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The intense line in Mims and Davies electron-nuclear double res-  500A). The durations of the 90° microwave (mw) pulses in the
onance (ENDOR) spectra due to the hyperfine interactions of an  Mims ENDOR experiment were 16 ns. The measuremen
unpaired electron with distant matrix nuclei is shown to originate temperature was 80 K.
from a simultaneous inversion of a large number of nuclear spins by In the Davies ENDOR measurement, the duration of the firs
a radiofrequency pulse. Theoretical expressions describing the matrix (180°) mw pulse was 800 ns. The detection sequence consist
ENDOR effect are derived and verified experimentally.  © 1998 Academic . o o -

of two non-selective 90° and 180° mw pulses with the dura-

Press

Key Words: ESE: pulsed ENDOR; Mims ENDOR; Davies tions of 16 and 24 ns, respectively. The measurement tempe
ENDOR; matrix line. ature was 30 K.

RESULTS AND DISCUSSION
INTRODUCTION
1. General Assumptions and Approach to the Analysis
There are two basic techniques of pulsed eIectron—nucIeaRNe will assume an unpaired electron with a sfir= Lo
double resonance (ENDOR) spectroscopy, one due to Mim? ith lei of spi p_ 1 \which d h2
(1) and the other due to Davieg)( that are used most often in" eract with nuclei of spit = 3, which corresponds to the most

practical applications. Both techniques have been described)ff’ﬁ‘cnc""I case of proton ENDOR. '_I'he static magnetic figjds
detail in several theoretica3(4) and review works §-8). assu'med. to be para"‘?' to the Z"T’lX'S of a ]aboratory frame and tr
Their common feature is that the ENDOR effect, according Bamntoman of the spin system is taken in the form
the available theory, becomes smaller for smaller hyperfine . . . A
interaction (hfi) constants. Nevertheless, in the ENDOR spectra H= VS — vilz + A5y, (1]
obtained by both methods, quite frequently, the most intense
line is that due to the distant matrix protons, that is, nuclei withtherev, = g.8.B./h (g, is an electron g-factor angl, is Bohr
extremely small hfi (for the examples se&-13). To our magneton) is a Larmor frequency of the electron in the appliet
knowledge, so far no satisfactory explanation of this fact hagagnetic fieldy, = gyBnBo/h (9y is a nuclear g-factor and
been given in the literature and the above theoretical afg is a nuclear magneton) is a nuclear Zeeman frequency, ar
review works 8- do not discuss this matter in detail. AnA is a secular part of hfi,
analysis given in this work allows one to reconcile the high
intensity of the matrix line with the mentioned property of the A=a,+D. [2]
Mims and Davies ENDOR techniques consisting in the de-
crease of the ENDOR response with decreasing hfi constany the |ast expressioa,, is an isotropic hfi constant ar is
an electron-nuclear dipole interaction (anisotropic hfi). In the
EXPERIMENTAL point dipole approximation that we will use for distant matrix

nuclei, the dependence @ on the distancer between the

The pulsed ENDOR measurements were perf_ormed 0 filpaired electron and a nucleus and on the aagletweerB
pulsed EPR spectrometer ESP-380 (Bruker) equipped WlthaﬁldR is given by

cylindrical dielectric ENDOR cavity (EN4118X-MD5, Bruker)
and a cryogenic gas flow system. The radiofrequency (RF)

pulse was supplied through the 500-W amplifier (ENI model D = D1 — 3 cos] [3]
A . . N with
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MATRIX LINE IN PULSED ENDOR 407

consider all the mw pulses to have the rotation angles of 90° il
a clockwise direction.

The first two mw pulses separated by the time interval
create a distribution of the Z-magnetization (so-called popula
tion (or absorption) gratings( 7)) proportional to—cos(2mv),
wherev is a spin offset from the resonance in frequency units
The third mw pulse applied in tim& after the second one
transfers this Z-magnetization pattern into the XY plane. The
Y-magnetizationM,,, associated with every spin isochromate
then evolves in proportion with-cos(2mvr) - cos(2mvt), where
[H tis a time interval after the third mw pulse. The latter expressior
can be written as

My « —cog2mv(t — 7)] — co§2mv(t + 7)]. [5]

The macroscopic value of the Y-magnetizatigh, ), is ob-
tained by averaging Eq. [5] over The second term in Eq. [5]
describes an FID signal. For a distributionvdfroader than ¥/
(the situation typical for ESE experiments with paramagnetic
centers stabilized in solid matrices) its contributior( k) is

FIG. 1. The pulse sequences of Mims (a) and Davies (b) ENDOR.

All non-secular terms in Eq. [1] are neglected. This represefggligible. _ _ o

a fair approximation for a usual situation @J| < |2v, = A| The first term in Eq. [5] is also about zero for angignif-

and A < |vJ icantly differing fromr. Fort close tor, however, it becomes
d-

Our analysis will take into account the interaction of thgSSentially independent efand the averaging givedy) =

unpaired electron with many equivalent nuclei simultaneousl)_/.1 'mp'Y'”g a convergence of the elgctron SpIns aleﬂga_md
Therefore, we could start our consideration of the Mim@ formation of the stimulated ESE signal with an amplitide
ENDOR effect directly from the analytical expression derivelfiat attains its maximum at= r. o
for such a situation by Liao and Hartmar@).(However, we Let us consider what happens if an RF pulse is mtroducenl
have found it beneficial to use a classical model considering B3tween the second and third mw pulses. The RF pulse
effect of the local magnetic field produced by the nuclear spiSSumed to have a flip angle of 180° (which corresponds to
on the precession of the electron spin and a resonance fximum ENDOR effect3)) and to be in resonance with a
quency of its transitions. Under our assumption about tf@nsition of a magnetic nucleud (= 2) coupled to the
absence of non-secular terms in the spin-Hamiltonian (Eq. [FPE-forming electron spins with a hfi constaht the RF-
this simple approach is as rigorous as the density matrix ofjgluced change of the nuclear spin projection leads to th
used in B) (and leads, of course, to the same results), butGfange of the electron spin precession frequency framv
seems to be more transparent for the qualitative understandﬁ?’ * A. Now for the Y-magnetization after the third mw
of the physics of the phenomena. pulse we have to write

