation FIG. 8. The dependence &F&foor 0N tg for hu/kT = 0.83 andt,, = 6

. o ws. Solid lines correspond 6,,/T,. = 22, T,, = o, dotted lines correspond
An aqueous solution of a copper tetra-imidazole compley, T, /7,. = 22 andT,, = =. Thin lines correspond t6 &wor and thick lines

[Cu(Imid),]*" (Cu-Imid) was prepared as reported in the litento F2por



394 EPEL ET AL.

the noise levels of Figs. 9b and 9c is primarily a result of th
smaller number of accumulations at each ENDOR frequen
point). A similar but significantly smaller asymmetry was alsc
observed for spectra recordedgat.

The electron spin—lattice relaxation time,, was estimated
from the echo amplitude dependencetgpin Davies ENDOR
sequence in the absence of the RF pulse (inversion-recov
NV\/ experiment) (see Fig. 10a). This inversion-recovery curve pr

M  —100 ms vides the value of the baseline of the ENDOR spectrum fc

tR_: each mixing timet,,,. Fitting this curve to an exponential
\/W\/\/\‘ function (solid line in Fig. 10a) gave a recovery time of 2:28

0.07 ms, which is equal t®,, when spectral diffusion can be
neglected. In this plot the echo intensitytg} = « was set to

c
b
/ .
tg =10 ms unity.
a ~ =6 1 Figure 10b shows a series of ENDOR spectra recorded wi
N

tr = 10 ms and different values of;, < tg. These spectra are
130 132 134 plotted on a common intensity scale, thus the position of tt
baseline of each spectrum corresponds to the echo amplitu
shown in Fig. 10a. When,,, > 3 ms, asymmetries in the
FIG. 9. ENDOR spectra of Cu-Imid recorded at 5.5 K and differenENDOR spectra, similar to those discussed by Bennebroek a
experimental parameters as listed in the figure. The position diHHearmor Schmidt (4) fort,, > T, are observed. The Iow-frequency
frequency, vy, is marked. The vertical lines represent the positions of thr.?ne of H. exhibits a ne eative ENDOR effect while its high-
various doublets. The number of accumulations for each frequency points ?re a 9 . . 9
30 (a), 10 (b), and 3 (c). requency partner has a positive effect. Interestinglyt for>
8 ms the intensity of the echo in the high-frequency ENDOI

line region becomes larger than 1, which shows that the cc
transitions in the Cu-Imid spectrum. All spectra were obtainé@sponding population difference at the moment of detectic
after 3-30 accumulations. Field-sweep echo-detected (FS-EE¥yeeds that predicted by the Boltzmann distribution.
EPR spectra were recorded using the two-pulse echo sequencéhe t., dependence df i,or of the H, proton (126.8 and

where the echo amplitude is measured as a function of th0.7 MHz) in Cu-Imid is shown in Fig. 11. The data point:
magnetic field. were obtained by averaging tRe;j,o values at the maxima of

the H, doublet in Fig. 10 over a bandwidth of 0.14 MHz. The
RESULTS solid lines present simulations with,, = 2.28 ms,T,, = 50

: T : T —
124 126 128

RF frequency, MHz

The W-band FS-ED EPR spectrum of Cu-Imid in a frozen

solution features a powder pattern typical for an agit¢¢nsor, moT
where the®***Cu hyperfine splitting is not resolved. The W- , S e
band'H Davies ENDOR spectrum recorded at a magnetic field °°7T %

of 3.02 T, which is neag,, and with our standard experimental .
conditions,T = 5.5 K, tz = 10 ms, and,,, = 6 us, is shown 3 e e T T
in Fig. 9a. The spectrum is highly asymmetric and consists gf 04+
three major doublets. The first exhibits broad inhomogeneo®
lines at 126.8 and 130.6 MHz, corresponding to a hyperfing °°7
coupling constanta,, of 3.8 MHz, assigned to one type ofé 004
protons, labeled H The second doublet, at 127.9 and 129.6G
MHz with a, = 1.1 MHz is due to H protons, and the third one .g R JRUS
at 128.2 and 129.3, corresponds tp potons, witha, = 0.9

MHz. While the low-frequency ENDOR signal of Hv —

0.4+

vy < 0), is positive, its high-frequency counterpawt{ v, > 06+ a I .
0) is negative with a smaller amplitude,( is the proton —— ———
Larmor frequency). The signals of,tand H show a strong o 4 8 124 128 132
asymmetry as well. Upon increasitgthe doublets intensities £ MS RF frequency, MHz

