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Nutations and Multiple Quantum ENDOR 

I. Introduction 

Electron-nuclear double resonance (ENDOR) is a 
well-established magnetic resonance technique for ob- 
taining detailed molecular and electronic structure in- 
formation about paramagnetic species.'.' In the clas- 
sical continuous wave (cw) ENDOR experiment an ESR 
transition is saturated with an intense microwave (mw) 
field. A second irradiating field in the radio frequency 
(10 region induces nuclear spin transitions, thereby 
altering the populations of some of the energy levels. 
These changes are then detected by observing the 
variations in the polarization of the saturated ESR 
transition. Since in ENDOR the NMR spectrum of a 
paramagnetic compound is measured indirectly via the 
electron spin, the sensitivity of ENDOR is much higher 
than that obtained in an NMR experiment. The main 
advantage of ENDOR, however, consists in the sub- 
stantial improvement in resolution that can be achieved 
relative to ESR. This resolution enhancement is caused 
by the introduction of additional selection rules and 
may amount to several orders of magnitude. It is 
therefore not surprising that cw ENDOR, with its ex- 
tensive armory of sophisticated technique~,3'.~ has de- 
veloped into one of the cornerstones of electron spin 
resonance. 
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It was as early as 1965, when Bill Mims demonstrated 
that ENDOR experiments can also be carried out with 
pulsed mw and rf excitation? In such a pulsed ENDOR 
experiment, the intensity of the electron spin echo is 
measured as a function of the radio frequency. During 
the first two decades after invention of pulsed ENDOR, 
the capabilities of the method were not much noticed 
by the ESR community. This is demonstrated by the 
small number of papers published about the subject in 
this period.'*'' Along with the rapid developments in 
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pulsed ESR spectroscopy in the last several years,1824 
however, there has also been a fast growing interest in 
the related pulsed ENDOR One of the 
advantages of pulsed ENDOR compared with the cw 
ENDOR method is that the entire sequence can usually 
be made short enough to exclude unwanted relaxation 
effects. Moreover, the ENDOR efficiency in the pulsed 
version can be up to loo%, whereas in the cw approach, 
ENDOR signal intensities are only a few percent of 
those with ESR. This high efficiency, however, does 
not necessarily mean that in any case pulsed ENDOR 
is more sensitive than cw ENDOR, because the cw ESR 
signal is usually more intense than the electron spin 
echo. In pulsed ENDOR, there are also more ways to 
manipulate the electron-nuclear spin system and, thus, 
to simplify or unravel complicated spectra than in cw 
ENDOR. The reputation that pulsed ENDOR has 
earned in this time is also expressed in a number of 
recent review  article^.^^-^' 

In this account, the different pulsed ENDOR tech- 
niques invented so far are presented within the frame 
work of an elegant and transparent operator formalism. 
This systematic approach allows one to call special 
attention to the common basis as well as to the diver- 
sities of the various methods. Since we mainly con- 
centrate on techniques rather than on applications, 
experimental results are only presented for illustrative 
purposes. Section I1 provides some background 
knowledge about the ENDOR spectrum of different 
types of spin systems. To guide the reader through all 
the burdens of electron-nuclear spin acrobatics involved 
in the different pulsed ENDOR schemes, we then de- 
velop in section I11 the operator formalism in some 
detail. In the following two sections, this mathematical 
apparatus is used to highlight the basic principles of the 
different pulse schemes. Section IV is devoted to 
various polarization transfer ENDOR techniques, 
whereas in section V, ENDOR experiments that are 
based on the transfer of coherence will be discussed. 
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I I .  The ENDOR Spectrum 
For the convenience of the reader, we briefly sum- 

marize some of the expressions for the ENDOR tran- 
sition frequencies. Consider the Hamiltonian for an 
anisotropic spin system consisting of an electron spin 
S = 1/2 and one nuclear spin I 
Ho = H E Z  + H N z  + H H F S  + HQ = 

@,B@ - - gnPnBo1 + SA1 + IQI (1) 
The four terms in eq 1 describe the electron Zeeman, 
the nuclear Zeeman, the hyperfine, and the nuclear 
quadrupole interaction. Under the assumption HE >> 
7jCHFS >> HQ, the first-order ENDOR angular frequen- 
cies may be expressed by4y48 
W E N D O R ( ~ S , ~ I  + 1 m ~ )  = 

with 
dms)  + 3/2(2m1 + 1)Q(ms) (2) 

4ms) = 1 [2gms)C(ms)tI 1/21 

g m s )  = g-"sgb + w r E  

( 3 4  

(3b) 
g = I[2gg;l'/2l _ _  (34  

and 
Q(ms) = @(ms)&C(msM'/c2(ms) ( 3 4  

a b 

31Qil 
e f 

* 
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Figure 1. Typical ENDOR spectra of simple S = 1/2, I spin 
systems, wI < 0 (a,b) I = anisotro ic spin system, A > 0; (a) 

a > 0; la/21 < l w ~ l  (c), la/21 >.]wll (d); (e) I = 1; anisotropic spin 
system, Bo along one of the prncipal axes of the hyperfine tensor, 
JAi/21 > IwIl;.(D.Z1 = 1, I2 = 1; anisotropic spin system, Bo along 
one of the principal axes of the hyperfine tensor, IAi/21 > lwd; the 
asterisk (*) marks second-order splitting. 

IA/21 < I q l ,  (b) IA/21> IwIl; (c,d) I = P /2; isotropic spin system, 

In eq 3, wI = -gn@,Bo/h denotes the nuclear Zeeman 
frequency, E is a 3 X 3 unit matrix and t is the unit 
vector along the external static field Bo in the frame 
spanned by the g tensor principal axes. (The negative 
sign in the exprSssion for wI results from the solution 
of the equation of motion, wI = -rnBo, and from yn = 
gn@,/ ti). An expansion of these formulas to an arbitrary 
number of nuclei is ~traightforward.~~ 

A. I = v2 
For a I = 1/2 nucleus, the ENDOR transition fre- 

quencies in the two ms manifolds (a- and @-state of the 
electron spin) are given by 

~ E N D O R ~ S  = 72) = 0, = 4 ' 2 )  

aENDOR(mS = -72) = = 4 - 7 2 )  (4) 

The spectra for the two cases IA/21 < lwrl and IA/21> 
loIl with A denoting the hyperfine coupling for a par- 
ticular direction of Bo are shown in Figure 1, parts a and 
b. For an arbitrary orientation of Bo, the splitting of 
the two ENDOR lines, loa - @,I, depends on 4 and g. 
It is a consequence of the anisotropy of g and 4 t h i t  
the two lines are not, in general, symmet% about lwrl 
(for IA/21 < Jwd) or A/2 (for IA/21> lwd), but are shifted 
to higher frequencies. 