Throughout the discussion, the electron spin relaxation is

considered to be independent of the RF-induced changes in a My o« —cog2mvr]cod2m(v = A)t]

nuclear spin system and is not taken into account explicitly. x—cod2mv(t — 7) = 2mwAL]

Thus, the ESE signals are always assumed to be normalized by

the relaxation decay. —cog2mv(t + 7) = 27At] [6]

2. The Origin and General Properties of Mims ENDOR  and the amplitude of the stimulated ESE signaltat r
Effect obtained by averaging Eq. [6] overis given by
The pulsed ENDOR technique proposed by Mini$ ic

based on the stimulated ESE sequence (see Fig. 1a). To un- V x coq2mAT). (7]

derstand qualitatively the origin of the ENDOR effect in this

technique, we have to consider the precession of the electiidre change of the stimulated ESE signal amplitude describe
spins in a coordinate frame (XYZ) rotating around axis B4/ by Eq. [7] represents the ENDOR effect.

with the frequency equal to the carrier frequency of the mw We have assumed above that each electron spin contributing
pulses. Axis X of this frame is parallel to the mw fiddd and the ESE signal is coupled to a nuclear spin affected by the R
axis Y is perpendicular to X and Z. For simplicity, we willpulse. If the RF pulse inverts the nuclear spins coupled to only
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fraction p = 1 of the electron spins, the ESE signal will beable. To our knowledge, this technique was first usedl#).
contributed by the electron spins coupled to the nuclear spinater it was described in detail inl%), where it was called
inverted by the RF pulse (statistic weigi)tand those coupled to refocused Mims (ReMims) ENDOR. However, as follows from
the nuclear spins unaffected by the RF pulse (statistic weidtgs. [8], [9], the ENDOR effect becomes small for shoralues,
(1 — p)). The sum of these two contributions gives which represents a disadvantage of this technique.
As one can see from Egs. [8], [9], the ENDOR effect in a
Vx (1—-p)+pcod2nAr) =1 — p[1— cog27AT)]. spectrum recorded at amyalue should tend to zero for small
8] hfi constantA. However, very often a most prominent feature
in the experimental Mims ENDOR spectra of paramagnetic

A very important source gb < 1 is related to the fact that the Ce€nters stabilized in matrices containing many hydrogen nucle
whole electron spin ensemble may be described as a cohef@rit Peak at the Zeeman frequency of protons (see, e.g., Fi
superposition of the electron spins with the projectiors= % 3a)_. As me_ntloned in thg Introduction, no satisfactory expla-
and —2. The transition frequencies of the nuclei coupled tBation of this seeming discrepancy between the theory and
these electron spin manifolds are different{ A/2 andy, + €xperiment has been given in the literature.

A/ 2 for a nucleus with = 2 coupled to the electron spins with Before considering the origin of the matrix line, we have to
mg = %and _%’ respectively). In an experiment, usually onlynéntion some genera_l properties of the Mims END_OR spec
the nuclei with one of these frequencies are inverted by the REM.- If several nuclei contribute to the same region of the
pulse thus leading to a maximum value pf= % even for ENDOR spectrum but they are coupled to different electror
narrow isotropic nuclear transitions. Further decrease of tRRINS, & simultaneous inversion of these nuclear spins results
p-value may arise for broad ENDOR lines, e.g., due to tf#f increase of thp-values in Egs. [8], [9] as given by = 2

anisotropy of a hyperfine interaction in solid matrices. p;- The ENDOR effect in this case is additive with respect to
To separate the two sources of the incomplete nuclear sfi§ nuclear contributions. N _
inversion, we may split the factgrinto two termsp, andp_, On the other hand, if several nuclei interact with the same

corresponding to the nuclei coupled after the second mw puflgctron, the change of the local magnetic field for the electron i
to the electron spins witmg = % and _%' respectively. For a additive with respect to the contributions of separate nuélet,
180° RF pulse, the valugs. =< : are determined by the hfi > GA, Where the factors; are equal to 1 or-1, depending on the
anisotropy. The hfi constants corresponding to these nucl€n of the change of the spin projection of jttenucleus in an
spin populations will also be written separatelyfasandA , RF-induced transition. There will be no increase inthealues in
even if they are usually the same and equaltoThe final this case and the ENDOR effect will not change in amplitude, bu