Change Slgmflcantly and the low- and hlgh_frequency IIneSFIG. 10. (a) The dependence of the echo amplitude of Cu-Imid in al

become of equal amplitudes, as expected ‘fidr ENDOR  jnversion recovery experiment. (b) The ENDOR spectra of Cu-Imid, recorde
spectra. This is demonstrated in Figs. 9b and 9c (the changevith differentt,,. Plots (a) and (b) have the sarMeaxis scale.
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positive. The observation of such spectra is limited to very lon
mixing times (or RF pulses). This, however, does not represe
optimal experimental conditions, where a high field and

short RF pulses are preferred. The second case is more lik

= -x  to be encountered experimentally because it does not requir
@ 25 very long mixing time and is a consequence of the saturation
& .00 0_0% the nuclear transitions. It occurs whep, < T,. and the cross-
?2 8 and/or nuclear-relaxation times are longer tha(r,, or T,, >
i & tg). In this case the polarization of the ENDOR signals be

comes opposite of the previous case. Namely, the lines in t
a manifolds are positive and those of thge manifold are

negative. Wher ,, and/orT, (1/T, at very low temperatures)
are of the same order df,,, N0 asymmetry is encountered,

oo T T o because saturation does not occur. A sufficient polarization
B » 1118 the populations in differeri¥ls manifolds is also an obligatory
condition for the asymmetric ENDOR spectra observation.

FIG. 11. Best fit of the experimental dependenceFgfi,or 0Nty of the y P

doublet at 126.8 (open) and 130.6 MHz (solid symbols). The solid lines The asymmetric ENDOR spectra allow direct determinatio

represent the calculated values obtained witikT = 0.83,t, = 10 ms, Of the sign of the hyperfine coupling. Hence, following the
Tie = 2.28 ms, Ty, = », T, = 50 ms. Thin lines correspond ®gwox and  @above analysis, one can choose experimental conditions t

thick lines toF£yor The labels on the left and right axes represent the scalgil| lead to asymmetric doublets from which the sign can b
of experimental and calculated data, respectively. determined. This may be useful in the analysis of variot
singularities in powder lineshapes. Moreover, by following th
) ENDOR effect dependence on the mixing time or the repetitic
ms, Ty, = o, andty = 10 ms, and thé& gfoor are given by the rate it is possible to determine the various relaxation time
right-hand side ordinate. The difference between the expefhis, in turn, can be used to distinguish nuclei with differen
mental values oF ooz and those predicted by the theoreticglg|axation times or overlapping paramagnetic centers with d
model is attributed to inhomogeneous broadening and to §@ent cross-relaxation times. The effect of the saturation of tl
limited bandwidth of the pulses which were not taken intqyclear transition can also result in the disappearance of sign
account in the model. While in the theoretical model the MWt certain nuclei from the spectrum. For example, spectrum (
and RF pulses are considered ideahnd 7/2 pulses, in the j, Fig. 9, which was recorded with a larggy, exhibits more
experiment the distribution of inversion pulse efficiencie$gaiyres than spectrum (a). Although the theoretical model w
present due to the hole-burning nature of the experiment, leggs/eloped for Davies ENDOR, it's extension to Mims ENDOF
to a reduced ENDOR efficiency. Nevertheless, this dgwathmz) is straightforward and similar results are expected.
affects only the amplitude of ENDOR effect and not its de- Fipally, we note that there have been a number of reports
pendence on the various time intervals and relaxation ratggntinuous wave ENDOR spectra, recorded at Q-band frequ
Therefore, the curves of the theoretical and experimentahs and 2 K, which exhibited high asymmetries and negati
F&door (tmi) dependencies are presented using different scaleypoR effect (13). We believe that this is again a conse

accounting for deviation from the ideal conditions. thermal polarization.