If the g tensor and the 4 tensor are isotropic, eq 4 
reduces 6 

a, = I(a/2) + or1 
= l(a/2) - wrl (5 )  
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where a denotes the isotropic hyperfine coupling con- 
stant (Figure 1, parts c and d). A corresponding ex- 
pression is found for the case where Bo is oriented along 
one of the principal axes of the hyperfiie tensor (coaxial 
with g) with principal values Ai, i = x ,  y, z:  - 

~a = I(Ai/2) + 011 
= I(Ai/2) - WII (6) 

For N equivalent I = 1/2 nuclei, the ENDOR spectrum 
still consists of two transitions (N + 1 transitions in the 
ESR spectrum), whereas for N nonequivalent I = 1/2 
nuclei, 2 N  ENDOR transitions are observed (2N tran- 
sitions in the ESR spectrum). 

B. I 2 1  

For nuclei with I 2 1, the nuclear quadrupole inter- 
action causes a first order splitting of the ENDOR lines. 
The ENDOR spectrum of an I = 1 nucleus consists of 
four transitions at frequencies 

(7) 

For Bo along one of the principal axes of the (coaxial) 
g-, A-, and Q tensor (Figure le), eq 7 reduces to 

WENDOR = IAi/2 f 01 %QiI (8) 

According to eq 2, 41 ENDOR transitions are ex- 
pected for a nucleus with arbitrary spin I. However, 
this assumes that the inhomogeneous broadening shifts 
the underlying spin packets in a way that the mw 
perturbation excites all ESR transitions, although each 
line in a different spin packet (see section IV). If the 
hyperfiie structure is resolved in the ESR spectrum and 
each ml state is affected individually by the mw driving 
field, either a four-line ENDOR spectrum (ESR ob- 
server, -I < mI < I), or a two-line spectrum (ESR ob- 
server, ml = &I-) is observed. In cases where hyperfine 
and nuclear quadrupole interactions are of the same 
order of magnitude (aHFS = %,$, the interpretation of 
the ENDOR frequencies becomes more complex.49 

In some spin systems, the observation of overtone 
transitions (Aml 2 2)50951 and of multiple quantum 
transitionss2 have been reported. In the latter case two 
rf quanta of the same or of two different frequencies 
are simultaneously absorbed. A further contribution 
to the first-order ENDOR frequencies may arise from 
the direct dipole-dipole coupling between two nuclei. 
Such interactions are sometimes observed between ad- 
jacent protons of water molecules or methylene 
groups.53 

Second-order contributions to the ENDOR transition 
frequencies are of the order of A2/&gB,, and cause shifts 
and splittings of the ENDOR  line^.^^^^ For hyperfine 
couplings <lo MHz, these contributions are smaller 
than 10 kHz and are often neglected. For larger hy- 
perfine couplings, however, second-order effects can 
become important and should be considered in the 
evaluation of the interaction tensors. In the case of two 
magnetically equivalent nitrogens directly coordinated 
to the metal ion in copper complexes, for example, each 
of the four ENDOR lines (eq 7) is split into a doublet 
by 200-300 kHz (Figure If)." In ENDOR experiments 
on transition metal ions, second order shifts may 
amount up to several 

wENDOR(mS) = c(mS) * 3/28(ms) 

- 
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Figure 2. Energy level scheme of an isotropic S = Z = l/z 
spin system, la/2l < Iql. ESR transitions, Iaa) - I@a) and la@) - I@@), and NMR transitions Iaa) - la@) and 10.) - I@@), are 
denoted by the corresponding terms in the Hamiltonian describing 
the interaction of the spins with selective mw and rf pulses, 
respectively. 

I I I .  Operator Formalism for the Descrlptlon of 
Pulsed ENDOR Experiments 

In this section we develop the mathematical ma- 
chinery for the description of pulsed ENDOR experi- 
ments. The theory, which has become very popular in 
NMR, is only given to the extent that is necessary for 
the understanding of the basic principles of the ex- 
periments. For a more detailed description of the 
formalism, the reader is referred to the l i t e r a t ~ r e . ~ ~ ~ ~ ~  

The behavior of a spin system under a Hamiltonian 
% is described by the time evolution of the density 
operator u defined by the Liouville-von Neumann 
equation 

6 = -i[%, a] (9) 
Assuming a time-independent Hamiltonian, the solu- 
tion of eq 9 takes the form 

u(t) = Ra(0)R-l = exp{-i%t]u(O) exp{i%t) (10) 
or in shorthand notation 

(11) d o )  - d t )  
The propagator R = e-iHt (unitary operator R-' = Rt) 
is formulated according to the relevant Hamiltonian % 
operating during time t. 

The form of % depends upon whether a mw pulse, 
an rf pulse, or a free precession period is considered. 
To present the basic concepts of the various pulsed 
ENDOR schemes in a straight forward and transparent 
way, we replace the internal Hamiltonian given in eq 
1 by truncated Hamiltonians. For the description of 
most of the ENDOR schemes an isotropic S = 1/2, I = 
1/2 electron-nuclear spin system represented by the 
Hamiltonian 

(12) 
is adequate. The corresponding four-level diagram is 
shown in Figure 2. In eq 12, us = g,&B0/h is the 
electron Zeeman frequency and a(S,I, + SSJly) denotes 
the nonsecular part of the hyperfine coupling that is 
responsible for the second order frequency shifts men- 
tioned in section 11. 

In the following, we assume that wS >> a (high-field 
approximation). Since in this approximation, product 
base and eigenbase deviate only slightly from each 
other, the nonsecular contribution may be neglected 

7ft 

%o = W S S Z  + W I I z  + a(S,Iz + SJ, + SJJ 
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during free evolution under Bo. This drastically sim- 
plifies the description of pulsed ENDOR experiments, 
without substantially affecting the final results. During 
evolution under an rf perturbation, however, nonsecular 
contributions become significant, since only a small 
change in the base functions may remarkably alter the 
transition matrix elements and, thus, the flip angle of 
the rf pulse (see below). 

The Hamiltonians representing mw and rf pulses are 
time-dependent. This time dependence is removed by 
a transformation into a doubly rotating frame by the 
propagator 

(13) 
where w,, and wd denote the angular frequencies of the 
mw and the rf field, respectively. In the new frame, the 
internal high-field Hamiltonian reduces to 

%o = QsS, + QII, + uSJ, (14) 
with Qs = ws - w,, and QI = wI - w,+ In the following, 
this Hamiltonian is used for the description of pulsed 
ENDOR experiments where only nuclear single quan- 
tum transitions are of interest. For pulsed ENDOR 
schemes where nuclear multiple quantum transitions 
play a dominant role, the three-spin system S = 1/2, II 
= 1/2, I2 = 1/2, represented by the doubly rotating frame 
Hamiltonian 
7f0 = Q s S ~  + Q d i z  + Q12I22 + aiS.Jiz + a2SJb (15) 
is applied. 