frequencies corresponding to the distributioncp/alues. At a

V=1/2[V* + V]« 1/2(1 — 2p.[1 — cog2mA, 7)] high temperaturehf, < KT, where_T i_s te_mpgratL_Jre a_nkl is a
Boltzmann constant) the latter distribution is binomial and the
+1-2p [1-cod2mA 1)]), [9] fractional ESE amplitudes are obviously expressed in a compa
way asV* = II; V;" as it is also obtained from the density matrix
whereV™ and V™~ are the contributions of the electron spirconsiderations3).
subensembles that, after the second mw pulse, have the prdAe also have to discuss an important difference between th
jections of% and—%, respectively. These values will be referredlistant matrix nuclei and the nuclei situated in a close vicinity
to as the fractional ESE amplitudes. For well-separatexd the unpaired electron. In the latter case, the number of nucle
ENDOR lines, like those arising due i® or B-protons in is relatively small and they are usually arranged in a regula
aromatic organic radicals, one of thevalues,p. or p_, manner with respect to the molecular coordinate frame. If the
equals zero and the valués. and A_ are equal if only one hyperfine interactions of these nuclei are anisotropic, the totz
radiofrequency is used to invert the nuclear spins. spectra of their transitions at different orientations of the mo-
Equations [8], [9] reproduce a well-known result, B—§ lecular frame will generally be different. Thus, by applying an
that the ENDOR spectrum amplitude is modulated with RF irradiation in resonance with any particular region in the
period 1f, giving a maximum effect at the hfi valuds= i[% spectrum of the nuclear transitions, we will change the loca
+ n]/T (wheren = 0 is an integer number) and blind spots atnagnetic fields for only a fractionp(< 1 in Eqg. [8] orp, <
A = *=n/7. An undistorted spectrum can be obtained as a s@,np, < % in Eq. [9]) of the electrons contributing to the ESE
of the spectra recorded at sevetralalues. Another obvious signal.
technique is to make as short as possible, so that the first The spatial arrangement of the distant matrix nuclei, on the
blind spot is outside the spectrum range of interest. In this cas#her hand, is approximately uniform and isotropic and the
if 7 is shorter than the spectrometer dead tiye,one may nuclear transition spectrum does not depend on the orientatic
introduce a fourth (180°) mw pulse in time > t, after the of the molecular frame. The RF irradiation applied to any par
stimulated ESE signal in order to refocus it and make it obsemt the spectrum of these nuclei will change the local field for
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all the unpaired electrons. By definition, this megns 1 in  With increasingr, the ESE amplitude tends to zero. This
Eq. [8] andp, = p_ = % in Eq. [9]. Thus, for the distant explains the appearance of an intense matrix line in the Mim
matrix nuclei it is appropriate to write ENDOR spectra.
Let us estimate the number of nucli. that have dipole
V=1/2[Vt +V] « 1/2[cog27A,7) + cod27A_T)]. interactions in the range frod — AD toD + AD (AD <
D). The non-zero width of the RF excitationAD, is con-
[10] .. C :
tributed by two factors. The less significant one is a homoge
3. Matrix Line in Mims ENDOR neous broadening of the proton transitions that might be of th

To explain the “anomalous” intensity of the matrix line wePrder of several kilohertz. The second (and, usually, muct
have to take into account a large number of distant matfigore _S|gn|f|cant) factor is related to the f|r_1|te RF pulse width.
nuclei. A 180° RF pulse inverts the orientations of all th¥Ve will assume for certainty that the carrier frequency of the
resonant nuclei. The effect of this inversion on the local maffF PUlseVy, is greater thaw,. This means that in order to be
netic field and precession frequency of the unpaired electror]'lg ©Sonance with the RF pulse, the nuclei coupled taige-
additive, Av = AM,D, whereAM, is a change of the total 2 @1d —3 electron spin manifolds should have negative anc
nuclear spin projection. The average numbers of matrix nucR§Sitive signs of the dipole interaction, respectively.
coupled with an anisotropic hfi constabt to the unpaired ~ FOr any given distanc® from the unpaired electron, the
electrons withmg = %and _% will be denoted byN, andN_, nuclei are in resonance with thg _RF pulse if they are located ¢
respectively. These nuclei may have different spin projectioH¥ anglesy satisfying the condition
m,. We will call a given realization of the nuclear spin projec-
tions in an ensemble M. nuclei a nuclear spin configuration. D [1-3cog6] = D, [15]
The total spin projectioM, for a given nuclear spin configu-

ration is a sum of the spin projections of individual nuclei. whereD,. € [D — AD, D + AD]. Using Eq. [15], it is easy
In a high temperature approximationy < KT) all nuclear 5 find a maximum value of the distand@,,,,, at which the

spin configurations are realized with equal probabilities. Thi§,clei still can be in resonance. Substitutieig= 0° (or 6 =

leads to the binomial distribution df1, with a probability 180°) into Eq. [15] we can find for the nuclei coupled to the

P.(M)), = —Z electron spin manifold

Po(M) = (WZHNA/IN —mt, - [ R = [20:0uBeB/NDyed . [16]
where 0= n = N.. is the number of nuclei witln, = % For

. _ E H . — o
large N, this distribution tends to the Gaussian one: For the nuclei coupled tens = 7, after substituting) = 90

into Eq. [15], we find

P=(M,) = (2/mN.)"2%exd —2(n — N./2)%N.]. [12]
Rmax = |gegNBeBN/hDrelels- [17]
The total nuclear spin projection enters Egs. [11], [12] implic-
ity as M, = n — N./2. The change oM, AM, = 2M, = The number of resonant nuclei is then calculated as

2n — N., is thus weighted with the factd?..(M,) and the

ESE signal is calculated as a sum over various nuclear spin Rout Ohna Rin O
configurations, N. = 4mp U RZde sin 6do — J deRJ sin Odel,
0

Omin 0 Omin

V=12V + V]« 1/2[ D, P.(M)cog2m(2n — N,) D7] [18]

+ P_(M)cog2m(2n — N_) D1]]. 13
20 Jeod )O7ll 13l wherep is a density of nuclei in a samplR,; andR,,, are the

L . . R, values forD,,c = D — AD andD,, = D + AD,
The oscillating terms in Eq. [13] represent the expansions I%?; ectively. The angles, for N_ and6,, for N, are equal
P. (M, into a cosine Fourier series. Using Eq. [12], one ¢ " max

i ' 0° and 90°, respectively. The angles,, for N_ and 6,
find that for large enougN .. the dependence of the stimulate or N, are expressed in terms Bfusing Eq. [15]. The factor

fESE_sigr?aI onT will be described by a sum of Gaussiar 447, instead of 2r, in front of the integrals takes into account
unctions: the fact that the angleg in Eq. [18] do not exceed 90°. The
integration gives
V=1/2[V* + V]« 1/2[exp(—27*N,.D?7?

+ exp(—2m2N_D?7?)]. [14] N, = N_ = [16/243'2mpg.gyB.BuAD/[N(D? — AD?)].  [19]
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As AD is assumed to be much less tharand the numerical given by V= = II, V., (where theV, are the Gaussian
factor in the expression fdd.. is close to unity (about 1.03), functions) is equivalent to the summation of the infinite geo-

Eq. [19] may be reduced to metric progressions @fD, = rD, for the intervals fromt AD
to 0 in the power of the exponent, and finally results in Eq.
N. = 7pgeInBeSnAD/ND? [20] [21]. The above considerations prove that, at least for sma
enoughAD values (as compared with the matrix linewidth),
which finally results in the dependence of the stimulated ESE signat endescribed

by a Gaussian function given by Eq. [21]. The question as tc
_ 9.3 2/h) — _2/n2 what AD may be considered small enough for any practica

Vo exp=2m pG OB ADTIN) = expl =Tl 2maed, [21] G oy (including the choice of the nuclear densilyis,
however, to be answered by means of numerical calculatior

that will be discussed below.