It was mentioned previously that fdrv/kT = 0.83 it is
possible to distinguish between nuclear and cross relaxation. In
our experiments the comparison between the spectrum re-

corded witht; = 100 ms and simulations led us to favor the Significant asymmetry in the amplitudes of ENDOR line:
cross relaxation over nuclear relaxation. belonging to differenM s manifolds can be encountered unde
conditions of sufficient thermal polarization and the following
circumstances: (i) when the nuclear- and cross-relaxation tim
are significantly longer than the electron spin-relaxation time
The high-field ENDOR spectrum of the electronic systerand the echo is registered after a very long mixing timmg &
with S = } coupled to d = % nucleus should, in general, haveT,.andT,,, T, > T,). In this case ENDOR signals from tle
equal amplitudes for all lines. Nonetheless, the results preanifold are negative and those of tBenanifold are positive;
sented here show that ENDOR spectra with asymmetric li{i® under conditions of short mixing times and saturation of th
amplitudes are expected at low temperature at two circumdclear transitions. Namely, when the cross- and/or nuclee
stances. Wheit,,, T, >t > T, the ENDOR signals from relaxation times are longer than the repetition timg (< T,
the @ manifold are negative and those of tBemanifold are < t; andT,,, T, > tg). In this case the polarization of the
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ENDOR signals become opposite to the previous case, the  Vvi=(-1,1,-1, 1),
lines in the « manifolds are positive, and those of tie
i i VR=(1,-1,-1, 1) [24]
manifold are negative. Wheh,, and/orT, are of the order of 4 ) , ,
T,. N0 asymmetries are encountered, because saturation does

not occur. The first eigenvector represents the Boltzmann equilibriu
state and, as expected, its exponent't = 1. The second
APPENDIX eigenvalue describes nuclear-spin relaxation whereas the th
represents the electron-spin relaxation. The fourth eigenvec
The characteristic relaxation rates in a four-level system aggil contribute significantly only when the populations are
determined by the eigenvalues of the relaxation mdtri¥he concentrated on either levels 1 and 4 or 2 and 3. For examp
operatore "', describing the evolution of the populations, caguch a situation occurs after a MW inversion pulse. In all othe
be presented in the following form: cases discussed in this work the coefficient in Eq. [21] is
relatively small. Thus, a double-exponential decay with th
characteristic time3,, andT,, is expected.

4
e Tt=3 VRe M(VHT, [20] In the case of", = 0 andI', # 0, the eigenvalues become
i=1
)\1 = 0,
where the\;’s are the eigenvalues and® and V| represent, .
respectively, the right and left eigenvectorsIaf defined as A, =3y + T + T +Ty - 0),
soll_Jtions of equation§' VY = AV andVT = A V| . An N Na=T, +T, + Ty + Ty,
arbitrary state of the system can be presented as a superposition
of eigenvectors, namely(0) = X ¢,V with coefficientsc;, = A=3T, +T | + T+, +0), [25]
(V! - n(0)). Thus, the time dependence is given by
where
4 4 4
n(t) = (2 Ve ™™ (VH") (X cVD = X ce ™VE
— . i C= Ty +T, + T + )2 =8I I, + I, Ty).
[21] [26]

Here we used Eq. [8] and the orthogonality condition for thender conditions of large thermal polarizatibn/I"; = T',,/
eigenvectors, (V- V{) = §;. Thee ™" coefficients represent I, < 1 and the expressions for the eigenvalues in Eq. [25] c:
the time evolution of the individual contribution of each eigerbe simplified to

vector.
The eigenvalues df for the casd’,;, = I',, = 0 are hy
4 exp< - kT)
)\1201)\2:2Fn1)\3:FT+F¢u/\4:1—‘¢+1—‘¢+2Fn! )\120, /\2:7,
[22] T+ Tiy
. _— . . 1 1 1
or, using the definitions of relaxation timds, = 1/(2I}), Ay = T—+ T Ay = T + T [27]
Tle — 1/(FT + Fl)1 le 1x le 1x
1 1 1 1 Here agaim, corresponds to the Boltzmann equilibrium state
AM=0, A= T Ay = T A==+ [23] andA; represents the electron-spin relaxation and the corr
1in le

Tie ™ Tun sponding eigenvectors are equaMd andV¥ in Eq. [24]. The

o _ second and fourth eigenvalues represent complex relaxat
Taking into account thal' /', = exp(—hv/kT), the eigen- rqcesses and the respective eigenvectors are similar Wthe
vectors in this case are andV§ of the previous case. In the expression fgr the up

and down components of the relaxation probabilities no long

- hy hv appear as simple sums, making this relaxation rate temperat
Vi={lexgq -5/ 1.5/ dependent. Under the condition of a fix&g, the value ofx,
will decrease exponentially with increasing temperature. It |
R _ _ @ 1 _ E this dependence that allows one to distinguish betweeil the
V3 1, ex , —1, —ex , e R
KT KT andT,, contributions, as shown in Fig. 7.
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