We now move on to the description of the mw and 
rf pulses. The Hamiltonian during the application of 
a mw pulse is given by 

%1 = %, + w1Sx , (16) 
The second term in eq 16 describes a pulse with a mw 
field strength (in angular frequencies) of w1 = g&B1/ h 
= -rB1 applied along the x axis of the rotating frame 
(x pulse), with B1 denoting the amplitude of the circu- 
larly polarized mw field component (in tesla). For both, 
mw and rf pulses, we consistently use positive rotations 
in the right-handed sense. A pulse “applied along the 
x axis” then means that the axis of the Larmor fre- 
quency vector WL points to the positive x axis. For 
electrons (ye < 01, WL = w1 and B1 are parallel, for 
protons (y > 0), the two vectors are an t i~a ra l l e l .~~  

A mw p%e is considered to be nonselective, when its 
field strength is much larger than the hyperfine inter- 
action, lull >> lal; i.e., all ESR transitions within a spin 
packet are simultaneously excited by a strong pulse of 
short duration. With this condition, wlSx is the dom- 
inant term in eq 16 and the internal Hamiltonian %, 
can be neglected during the pulse. 

On the other hand, a mw pulse is considered to be 
selective, if it only affects a single ESR line. To describe 
such line-selective pulses, which fulfil the condition lull 
<< lal, we first rearrange eq 16 with Bo of eq 14 to give 

T = exp{-i(w,,tS, + o,ftI,)) 

% I  = [Q, + (a /2 )JS , I*  + [a, - (a/2)JS2I@ + 
wlS,Ia + w~S,I@ + QIIz (17) 

In eq 17, I* and I@ denote nuclear spin polarization 
operators6M2 that select the ESR line associated with 
the a and /3 nuclear spin state, respectively 

I* = y2 i + I ,  (184 

I@ = y2 1 - I ,  (18b) 
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with the complementary formulae 
i = I“ + I@ 

I ,  = 1/(P - I@) 
(194 

(19b) 

and being the unity operator. 
The spin operators S,Ia = S,(13) and S,I@ = Sx(24) in 

eq 17 (with S,Ia + SJ@ = S,) are called single-transition 
operators.59 Generally, a single-transition operator SrS) 
refers to the transition between two energy levels Ir) 
and Is). All the other energy levels are disregarded and 
the subsystem is treated as a virtual two-level system. 
In our two-spin systems, S,Ia and S,I@ refer to the 
(allowed) ESR transitions between the states Iaa) - 
I@a) and la@) - I @ @ ) ,  respectively. Correspondingly 
the single-transition operators P I ,  = I,(%) and S@I, = 
I,(12), with the electron spin polarization operators Sa 
and S@, selecting NMR lines associated with the a and 
@ electron spin state, refer to the NMR transitions Iaa) - la@) and IPa) - I@@). In the following we will always 
explicitly write a single-transition operator as the 
product of a polarization operator and an angular mo- 
mentum operator, since with this notation it is espe- 
cially easy to follow the evolution of the spin system. 
The same notation is also used to assign the transitions 
in the four-level scheme in Figure 2. 

We now discuss eq 17 in more detail. For a mw pulse 
on-resonance with transition Iaa) - Ips), Os = us - w, 
= -a/2, the first term in eq 17 reduces to zero, whereas 
the second term becomes -aS,I@. For a line-selective 
pulse with lull << lal, transition a@) - I@@) is far off- 

the three commuting terms wlSp,  -aSJ@, and QII, only 
the first one is of importance for the description of 
selective pulses in polarization transfer ENDOR. The 
other two terms commute with S, and have only to be 
considered in coherence transfer ENDOR experiments. 
A corresponding situation holds for a mw pulse on- 
resonance with transition la@) - I@@).  The rotating 
frame Hamiltonians for selective mw x pulses acting on 
transition laa) - 16.) or la@) - I@@) can then be de- 
scribed by 

and 

resonance, so that the term wlSJ B can be ignored. From 

%p = WlS,I* (20) 

%f = W l S , I @  (21) 
respectively. 

For both, selective and nonselective mw excitation, 
a pulse of duration t,, and amplitude w1 results in a 
nominal (on-resonance) flip angle p1 = q t m w  = 
-~,$~t,,. Note that in a system with an anisotropic g 
tensor, p1 depends on the effective gyromagnetic rati; 
defined by yeff = -&geft(v,0)/h, where cp and 0 are the 
polar angles describing the orientation of Bo in the 
molecular frame. 

Nonselective and selective rf pulses are formulated 
in a similar way. The rotating frame Hamiltonian for 
a nonselective rf x pulse is given by 

(22) 
where -rnB2 = -gnPnB2/h = w2 is the strength of the 
external rf field in angular frequency units and B2 is the 
amplitude of the circularly polarized rf field component. 
The second term in eq 22 describes the interaction of 
the rf field with the electron spin and contributes only 

7 f 2  = - 7 n B J x  - ~ e B 2 S r  
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in the first-order spin base to the nuclear transition 
elements. The change of these transition elements by 
the electron spin is "called hyperfine enhan~ement":~ 
because it is the hyperfine coupling (namely the non- 
secular term) that is responsible for the state mixing. 
Although, the difference between product base and 
eigenbase is small a t  high Bo fields, the contribution of 
the second term in eq 22 can be significant (note that 
for protons, 7Jyn = 658). 

The hyperfine enhancement can be described clas- 
sically as originating from a modulation of the internal 
magnetic field produced by the electron spin at the 
nucleus with frequency w,+ The resulting driving field 
which induces nuclear transitions is then the s u m  of the 
external rf field and the oscillating component of the 
internal field. For an isotropic hyperfine interaction, 
the field acting on the nucleus is given by 

Bf = EB2 = 11 + ( m s ~ / ~ r ) l B 2  (23) 
The hyperfine enhancement factor E depends on ms, 

and the sign and the magnitude of the isotropic 
hyperfine coupling constant a. It manifests itself either 
in an increase or a decrease of the field amplitude of 
B2. Analytical expressions for enhancement factors of 
anisotropic spin systems have been given elsewhere.* 

The Hamiltonian in eq 22 can be transformed into 
a frame in which the representation of 7fo is diagonal. 
By neglecting transition matrix elements which induce 
ESR transitions with a driving frequency far off-reso- 
nance (wd << us), the Hamiltonian during a nonselective 
rf pulse reduces to 

7 f 2  = ufI ,  (24) 

with the hyperfine enhanced rf field strength uf = 
-7,EB2. 

Correspondingly, rf x pulses acting selectively on the 
nuclear transition in the ms = 1 / 2  and ms = - 1 / 2  elec- 
tron spin manifold, respectively, are represented by 

7f$ = OfS"I, (254 

7fg = ufSflI, (2%) 
The nominal flip angle for selective or nonselective rf 
pulses is then defined by 0; = wft+ (In the following, 
we drop the superscipt E ,  except in cases where it is 
necessary for clarity.) 