B 5 12 By substitutingA = (2n — N.)D into Eq. [12] and
Taeo = [N (47°pgeGnBeBNAD) 7% [22] renormalizing it to a unity integral or by Fourier-transforming

Eq. [21] we can find the distribution of the local fields

One can see that, as long Bs> AD, the power of the associated with the nuclear spins inverted by the selective R
exponent in Eq. [21] does not depend Drand is linear with p|se:

respect toAD. If we split AD into a sequence of smaller
intervals8D,, so thatAD = X, 8D,, we will see thatv™ =
I1, Vi© and the distribution of the dipole interactions associated P(A) = (2/7A5) ?exd —2A?IAT]. (24]
with the regionAD is a convolution of the distributions asso-
ciated withdD,. This is a natural consequence of the statisticghe width A, of this distribution equals
independence of nuclear subensembles corresponding to dif-
ferentéD.
For small values ob our approach based on the assumption A = 2(mpgdednBeByAD/N) Y2, [25]
of D > AD and, correspondingly, a very small relative vari-

ation of the dipole interaction within the range of the RF The above analysis explains the matrix ENDOR effect anc
excitation becomes inapplicable. In particular, it is not appljeg dependence on parameters related to the experimental cc
cable directly to the case of; = v, (D = 0). To include this gjtions (AD, ) and sample propertiep) There are, however,
situation into our analysis, we have to note that in practice t3gyeral limitations and corrections that have to be mentionec
width of the matrix lineAv,,, is always finite and thaD value  The matrix nuclei (e.g., protons) are distributed around the
may always be chosen much smaller thian,. We can show ynpajred electron starting from some minimal distafg,,
that under these conditions the ESE dependence fon the tpat in many cases may be estimateRas, ~ 2 + 4 A (see
case ofD = 0 is also expressed by Eq. [21]. For this, we capy ) and references therein). For weak dipole interactions, th
split the excited region of the dipole interactions from Q\D assumption oR,,,, = 0 made above does not change signif-
(for the region from—AD to 0 similar considerations apply)jcantly the estimate of... However, at theD-values close to
into an infinite sequence of regions with the widths &% those corresponding tR,,, the number of nuclei becomes
and centralD-values of Dy, so thatAD = 2%, 8D, and small thus making the Gaussian distribution (Eq. [12]) used ir
6D /Dy = 1 < 1, wherer is a positive constant. The valueshe analysis inapplicable. The averaging of the electron spi

where

Dy are expressed as precession frequencies in Eq. [13] in this case becomes incon
plete and, instead of the Gaussian damping of the ESE inter
Dy = AD(1 — ) Y(1 +r)* [23] sity, oscillations might appear.

As a result of the failure of the Gaussian approximation for
and tend to zero with increasirkg At this point our discussion short distances, our analysis cannot be extrapolated to the ca
is still purely theoretical and we have a freedom in the choia# a non-selective RF excitation of all the matrix nuclei. It is
of AD. From Egs. [19], [20] it follows that for any < 1 we well known that in the latter case the local field distribution is
can always selecAD to be small enough to ensure that thelose to Lorentzian1(7) and, consequently, the ESE decay is
number of nuclei contributing into the outmost interd&l, is close to exponential, as demonstrated by pulsed electror
sufficiently large to provide for the validity of the Gaussiarlectron double resonance (ELDOR)8[ and “2 + 1" ESE
approximation. The number of nuclei contributing into th€19) experiments that are ideologically similar to the Mims
interval 6D, becomes greater with increasikgsee Eqgs. [19], ENDOR (in the ESE ELDOR and “2- 1” experiments two
[20]), so that the Gaussian approximation (Eq. [12]) remairdectron subensembles are considered, one of which plays tl
valid for everyk, as well as Eq. [21], where we have to writesame role as the nuclear ensemble in ENDOR). However, w
86D, on place ofAD. Taking products of the ESE decays awvill show below by means of direct numerical simulations that
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both types of ESE decays, Gaussian and exponential, can be 1
realized depending on the RF excitation range.

In our treatment we have assumed a uniform inversion of the
nuclear spins by the RF pulse within a frequency region cor-
responding to the range of the dipole coupling values/ob?2
In reality, however, the nuclear spin inversion is not uniform.
Using a density matrix formalism, one can easily derive that
after an RF pulse of the duratidp the nuclear spin projection 0.00
on B, is described by the expression

ESE Amplitude

M,(AV) = 1 — 2(v2IV2)Sint(mvyt,y), [26] E
whereAv is an offset of the nuclear spin from resonances=
gnBNB,/h is an RF field intensity, andy, = (v3 + Av?)Y?is

a nutation frequency of the nuclear spins during the RF pulse.
The second term in this expression (without the numerical
factor of 2) represents a probability to invert a nuclear spin at .
a given offset from the resonance. In effect, this term decreases T(us)

the Qen§ity of nuclear spins a,t l?‘rge offsgts from ,the resonance,; (a) The dependences of the stimulated ESE amplituder on
Taking into account the realistic excitation profile of the REaiculated as explained in the text for a uniform RF excitation \iith= 0
pulse analytically represents a formidable problem. HoweverHz andAD = 1 MHz (trace 1), 10 MHz (trace 2), and 1000 MHz (trace 4).