In all pulsed ENDOR experiments discussed in this 
work, the doubly rotating frame Hamiltonian is piece- 
wise constant and time-independent and can be divided 
into n periods. The density operator at the end of the 
sequence is given by 

and 
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The observable magnetization components of the 
electron spin at time t = xin along the x and y axis of 
the rotating frame can be evaluated from the trace re- 
lations 

= T r b W , )  (274 

My( t )  = Trb(Wyl  (27b) 
and 

c 

I9 2SXIX 

-2s I Y Y  

b 

h 

sy1O 

Figure 3. Graphical representations of product operators in a 
S = 1/2, I = 1/2 spin system. Empty and full energy levels mark 
populations of states that are depleted or more populated, re- 
spectively, than in the demagnetized state (marked by a line). 
Coherences are represented by wavy lines: (a) electron spin 
polarization, (b) electron spin coherence, (c) nuclear spin co- 
herence, (d) longitudinal electron-nuclear two-spin order, (e) 
double-quantum coherence, (f) zero-quantum coherence, (g) spin 
polarization of one ESR transition, and (h) spin coherence of one 
ESR transition. 

respectively. 
Application of the density operator formalism based 

on eq 9 is straight forward but often rather cumber- 
some. Moreover, an explicit matrix calculation provides 
little physical insight into the workings of the experi- 
ments. An alternative approach that combines com- 
putational convenience with physical transparency is 
to express the density operator a(t)  as a linear combi- 
nation of base operators58 

~ ( t )  = Cbn(t)Bn (28) 

with Bn denoting Cartesian product operators. In the 
case of our electron-nuclear two-spin system, the com- 
plete base set (B,] consists of the 16 orthogonal product 
operators 

n 

f / 2 M  8 x 7  s,, s,, I,, I,, 4 2S,I,, 2S,Iy, 2SJZ 
2Sy-L 2SJy, 2SJz 2S,I,, 2SJy, 2 S A  

The unity operators is andl l  are left out in the product 
operator notation (e.g. S,lI = S,). 

Each product operator has its specific physical 
meaning. In the following, we adapt the nomenclature 
used in NMR5* to electron-nuclear spin systems. 
Corresponding pictorial representations of some of the 
product operators in the energy level diagram are shown 
in Figure 3. 
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I 

mS=1/2 rf I 
equal electron spin polarization across both 
ESR transitions 
in-phase electron spin coherence (both 
ESR transitions have the same transverse 
magnetization along the x or y axis of the 
rotating frame, respectively.) 
equal nuclear spin polarization across both 
NMR transitions 
in-phase nuclear spin coherence 
longitudinal electron-nuclear two-spin or- 
der (The two ESR and the two NMR 
transitions are polarized. In this spin-cor- 
related population of the energy levels, 
there is no net polarization.) 
antiphase electron spin coherence (The two 
individual components are opposite in 
phase. Antiphase magnetization has zero 
integrated intensity.) 
antiphase nuclear spin coherence 

electron-nuclear two-spin coherence (These 
two-spin coherences represent a superpo- 
sition of electron-nuclear zero and double 
quantum coherences (forbidden ESR tran- 
sitions). For example: 2S,I, + 2SJy rep- 
resents pure zero quantum coherence, 2SJ, 
- 2SJY represents pure double quantum 
coherence.) 

Also linear combinations of product operators have a 
simple physical meaning. 
S,I* spin 

( = l /  osx 
+ S X I Z ) ,  

SJ*, 

cohereice of one ESR transition 

sp ,  
S.P 

S J ~ ,  S,I@ spin 
SaI,, SUIy, spin 

SQ, , 
SflI, 

polarization of one ESR transition 
coherence of one NMR transition 

SaIz, @Iz spin polarization of one NMR transition 
The evolution of any individual product operator B, 

under a Hamiltonian represented by another product 
operator B,, can be expressed byS2 
exp(-icpB,JB, exp(icpB,) =B, cos cp - i[B,, B,] sin p 

(29a) 

B, - B, cos cp - i[B,,B,] sin p (29b) 
where cpB, is a term in the internal Hamiltonian or a 
Hamiltonian that represents a mw or rf pulse. The 
transformations relevant for the pulsed ENDOR ex- 
periments are collected in Table I. With the aid of this 
dictionary we are in a position to describe all ENDOR 
methods in an elegant way, just by using these trans- 
formations or obvious variations of it in a chronological 
sequence according to the pulse schemes. 

or 
&PB, 

I V. Polarization Transfer ENDOR 

In a polarization transfer pulsed ENDOR experiment 
only polarizations are involved in the transfer of 
magnetization between electron and nuclear spins. A 
polarization transfer ENDOR scheme can be divided 
into three time intervals, a preparation period, a mixing 
period, and a detection period as is shown in Figure 4. 
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L-J I U  
mw I mw 

I m --1 s- l2 I 
I I 

preparation I mixing I detection 
I I 
1 change of nuclear I 

spin polarization and 
creation of nuclear 

spin coherence 
Figure 4. Subdivision of a polarization transfer ENDOR ex- 
periment into a preparation, mixing, and detection period. 
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Figure 5. Basic mw pulse schemes used in polarization transfer 
ENDOR experiments: (a) selective mw pulses, and (b) nonse- 
lective mw pulses. 

During the preparation period nuclear spin polarization 
is created. In the following mixing period rf irradiation 
changes this nuclear spin polarization and creates nu- 
clear spin coherence. In some experiments, also mw 
pulses are applied during the mixing period to exchange 
polarization between the two electron spin states. 
During the detection period, the changes of the electron 
spin polarization caused by the rf perturbation are re- 
corded via an electron spin echo. 

A. Basic Microwave Pulse Schemes 
Two basic mw pulse sequences are commonly used 

in pulsed ENDOR experiments. They represent the 
limiting cases for selective mw pulse excitation (Figure 
5a) and for nonselective excitation (Figure 5b). In this 
subsection, we follow for these two cases the evolution 
of a particular spin packet; the inhomogeneity of the 
ESR lines is introduced later. 
1. Selective Preparation and Detection 

A pulsed ENDOR experiment starts with the equi- 
librium state that is described by the density operator 
a(0) 0: -S, (Figure 3a). In this expression, we omitted 
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TABLE I. Collection of Formulas for the Transformation 
of Product and Single Transition Operators 

I 

IIa 

IIb 

I11 

IV 

Va 

Vb 

VIa 

VIb 

VIIa 

VIIb 

VIIIa 

VIIIb 

IX 

Xa 

Xb 

XI 

XI1 

XI11 

XIV 

Electron Zeeman Interactiona 

Qs t S z  sz - S, 
ns tS.  

S, - S, cos &t) + S,sin (&t) 

Hyperfine Interaction 

Nonselective M w  Pulseb 

8sz 
S, - S, cos f i  - S, sin f i  

S, 2 S, cos f i  + S, sin f i  

2SJz - 2SJ, cos f i  - 2S,.lz sin f i  

8s 

BS, 

Selective M w  Pulseb 

'For nuclear Zeeman interaction interchange S and I .  bFor an rf 
Dulse. interchange S and I. 

the term with the unity operator (1 is invariant to 
transformations), used the high-temperature approxi- 
mation, and deleted the constant factor in front of the 
operator Sz.62 Population differences between the nu- 
clear spin states within a ms manifold are considered 
to be negligibly small. 

Application of a selective mw x pulse with flip angle 
?r on-resonance with ESR transition Iaa) - IPa) causes 
the transformation 

S S p  -s, = -S,P - S,P - S,Ia - S,P = 2SZI, = e;ep 
(30) 

The result of eq 30 is obtained by using transformation 
X and XI in Table I. For the convenience of the reader, 
we will always refer in the description of a pulse ex- 
periment to some of the more important transformation 
formulae collected in this table. 

= 7r converts 
the electron spin polarization -Sz into electron-nuclear 
two-spin order 2SzIz (Figure 3d), i.e. the nuclear spins 
in both NMR transitions are now polarized. This cre- 
ation of nuclear spin polarization is a prerequisite for 
all the ENDOR experiments based on the transfer of 
polarization. After a mixing time T ,  the detection se- 
quence ?r/2-72-P-72 again with selective mw pulses is 
used to probe the electron spin polarization of transition 
laa) - I@) via a two-pulse echo that is created at time 

The selective mw pulse with flip angle 

T + 272 (X,II,III,V,VI): 

2. Nonselective Preparation and Detection 

Electron-nuclear two-spin order 2S,I, can also be 
created with nonselective mw pulses, provided that a 
time interval is introduced during which the spin sys- 
tem can evolve under a hyperfine interaction. This is 
achieved, for example, by the preparation sequence 
a / 2 - ~ ~ - ~ / 2  (Figure 5b) that consists of two nonselective 
7r/2 pulses separated by the time 71 (VIII,II,V): 

(*/2)Sz %,TI (n /2)& -s, - s, - - 
sz cos [ (a/2)71]  cos ( Q S 7 1 )  = 

2S,Iz sin [ ( a / 2 ) ~ ~ ]  sin (&71) = u;gf (32) 

In the expression for o$'r1, only the two terms that 
contribute to the echo at tke end of the sequence have 
been considered. Both of them are functions of the 
hyperfine coupling constant a and the resonance offset 
0s. Note that two-spin order is only created if a f 0 
and if the frequency of the mw pulse does not coincide 
with electron Zeeman frequency (Qs = 0). 

The nonselective 7r/2 detection pulse applied after 
the mixing time T,  creates a stimulated echo at  time 
T + 271, (IX,VI,II): 

B. Standard Polarization Transfer ENDOR 
Schemes 

In the following, we discuss the different polarization 
transfer ENDOR experiments introduced in the liter- 
ature up to now. With a few exceptions, they all make 
use of the two basic mw pulse schemes for preparation 
and detection and differ only in the pulse sequences 
applied during the mixing period. 

1. Davies-ENDOR 

The pulsed ENDOR scheme introduced by Davies13 
is based on selective mw pulses (Figure 5a). During the 
mixing period, a selective rf pulse with flip angle p 2  is 
applied. On-resonance, with one of the nuclear tran- 
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Figure 6. Effect of an rf pulse on-resonance with the nuclear 
transition Iaa) - la@) on the populations of the energy levels 
in a Davies-ENDOR experiment. The ESR transition, laa) - 
I?.), used for preparation and detection, is marked by an intense 
line. 

sitions, e.g. with transition 1.a) - IC@), the rf pulse 
changes the density operator $p& in eq 30 to (X): 

i W I Z  

($:p = 2S,I, - (S,P - S,I@)[f/,(l + cos P o ) ]  - 
Iz [y2(1  - cos &)I - SUIy sin p2 = 8;t (34) 

Figure 6 shows the corresponding populations before 
and after the mixing period with Pz = 0 and 7r. 

The detection sequence with mw pulses selectively 
acting on the same ESR transition as the preparation 
pulse, creates from the S,Iu term a two-pulse echo at 
time T + 2T2 (V): 

Up to now, we have only considered a single spin 
packet consisting of two ESR transitions split by the 
hyperfine coupling constant a. However, due to g-strain 
effectss4 and the large number of unresolved hyperfine 
couplings present in the solid state, the ESR lines are 
usually inhomogeneously broadened. We therefore 
briefly discuss the consequences of these broadening 
mechanisms for the Davies-ENDOR experiment, as- 
suming that the inhomogeneity is accomplished by a 
spread of identical spin packets. 

For an inhomogeneous line width small compared to 
the hyperfine splitting a, rinh << a, each of the two ESR 
transitions can be excited separately with selective mw 
pulses. Equation 35 then describes the Davies-ENDOR 
experiment adequately. Since in this case the hyperfine 
splitting is also resolved in the ESR spectrum, there is 
usually no need to record an ENDOR spectrum, except 
for the determination of quadrupole coupling constants 
of nuclei with I 1  1. 

In most spin systems, however, the inhomogeneity is 
much larger than the hyperfine couplings of interest, 
r i n h  >> a. For this situation, the influence of the Dav- 
ies-ENDOR sequence on the ESR line shape is shown 
in Figure 7. In these figures a line shape function g&) 
= 1 = IEsR (rinh = a) is assumed and off-resonance 
effects are neglected. Prior to the application of the 
first mw pulse, two spin packets shifted by the hyper- 
fine coupling constant a contribute to each field position 
of the ESR signal, the high-field line of one spin packet 

' 1  
s1 LI'. . . - - ' I - .  

S2 u 
S 3 A n  

I 1  
s4 -. .". . . . ". . 

0 l v y v  1 --.!*-....!*-__ , , 

. - -1'. . - e ' _ .  . 

Figure 7. Influence of the Davies pulse sequence on an inho- 
mogeneously broadened ESR line ( I ' ~  = m): (a) equilibrium state, 
ESR line shape, and polarization of four selected spin packets 
(marked by S1, S2, S3 and S4); (b) situation after the selective 
mw pulse with frequency umw; and (c) situation after the selective 
rf pulse on-resonance with one of the NMR transitions. 

and the low-field line of an other spin packet. The 
behavior of four such spin packets (marked by S1, S 2 ,  
S3, and S4) is considered in more detail. The selective 
mw a-pulse inverts the population of transition Iaa) - 
IPa) in S2 and transition 1.6) - 1/36) in S3, resulting 
in a hole in the ESR line with intensity IEsR = -1. The 
selective rf a-pulse on-resonance either with ENDOR 
transition laa) - lap) or 1Pa) - I&3) inverts the cor- 
responding nuclear polarizations and, thus, removes the 
electron spin polarization of S 2  and S3 (see also Figure 
6). The original ESR line is now perturbed by three 
holes, the center hole with an ESR signal intensity I ~ R  
= 0 and two side holes with intensity IwR = each, 
shifted from the center hole by the hyperfine coupling 
constant a. The two remaining side hole intensities are 
caused by the spin packets S1 and S4 that are not af- 
fected by the mw and rf pulses. 