Eq. [26] is readily incorporated into the numerical simulation®ashed trace 3 is calculated using Eq. [21]. (b) The dependences of tt
that will be discussed in the next section. stimulated ESE amplitude oncalculated as explained in the text for an RF
excitation profile described by Eq. [26] with, = 0.039 MHz andt; = 10
. . . us (trace 1) and 12.8s (trace 2). The center of the RF resonance w& at
4. Numerical Calculations of the Matrix 0 MHz and the dipole interaction range taken into accountA@s= 1 MHz.
Mims ENDOR Effect

ESE Amplitude

(=)

0.6

<
o
o
)
o
I~

The purpose of the numerical simulations that we perform arrangements around all the unpaired electrons in the syster
this section is to calculate the dependences of the matrix Mimsmber of nuclei with a dipole interaction in the interiyl =
ENDOR effect ont for various values of the RF excitationéD,. For givenN,., the probabilityp(m, N,.) to find m
rangeAD and to see how far the limits of the applicability ofnuclei satisfying the same condition for the dipole interaction
Eq. [21] really extend. Another purpose of the calculations is to vicinity of the unpaired electron may then be estimated a:
elucidate the effect of the realistic RF excitation profile givegiven by Eq. [A3] (see Appendix).
by Eq. [26]. Thus, at thekth step of the calculation, we estimaltg ..

In the calculations we will assume the RF pulse to be exacfipm the values oD, (see Eq. [23]) andD, = rD,, where
in resonance with the nuclear Zeeman frequerizy= 0). The r < 1 is a positive constant (a typical value olused in the
nuclear ensemble will consist of protons uniformly distributedalculation was 0.025, though the final result of the calculatior
with a densityp of 0.05 A3, which represents a fair order-of-did not depend orr). The ESE signals for various are
magnitude approximation for many organic and inorganic subalculated using Egs. [11]-[13] witN.. being substituted by
stances. The strategy of the calculation is, the same as in oyrandD substituted byD,. Then these signals are summed
theoretical treatment above, to sfliD into a series of smaller (because differenin correspond to different electrons) with
intervalsD, = 8D, (see Eq. [23]), find for ther, . using Eq. statistic weightsp(m, N,..) to obtain the total dependences
[19], and calculate the ESE signal¥s = II, V., where the V, (1) for the given dipole interaction interval. The indkxn
V. are the ESE signals for eveBD, described by Eq. [13]. the calculation is incremented unfil, becomes smaller than

There is a difficulty in this approach related to the fact thai0"® MHz. The product ofVi (r) for all intervals finally
the estimated number of nuclki . may be non-integer and, results in the observable-dependence of the matrix Mims
for largeD, and/or very smalbD, values, it may even be lesSENDOR effect.
than unity. The binomial distributions (Eq. [12]) expressed The results of the calculations for seversD values are
through the factorials of integer numbers then become inagltown in Fig. 2a. Trace 1 givesradependence foAD = 1
plicable. Though one can possibly overcome this difficulty byiHz. A numerical function fitting shows that this dependence
substituting the factorials by'-functions, we have chosen ais almost perfectly Gaussian withy.. described by Eq. [22],
different approach which appears to be more physical and mtine same as those calculated for smalldd values (not
easily justifiable. We postulate thik . found using Eq. [19] shown). Trace 2 shows &dependence foAD = 10 MHz
is, actually, anaverage(over various realizations of nuclearcalculated as described above and dashed trace 3 is calculal
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using Eq. [21] with a direct substitution &D = 10 MHz. mum electron-nuclear distan&,,, = 5.4 A), the calculation
One can see that even fAD = 10 MHz ther-dependence is result practically did not depend axv,,. The main change of
very closely Gaussian withy..close to that determined by Eq.74..(0nly about 2%) was observed upon increasawf, from
[22]. A further increase iMAD-values leads to taking into 0.5 to 1 MHz. The ESE decay calculated for,, = 1 MHz is
account a very small number of close nuclei in the calculati@ihown by trace 1 in Fig. 2b. Trace 2 in Fig. 2b was calculatec
and to the gradual transition of the dependence to the export,; = 12.8us (0; ~ 180°) to demonstrate that, indeed, the
nential one (see trace 4 calculated X = 1000 MHz), as ENDOR effect for the matrix line attains its maximum féy
expected from the general considerations (see the discussieri4(® even taking into account its dependenceron
above and Refs.17-19). A direct exponential fitting shows In order to be able to qualitatively analyze the experimenta
that the characteristic decay time of the exponent is abaldta on matrix ENDOR without performing each time this type
0.008us in agreement with that predicted theoretically for thef numerical calculations, we will introduce an effective width
case of a non-selective RF pulsE(19: of a uniform RF excitation in the forlAD = «/t, wherea is
a phenomenological parameter. A criterion to choass a
coincidence of the ESE decay obtained in the calculation for
real excitation profile with that obtained in the calculation for
a uniform excitation profile. Our calculations show that for an
It is interesting to note that if we takkD = 10 MHz and RF pulse with6; ~ 140° an equivalent uniform excitation
selectD, = 8 MHz andéD, = 2 MHz at the first calculation width is AD ~ 0.864, (« =~ 0.86). Taking into account this
step, we can estimate the number of nutlgi. ~ 0.4 (forp result, we may write for the characteristic time of the Gaussiat
= 0.05 A2 used in our calculation). We can see that, whildecay obtained with an RF pulse of the duratign
the validity of the conditiordD, < D, is already questionable,
the conditionN, . > 1 is violated completely. For this par- Taee= [Nt (3.47°pggnBBu) 1H'2. [28]
ticular case it is obviously impossible to chod#d®, andD, in
such a way that the conditior®®, < D, andN,.. > 1 were
satisfied simultaneously. Still, the comparison of traces 2 an
in Fig. 2a shows that the-dependence of the ESE signal i
nearly Gaussian indicating that the adverse effects of cloge
nuclei are only minor even for this largeD value. '
It follows from our calculations (not shown) that a decrease
in the nuclear density leads to a decrease of tD values For the experimental verification of the theoretical results
for which the Gaussian ESE decay will still be observed. Fobtained above we have measured the dependence of t
example, for a very practical choice &fD = 0.1 MHz the matrix Mims ENDOR effect orr andt,. As an object for the
ESE decay becomes noticeably non-Gaussiarpfer 10°* measurements we have used the radicdld(COOH), and
A3, This proton density is two orders of magnitude lower tha@"H,COOH stabilized in ay-irradiated malonic acid powder.
that normally encountered in experiments. Therefore, we €khese radicals give overlapping EPR spectra with a dominatin
pect that for the majority of practical situations a Gaussian ESBublet feature due to the hfi of the-proton in the
decay will be observed in experiments. C'H(COOH), radical @0, 2]). Figure 3a shows a Mims
Another important problem we will discuss is the influencENDOR spectrum obtained as follows. First, the dependence
of the RF excitation profile on the ESE decays. Setting upad the stimulated ESE signal anwere recorded under the RF
pulsed ENDOR experiment usually requires the adjustmentiafadiation with various/, (t,; andv, were adjusted to provide
the RF pulse durationt() for a given RF amplitudevg) in  a maximum ENDOR effect). Then these traces were normal
order to achieve a maximum ENDOR effect. Integrating Eiged by the dependence of the stimulated ESE signalr on
[26] overAv from — to +o (which is justified by the fact that without RF irradiation. The ENDOR traces atvalues from
the matrix line is usually much broader than the main lobe P8 to 2320 ns have been summed up to give the spectru
the RF excitation spectrum) allows one to find that the max¢hown in Fig. 3a. The most prominent feature in this spectrun
mum average spin inversion is achieved at the nominal flip the line due to the distant matrix protons situated in &
anglef ~ 140°. However, it is not clear in advance if the RErequency range from about 14.6 to 15 MHz, symmetrically
pulse witht; corresponding t®,; ~ 140° will also lead to a with respect to the proton Zeeman frequency (about 14.8 MH:
fastest Gaussian decay and to a maximum ENDOR effect farthe applied magnetic field of 348 mT).
any givenrt value. Clarifying this problem also represents a Traces A, B, and C in Fig. 3b show the dependences of th
purpose of the calculations below. ESE signal onr corresponding tov; of 15.6, 14.5, and 14.8
In the calculations we have takép = 10 us andv, = MHz, respectively. These frequency positions are marked i
0.039 MHz toprovide 6 ~ 140°. We found that for the Fig. 3a by arrows labelled with the same capital letters. On¢
matrix linewidth Av,, = 0.5 MHz (corresponds to the mini-can see a striking difference between these traces. Trace

Tdec = 2431/2h/(16773pgegNBeBN)- [27]

cHrb’the next section we will use this expression to estimate th
$roton density from the experimental ESE decay.

Experimental Measurements of the Matrix Mims ENDOR
Effect
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t,r and 74e. Shown in Fig. 4b, one can fingd ~ 0.031 A3,

B 2 This value is in a reasonable agreement with the estimate of tr
C proton density in a malonic acid powder,~ 0.037 A3,
obtained from the molecular structure of malonic acid and its
specific weight of 1.619 g/ci(22).

A SubstitutingAD ~ 0.06 MHz (for t; = 13 us used to

, : : record the ENDOR spectrum in Fig. 3a) into Eg. [20] we can
to 12 14 16 18 20 estimate the number of nuclii. contributing into the matrix
MHz line atD = 0.6 MHz to be about 1.5 an.. ~ 6 atD ~ 0.3
MHz. This sets the limits of the applicability of the Gaussian
approximation in our analysis to tH@-values not exceeding
0.3 MHz for the giverp andt,;. An example of the incomplete
averaging of the electron spin precession frequencies in Ec
[13] due to a too small number of simultaneously inverted
nuclei is shown by trace B in Fig. 3b correspondindte- 0.6
MHz and exhibiting a damped irregular oscillation in agree-
ment with the above general considerations.

ESE Amplitude

ESE Amplitude

o=l
Ly

7(us)

FIG. 3. (a) The Mims ENDOR spectrum of the radicals inyarradiated 6. Matrix Line in Davies ENDOR

malonic acid powder (see text for detailed explanations). Arrows labeled A, B, . . L . .
and C correspond to the frequencies of 15.6, 14.5, and 14.8 MHz, respectivel .Le'[ us consider b”eﬂy the matrix line in Davies ENDOR.

(b) Traces A, B, and C, the dependences of the stimulated ESE amplitudeldie@ pulse sequence usually employed is shown in Fig. 1t
T obtained under the RF pumping at the frequencies of 15.6, 14.5, and 188me as the Mims ENDOR sequence (Fig. 1a), it consists ¢

MHz, respectively. The dependences have been normalized by the ESE dgggee mw pulses. Now, however, these pulses are selective a
obtained without the RF irradiation. their functions are different from those in Mims ENDOR. The
first (180°) pulse inverts the electron spins in a close vicinity of

_ the exact resonance. One often says in this case that this pul
corresponds to relatively strongly coupled protons and shoWsins a hole in the EPR spectrum.

an oscillation with a frequency of about 1.6 MHz, as predicted
by Eg. [8]. On the other hand, trace C corresponds to distant
matrix protons and exhibits a fast monotonous decrease of the
ESE signal intensity.

According to Eq. [21], the ESE signal intensity measured
under the RF irradiation of the matrix proton region (and
normalized by the relaxation decay) should show a Gaussian
decay with increasing. To check this, we have performed the
measurements of the ESE decay for several RF pulse durations
(adjusted to give a maximum ENDOR effect at selected RF
power levels). Figure 4a shows the normalized experimental
ESE decays (noisy traces) and Gaussian fits to them (smooth

ESE Amplitude

lines). The traces with faster decays in Fig. 4a correspond to 500+
shorter RF pulses. One can see from comparison that, indeed, -
in agreement with Eq. [21], a Gaussian function represents a £
very good approximation to the experimental ESE decays &

obtained under the RF pumping of the matrix proton line.
From Eq. [28], 74ec IS €Xpected to be proportional to the 0
square root of;. Filled circles in Fig. 4b show the correspon-
dence between the values ff, . obtained from the Gaussian bt
fitting of the experimental ESE decays in Fig. 4a and the squarg|g. 4. (a) Noisy traces, the dependences of the stimulated ESE amplitud
roots oft, values used in the experiment. The linear relatiosh ~ obtained under the RF pumping at the frequency of 14.8 MHz. The RF
obtained supports the validity of our analysis. pulse widths are 13, 25, 46, and 8, with the shorter RF pulses correspond-
Finally, it is interesting to estimate the average den/siqf ing to the faster decays. The dependences have been normalized by the E
. . . .decay obtained without the RF irradiation. Smooth lines, Gaussian fits to th
the matrix protons from the experimental data shown in Flgf(perimental traces with the characteristic decay timgsof 225, 313, 410,