In the Davies-ENDOR experiment, the intensity 
change of the center hole is observed as a function of 
the radiofrequency. With CT,",~, from eq 35, the relative 
echo intensity for S2 at time T + 2~~ is then calculated 
to 

IEka(Pz) = Trbfg~o(-~y)l = -Y4(1 + cos Pz) (36) 

with -S, denoting the detection operator. A corre- 
sponding expression holds for spin packet S3. (To get 
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w,f/2* 
Figure 8. Single-crystal Davies-ENDOR spectrum of the two 
magnetically equivalent nitrogens of Cu(II)(salicylaldoxime) 
diluted in a single crystal of the corresponding nickel complex: 
mw pulse lengths, tLw = 100 ns, tgz = 100 ns, t;, = 200 ns, td 
= 12.5 ps; arbitrary orientation of the crystal; temperature, 10 
K; second-order splitting5 are marked by *. 

a positive two-pulse echo signal, the detection operator 
has to be chosen along the -y axis). The amplitude of 
ELo is maximum for P2 = 0 (ll$,o(0)[ = 1/2), and 
minimum for P2 = a (Igeeclho(a) = 0). This change in 
echo intensity induced by the rf pulse can be expressed 
in terms of an ENDOR efficiency defined by35 

FENDOR = 1/2I[Iecho(rf off) - Iecho(rf on)I/Iecho(rf 0ff)l 
(37) 

which is a measure for the relative change of the echo 
amplitude under the rf pulse. According to this defi- 
nition the ENDOR efficiency lies in the range 0 I 
FENDOR I 1 where FENDOR = 1 (100%) corresponds to 
an inversion of the echo. In the Davies experiment with 
P2 = a, FENDOR = 0.5 (50%). The same conclusion can 
also be reached by considering the population distri- 
bution shown in Figure 6: For Pz = a the population 
difference across the ESR transition 1.a) - I@) van- 
ishes, while it is maximum for P2 = 0. (The ENDOR 
efficiency as defined in eq 37 should only be used for 
the description of experiments with ideal selective or 
nonselective pulses acting on one spin packet). 

An illustrative example for a Davies-ENDOR spec- 
trum is shown in Figure 8. In this single-crystal 
spectrum of a copper complex with two magnetically 
equivalent nitrogen each of the four nitrogen 
transitions is split into a doublet by about 300 kHz, due 
to second order contributions (cf. Figure If). 

In the following, we discuss the influence of finite 
pulse lengths and of the hyperfine enhancement on the 
ENDOR spectrum. First the change of the inhomoge- 
neously broadened ESR line shape caused by the mw 
and rf pulses of finite length is considered. Numerical 
simulations of the ESR line shape for two values of the 
product of the hyperfine coupling constant and the mw 
pulse length, utmw, are shown in Figure 9, parts a and 
b. For atmw/2a > 1, the mw pulse excites only one 
transition in each spin packet, whereas in the case of 
utmw/2a 5 1, the mw pulse affects both ESR transitions. 
Such a simultaneous excitation of two ESR transitions 
is sometimes called “self-ELDOR” (ELDOR: electron- 
electron double resonance), since two electron spin 
transitions with different frequencies are excited. In 
both cases, a hole at frequency wmw with a depth I E ~ R  
= -1, a width 0: 2a/t,, and an off-resonance 
pattern typical for a pulse excitation with a nominal flip 
angle a is created (Figure 9, parts a and b, top). The 

-50 0 MHz 

Amw/2‘K 
Figure 9. Numerical simulations of ESR line shapes in the 
Davies-ENDOR experiment for two values of the product at,, 
(a, isotropioc hyperfine coupling constant; t,,, mw pulse length) 
vs A,, (Amw = 0 on-resonance with one of the two ESR tran- 
sitions): (a) a/2* = 20 MHz, t,, = 200 ns; atm,/27r = 4 (after 
the mw preparation pulse (top); after the rf pulse (bottom)). (b) 
a / 2 ~  = 4 MHz, t,, = 100 ns; at,,/2r = 0.4 (after the mw 
preparation pulse (top); after the rf pulse (bottom)). 

rf pulse, applied on-resonant with one of the nuclear 
transition frequencies transfers part of the center hole 
to the two side holes, thereby reducing the depth of the 
center hole. For utmw/2a > 1, this results in a hole 
intensity ratio of 1:2:1 (Figure 9a, bottom), whereas in 
the case with utm,/2a 5 1 the transfer of polarization 
by the rf pulse becomes incomplete, and center and side 
hole werlap (Figure 9b, bottom). The depth of the 
center hole is now recorded via a two-pulse electron spin 
echo. 

Experimentally, it is most convenient to use the same 
field strength w1 for all three mw pulses in the prepa- 
ration and detection period, with a duration of the a 
pulses twice as long as the one of the a / 2  pulse. With 
this sequence the shape of the echo with and without 
an rf pulse looks quite irregular (Figure loa). This is 
due to the fact that the frequency range excited by the 
detection sequence is comparable with the width of the 
center hole (for comparison, see in Figure 10a the echo 
shape obtained without the mw preparation pulse). 
These shapes of the electron spin echo could also be 
verified experimentally.66 

If the two detection pulses are more selective than 
the preparation pulse, one monitors only that region of 
the center hole, which is relatively constant in ampli- 
tude. Consequently, the two-pulse echo with the typical 
bell-like shape of an echo obtained from a broad ESR 
line is fully inverted if a preparation pulse precedes 
(Figure lob). With rf excitation, the whole echo in- 
tensity drops to zero. The absolute echo amplitude Id0 
and the absolute ENDOR intensity, however, become 
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Figure 10. Simulated echo shapes in a Davies-ENDOR exper- 
iment for two sets of mw pulses and rinh. = a: 1, without rf pulse; 
2, with rf pulse. The echo shapes obtained without a mw prep- 
aration pulse are marked by dashed lines. The absolute scaling 
of the echo intensity is the same in both figures: (a) All three 
pulses with lengths 200 ns, 100 ns, and 200 ns have the same mw 
field strength w1/2?r = 2.5 MHz. (b) The preparation pulse (length, 
200 ns; wl/2?r = 2.5 MHz) is shorter (less selective) than the 
detection pulses (lengths, 400 ns and 800 ns; w1/2s  = 0.625 MHz). 

w r p  
Figure 11. Effect of the mw pulse lengths in a Davies-ENDOR 
experiment (self-ELDOR hole) on the signal intensity of proton 
transitions ( 2 t ~ c  = t L )  (for all values of a, an rf flip angle of b2 
= ?r is used): tkw = (a) 400 ns; (b) 100 ns; and (c) 25 ns. 

smaller with increasing selectivity of the mw pulses. It 
is important to note that, for the other extreme case of 
ideal nonselectiue mw detection pulses, the ENDOR 
effect on the echo maximum completely disappears. 
This is due to the fact that nonselective pulses measure 
only the net electron spin polarization which cannot be 
changed by an rf pulse. 

We now return to the self-ELDOR effect. The in- 
fluence of the mw pulse length on the peak intensity 
Iecho of a proton ENDOR line is shown in Figure 11 for 
three different t,, values. According to this figure, the 
ENDOR efficiency is zero for a = 0 (wrf = w ~ ) ,  inde- 
pendent of the mw pulse length; i.e. weakly coupled 
protons giving rise to a strong matrix line in the cw 
ENDOR spectrum may not be observed in a Davies- 
ENDOR experiment. The width of the self-ELDOR 
hole (FWHH) that prevents ENDOR detection is given 
by r E L D o R  = 2r/2tkw, where tkw is the length of the 
preparation pulse. 

The self-ELDOR effect can be used to assign EN- 
DOR lines to corresponding n ~ c l e i . ~ ~ - ~  This is dem- 
onstrated in Figure 12, which shows two ENDOR 
spectra of a copper complex.@ They are recorded in the 
range 4 MHz 5 w d / 2 r  5 19 MHz with two different sets 
of mw pulse lengths and consist of a large number of 

3 
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5 10 15 MIIz 

Figure 12. Single-crystal Davies-ENDOR spectra of Cu(11)- 
(bipyram)!dien), (bipyram = 2,2-bipyridylamine, dien = di- 
ethylenetriamme), dlluted in a single crystal of the corresponding 
nickel complex for two sets of mw pulse lengths, arbitrary ori- 
entation of the crystal, and temperature 10 K: (a) t,,, 400 ns, 
200 ns, 400 ns; both proton and nitrogen transitions are observed, 
arrows mark proton transitions; (b) t,, 20 ns, 100 ns, 200 ns; most 
of the proton transitions are suppressed due to the self-ELDOR 
effect; (c) suppression effect for the sequence used in a (full line 
shows protons; dashed line shows nitrogens); (d) suppression effect 
for the sequence used in b (full line shows protons; dashed line 
shows nitrogens). 

proton and nitrogen transitions. For a mw sequence 
with pulse lengths 400,200, and 400 ns, the self-ELDOR 
holes of the protons and nitrogens have a width of about 
r E L D O R / 2 r  x 1 MHz and are centered at  w H / 2 r  = 14 
MHz and w N / 2 r  x 1 MHz, respectively. Thus, only 
proton transitions with very small hyperfine coupling 
constants are reduced in intensity by the finite length 
of the pulses (Figure 12a). The spectrum in Figure 12b 
is recorded with mw pulse lengths 20,100, and 200 ns. 
The short preparation pulse produces a self-ELDOR 
hole of width rELDOR/% x 25 MHz, which strongly 
reduces the intensity of most of the proton ENDOR 
lines. The corresponding hole for the nitrogens, how- 
ever, has minor influence on the intensities of the 14N 
ENDOR transitions. In Figure 12a, the transitions 
which can undoubtedly be assigned to protons are 
marked by an arrow. The theoretical shapes of the 
holes (assuming p2 = A for all transitions) are shown in 
Figure 12, parts c and d. These plots give only a rough 
estimate for the ENDOR intensities; anisotropic con- 
tributions to the hyperfine couplings and nuclear 
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Figure 13. Effective flip angle I@l for protons and nitrogens 
versus hyperfine coupling constant (proton Zeeman frequency, 
~ H / 2 n  = 14 MHz). 

quadrupole interactions are not considered. 
In the spectrum in Figure 12, proton and nitrogen 

lines are similar in intensities, although their gyro- 
magnetic ratios differ by a factor of about 14. To ex- 
plain this effect, we plot in Figure 13 the magnitude of 
the effective flip angle IPfI = ~ ~ 1 1  + (ms/wl)lBztd (eq 
23) for protons and nitrogens as a function of the 
(positive) hyperfine coupling constant a. The proton 
Zeeman frequency is wH/2?7 = 14 MHz and the flip 
angle caused by the external field B2 only is prf(H) = 
-YH&td = a. For proton hyperfine couplings 0 I a I 
2wH and ms = -1/2, varies linearly between a and 
27r, whereas for ms = l/?, I@l drops from x to zero. In 
this range of the hyperfine coupling constants, transi- 
tions are induced by the left-hand rotating part of the 
rf field. If a becomes larger than 2wH, the transitions 
with ms = 1/2  are induced by the right-hand rotating 
part of the rf field, since the effective static field at the 
nucleus has changed direction. 

The same situation but scaled down by a factor 
YH/YN = 13.84 holds for nitrogen nuclei. The nuclear 
Zeeman frequency is reduced to ~ ~ / 2 a  = (7"/YH)%/2a 
= 1.01 MHz and the flip angle caused by the external 
field Bo to &(N) = (YN/YH)T = 0 . 0 7 ~ .  For nitrogen 
hyperfine coupling constants a > 2WN, a condition that 
is usually fulfilled, the transitions in the ms = -1/2 
manifold are only induced by a left-hand rotating rf 
field, transitions in the ms = 1/2 manifold only by a 
right-hand rotating field. This effect has been used in 
cw ENDOR with circularly polarized rf fields to dis- 
entangle complicated ~pec t ra .~ '  

In the spectrum in Figure 12, the hyperfine coupling 
constants of the protons range up to 9 MHz, corre- 
sponding to an effective flip angle 0 . 7 ~  < l@(H)( < 1 . 3 ~  
whereas the nitrogen hyperfine couplings lie approxi- 
mately between 10 and 36 MHz, resulting in 0 . 3 ~  < 
(/3f(N)( < 1 . 3 ~ .  The similarity of the effective flip an- 
gles and, thus, of the signal intensities for protons and 
nitrogens is therefore a consequence of the hyperfine 
enhancement. 