4b. Substituting into Eq. [28] the value gfgnBuBn/h =~ 79  and 550 ns. (b) Filled circles, the dependence,gfon the square root of the
MHz - A® corresponding to protons, the experimental values BF pulse duration. Solid line, linear least squares fit to the experimental points
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When a 180° RF pulse is applied after the first mw pulse itithout RF irradiation is close to zero as noted in many
exchanges the populations between the electron-nuclear suitblications on Davies ENDORS{8). Our purpose is to show
levels in resonance with the RF pulse. As a result, the origirthlat even in this case the ENDOR effect due to the distan
hole decreases in amplitude and a pair of new holes appearsatrix nuclei is non-zero. Its origin is exactly the same as tha
the spectrum positions A with respect to the original (central) already discussed. That is, in the matrix region many nuclei ar
hole (for a detailed discussion see, e.6)).(The amplitudes of resonant with the RF pulse and the change of the local mag
the resulting holes depend on the fraction of the electron spimstic field associated with their simultaneous inversion is es
coupled to the nuclei inverted by the RF pulse, i.e., on ttsentially non-zero.
p-values introduced above. If we assume the amplitude of theAs follows from our analysis of Mims ENDOR, to describe
EPR spectrum before the first mw pulse to B&Av,) = 1 the effect due to the distant matrix nuclei, we have to fake
(Ave = gBABJN is an offset of the electron spin froml1l. The EPR hole shape in Eq. [32] pt= 1 represents a
resonance) and after the inversiB(0) = —1, then after the convolution of the original hole shape and a doublet spectrun
RF pulse the amplitudes of the EPR spectrum in the holes wilith a splitting of 2A. For the distant matrix nuclei inverted by
be an RF pulse, the distribution @& is described by Eq. [24].

Taking a convolution of the original EPR hole (Eq. [31]) with
E(0) = —1 + 2p; E(xA) =1-—p. [29] the Gaussian hfi distribution (Eq. [24]) we obtain

The shape of the original hole produced by a rectangular mwE(AV,)
pulse is described by the expression similar to Eq. [26], ~1— 2 exg—2AvY(A2 + 2v))]/[1 + AZ(2v2)]V2.

E(Av) = 1 — 2(v2IV3)Sir(mvit,), [30] [34]

. o . 5 The amplitude of the ESE signal formed by a selective detec
wherev, = gB,/h is a mw field intensityvy = (v + tion sequence is then approximately equal to
Av?)Y2 s a nutation frequency of the electron spins during the

mw pulse, and, is a duration of this pulse. For the first mw V=1—2/[1+ A2(2v2)]¥2 35
pulse with a nominal flip angle of 180°, the hole shape (more [ J (2T [39]

exactly, the central lobe) can be approximated by a GaUSSWé may estimate a realistic value \éffor protons by taking

function: ~ 0.05 A3 (somewnhat smaller than in water and greater thar
in the malonic acid)g.gnBeBn/h =~ 79 MHz- A3 AD ~ 0.1
E(Av) =~ 1 — 2 exp(—Avg/vi). [31] MHz (for an RF pulse with,; = 8.6 us andd,, = 14C°) and
_ S ~ vy ~ 5 MHz (for a 180° mw pulse of 100 ns duration). The
We employ here a Gaussian approximation instead of a ratiopadith of the local field distributior, in this case is about 2.2
one used e|SGWher§)(because it is more convenient from thNHZ and the value o¥ is about—0.8. ThUS, the difference
mathematical viewpoint for estimation of the matrix ENDORyetween the ESE signal amplitude with and without the RF
effect (see below). irradiation makes up about 20% and is easily measurable.
After the RF pulse, the shapes of all the holes produced arerhijs result may be compared with the ENDOR effect in a
described by similar functions and the whole spectrum may Bgjordered solid matrix for the nucleus with, = 2 MHz and

written as a5, large enough to ensure that the side holes do not overla
with the central hole. The orientation of the radius-vector from
E(Ave) = 1 — 2(1 — p)exd —Ave/vi] the unpaired electron to the nuclear spin inverted by the RI
~ pexd—(Av, — A2 pulse is taken close to perpendlcglar with respedBjo For
P exil —( )il AD ~ 0.1 MHz we can easily estimate the ESE amplitile
— p exd —(Av, + A)%/vzi]. [32] after the RF pulse to be about0.88 implying an ENDOR

effect of 12%, smaller than that obtained for the matrix line. In
To a first approximation we may consider the ESE sighalthis calculation we have recalled that= p, + p_ (see
generated by the selective detection sequence shown in Figabove) and have takep, (or p_) equal to zero, which
to be proportional to the amplitude of the EPR spectrum Egorresponds to the use of a single radiofrequency in an expe

[32] at Av, = O: iment.
V= —1+2p(1— exg —A%v2]). (33] 7. EEff);pC?rimental Measurement of the Matrix Davies ENDOR

For A < v, the ESE signal is close te1 and the ENDOR  The EPR hole broadening associated with the RF-induce
effect defined as a difference of the ESE signal with andversion of the distant nuclear spins (or any other sources
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signals by subtracting trace 1 from traces 2 and 3 in Fig. 5
The resulting ESE signals due to the EPR spectrum hol
without and with the RF pulse are shown in Fig. 6 by traces
1 and 2, respectively. Dividing trace 2 by trace 1 in Fig. 6,
we can obtain the Fourier image of the hole broadening
function associated with the RF-induced nuclear spin inver
sion. It is shown by trace 3 in Fig. 6 upside down for the
convenience of presentation.

It follows from Eq. [24] that the hole broadening and the
corresponding ESE shape (trace 3 in Fig. 6) should be de
scribed by Gaussian functions. Indeed, a Gaussian functio

VMZ‘ with a width At ~ 390 ns represents a very good fit to trace
2

ESE Amplitude

34 3in Fig. 6 (apart from the top of the signal where the residua
narrow spike is still observable). The width of the local field
3 distribution A, in Eq. [24] is then equal to 2#At) ~ 1.63
£ (1S) MHz. Substituting this value into Eq. [25] we obtain the
. . 73 . - . .
density estimate ~ 0.028 A3, again in a qualitative agree-
FIG. 5. The ESE signals formed by a detection sequence of two "™Hent with the actual value of 0.037 &

pu_lses with the durations of 16 anc_i 24 ns in a samplg-ofadiated malonic _ We have seen above that. in principle a measurement «
acid powder. Trace 1, no preparation mw pulse and no RF pulse are applied. . ' ’
Trace 2, a preparation mw pulse of 800 ns duration (180°) is applieds40 the ESE dependence anin Mims ENDOR and of an EPR
before the detection sequence. Trace 3, same as trace 2, but with an RF gogke width in Davies ENDOR enables us to estimate the
of 9 us duration ¢; = 140°) applied between the preparation mw pulse aﬂ@iensity of matrix nuclep in a sample. However, the esti-
the detection sequence. mates ofp in a sample of ay-irradiated malonic acid done
P p ay

in this work are about 20—-25% lower than the actual den:
can be directly observed using a nonselective detectisity. The reason for this discrepancy is obviously related tc
pulse sequence28, 24. The ESE signal formed by thisthe fact that our theoretical discussion was idealistic in som:
sequence may be considered to consist of two contributiomsspects. First of all, the approximation about a uniform
a narrow intense signal with a positive amplitude due touclear distribution might be not very good for relatively
the electron spins unaffected by the selective preparatiolvse nuclei (at the distances of the order of 10 A) in a
pulse and a weak broad negative signal due to the ERRystalline sample like the malonic acid powder. Besides
spectrum hole. The latter signal represents a Fourier imattpe lower limit of the integration over distances in Eq. [18]
of the hole shape to a good accuracy. The RF-induced
inversion of the matrix nuclear spins should lead to a
broadening of the EPR spectrum hole described by Eq. [34],
which can be detected as a narrowing of the negative com-
ponent in the ESE signal.

To check the above considerations, we have done the
Davies ENDOR experiment with a non-selective detection
sequence using the-irradiated malonic acid powder as a
sample. The mw sequence parameters have already been
described in the Experimental section. Trace 1 in Fig. 5
shows the ESE signal in the absence of the preparation
pulse. Trace 2 gives the ESE shape after the 180° prepara-
tion pulse of 800 ns duration has been applied. As discussed
above, the ESE signal in this case consists of a narrow
positive and a broad negative contributions. Trace 3 in Fig.
5 shows the ESE shape when an RF pulse wyjtk 9 us and
0, = 140° has been introduced between the preparation mw
pulse and the detection sequence. One can see that the
negative ESE component in trace 3 is considerably narroweFIG. 6. Traces 1 and 2, the contributions of the EPR spectrum hole into
than that in trace 2. the ESE signals in Fig. 5 obtained by subtraction of trace 1 in Fig. 5 from trace

. s 3 and 2 in Fig. 5, respectively. Trace 3, a Fourier image of the hole-broadenin
To analyze the EPR h0|e_ b_roadenmg quamltatlvely’ V‘f&nction obtained by division of trace 1 by trace 2 (shown upside down for the
have used the procedure similar to that employed24).( convenience of presentation). Dashed trace 4, a Gaussian fit to trace 3 with

We have separated the negative contributions into the Eidth between the maximum slope points of 390 ns.

ESE Amplitude

t(uS)
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should be greater than zero, about 2—4 A (ske® énd the Finally, taking a limit atN — o results in

discussion above). For simplicity and because it was not of

the primary importance, we have neglected this fact in our p(m, Ni.) = N exp(—N,.)/m!. [A3]
analysis, but it might be partly responsible for the underes-

timation of p. An important experimental factor that can tpis probability distribution peaks anh = N,. and has a
lead to the underestimation gfis an inhomogeneity of the half-height width of the order of I9¥/2 for Iargef\lk+.

RF field in the resonator. For example, using the numericalyye s Eq. [A3] in the numerical calculations of the

calculations similar to those described above we can fipghix Mims ENDOR effect. A relatively small width of the

that a Gaussian distribution of the RF field strength with Gstribution p(m, N..) excludes from consideration the val-
half-height width equal to the sample size will lead to thgeg ofm too strongly differing fromN, .. Therefore, the

underestimation op of the order of 15%. Any practical original (clearly not physical) assumption that any nucleus
attempts to _flnd an accurate estimatepo$hould take the has an equal probability to occupy any position in space an
above considerations into account. The purpose of thig,s any local nuclear density is allowed may not be con
work, however, was to explain the matrix line phenomenQl)yereq as strictly prerequisite. Imposing physical restric:
in principle rather than to obtain a perfect estimate of thg)ns on the local nuclear densities will limit a possible

proton density in the malonic acid. range of them values. However, because several-fold vari-

In conclusion we may note that the analysis performed fions ofm in real systems are quite conceivable, Eq. [A3]
this work shows that the finite intensity of the matrix line in theg expected to hold to a good accuracy.

Mims and Davies ENDOR spectra is obtained due to the action
of the RF pulse on a large number of the resonant nuclear
spins. The fundamental reason for the matrix line effect is thus
the same as that for the multiplet structure in the EPR spectra part of this work was supported by Hyogo Science and Technology
of the unpaired electrons interacting with many nuclei simuhssociation (Japan). A.A. is grateful to Kwansei Gakuin University for invit-

taneously, i.e., the additivity of the local magnetic fields prdng him as a guest professor. The authors are indebted to Dr. A. Raitsimrin
duced by different nuclei at the position of the unpaired elefo™ the University of Arizona for stimulating discussions.
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