According to eq 36, which is only valid for on-reso- 
nance conditions, the ENDOR line intensity is strongly 
dependent on pz. If, however off-resonance effects are 
included in the calculation, the peak amplitude of the 
ENDOR lines becomes quite insensitive to variations 
of &.14 This is demonstrated in Figure 14a, which shows 
numerical simulations of the line shapes for rf flip an- 
gles a/2, a, 3x/2, and 2x and a fixed rf pulse length of 

-1 0 MRz 
Al2r 

Figure 14. Simulations of ENDOR line shapes for different rf 
flip angles and rf pulse length, relaxation is not considered, A = 
w ~ , ~  - wfi: (a) pulse length, tfi = 10 f is;  flip angles &, a /2  (I), A 
(2),3a/2 (3), 2n (4); and (b) flip angle, & = n; pulse lengths t*, 
2 PS (11, 5 PS (21, 10 f i s  (31, 20 f i s  (4). 

trf = 10 ks; relaxation effects are not considered. Ac- 
cording to these plots, ENDOR transitions may even 
be observed for p2 = 2 ~ .  For this particular flip angle 
the on-resonance signal intensity is zero, however, off- 
resonance effects still produce a pattern of peaks sym- 
metric to the center frequency, which is about one half 

intense compared to the on-resonance peak obtained 
with p2 = P. This flip angle dependence has also been 
demonstrated experimentally.12 

The ENDOR line shape depends also on the length 
of the rf pulse.14J5 A rectangular P pulse of length trf 
covers a frequency range of about 2a/trf (FWHH). 
Since the excitation profile is convoluted with the in- 
trinsic ENDOR line shape determined by the transverse 
nuclear relaxation time T2,, a power broadening of the 
line occurs whenever td is shorter than Tzn. This is true 
for all frequency-domain pulsed ENDOR schemes; 
power broadening effects are only absent in time-do- 
main pulsed ENDOR experiments (see below). EN- 
DOR line shapes for p2 = P, TZn = = and various values 
of t,, are plotted in Figure 14b. 

Since td is limited by the longitudinal relaxation time 
TIe of the electron spin, one has to balance optimum 
signal intensity against optimum resolution. A t  low 
temperatures, where TI, is sometimes of the order of 
milliseconds, power broadening can often be avoided. 
This is demonstrated in Figure 15 for nitrogen transi- 
tions between 1.7 and 4.2 MHz recorded with an rf 
pulse length of trf = 200 ~ s . ~ ~  The line width of about 
5 kHz was found to be comparable to the one observed 
in the corresponding cw ENDOR spectrum. Note that 
at these low radio frequencies the enhancement factor 
E is small for nitrogen and according to Figure 13 a 
correspondingly high rf power P is required (B2 d P )  
to get maximum signal intensity. 

2. Mims-ENDOR 

The original pulsed ENDOR scheme introduced by 
Mims9 is based on the stimulated echo sequence with 
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Figure 15. Single-crystal nitrogen ENDOR spectrum of bis- 
(cis-l,Z-dicyanoethenedithiolate)Cu(II) in the corresponding nickel 
complex: 7 = 500 ns; rf pulse length, t* = 200 ps; mw pulse lengths, 
ty; = 20 ns; temperature, 15 K (adapted from ref 39). 

three nonselective mw ~ / 2  pulses (Figure 5b). During 
the mixing period, again a selective rf pulse of variable 
frequency wrf and flip angle P2 is applied. An rf pulse 
on-resonance with the nuclear transition Iaa) - lap) 
changes the density operator at the end of the prepa- 
ration period, a:::;' in eq 32, to (X): 

82s.1, s, cos [(a/2h11 cos (QSTl) - [2Sz4[Y2(l ,,nonsel --, 
prep 

+ cos &)I + IZ[Y2(1 - cos &)I + ZJ72 sin P2l + 
2SZIy[Y2 sin &]] sin [ ( U / ~ ) T ~ ]  sin (QsT1)  = usse1 

(38) 

Note that the rf pulse has only an influence on the two 
spin order term 2S212; the term with S, is not changed 
during the mixing period. The nonselective mw 7r/2 
pulse, applied after the mixing time T, creates a stim- 
ulated echo at time T + 2 ~ ~ :  

( r / 2 ) S z  
anensel mix - -sy[COS2 [(U/2)Tl] COS2 (f&1) + 

y2 sin2 [ (u /~)T, ]  sin2 (QST,)(~ + cos fig)] = ut;;;' 
(39) 

Again, c$!:{r' only describes the behavior of a particular 
spin packet. Averaging over all resonance offsets Rs 
with the spectral distribution function g(Os) = 1 (an 
assumption which is fulfilled for rinh >> q), results for 
an rf flip angle p2 = A in the echo intensity 

I:;;?' = y4[1 + cos ( a ~ , ) ]  (40) 

The relative echo intensities of the Davies- and 
Mims-ENDOR schemes are not directly comparable, 
since the number of spin packets contributing to the 
two experiments is different. 

A Mims-type powder ENDOR spectrum of a 
Mn(I1)-doped PTC (positive temperature coefficient) 
ceramicsa with nuclear transition frequencies of man- 
ganese up to 155 MHz is shown in Figure 16.42 At these 
high frequencies, the enhancement factor E for the 
manganese nucleus amounts to 20-30, so that corre- 
spondingly weak rf field strengths are sufficient to 
achieve the optimum effective rf flip angle P2 = T. 

From eq 40 the ENDOR efficiency is determined to 
be 

FENDOR = Y2 sin2 [ ( a / 2 ) ~ ~ l  (41) 

FENDOR depends on the hyperfine coupling constant a 
and on T ~ ,  reaches its maximum for T~ = (2n + l ) ~ / a ,  
and is zero for T~ = 2n7r/a, n = 0, 1, 2, e t ~ . ~ J ~  The 

0.8 I 
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Figure 16. Mims-type Mn(I1)-ENDOR spectrum of Mn(I1)- 
doped PTC ceramics powder.ss Parameters: t,, = 20 ns; td  = 
12 ps; ESR observer line, m, = -1/2; temperature, 10 K (adapted 
from ref 42). 
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Figure 17. Intensities of four proton transitions in a Mims- 
ENDOR spectrum of a Mg(NH32(SO&6H20 single crystal doped 
with Cu(I1) ions as a function of the pulse separation T ~ ,  arbitrary 
orientation of the crystal, and temperature 10 K: (a) T~ = 300 
ns, (b) 340 ns, (c) 380 ns, and (d) 420 ns. 

corresponding oscillatory behavior of the ENDOR line 
intensities as a function of T ~ ,  is demonstrated in Figure 
17 on four proton transitions of a copper aquo complex. 
The amplitudes do not exactly follow eq 40. This is 
mainly due to the nuclear modulation effect,23 which 
introduces an additional T~ dependence of the echo 
amplitude. Blind spots with zero ENDOR efficiency 
are observed close to T~ = 340 ns for transition (4) and 
T~ = 420 ns for transition (2). To avoid the possibility 
of missing individual lines, it is essential to repeat the 
experiment with different T~ values. 

The appearance of blind spots is particularly trou- 
blesome in disordered systems, where the knowledge of 
the correct ENDOR line shape is often essential for the 
interpretation of the data. It has already been men- 
tioned by M i m ~ , ~  that blind spots do not occur if se- 
lective mw pulses are wed. The theoretical description 
of such a Mims-ENDOR experiment is again straight 
forward. The average echo intensity is given b y 5  

Iecho(P2)  = 1 / 6 ( 3  + COS P 2 )  (42) 
leading to an ENDOR efficiency for P2 = H of 

FENDOR = 74 (43) 
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Figure 18. Part of the Mims-ENDOR spectrum of dibenzene- 
vanadium, V(C8H,J2, in ferrocene powder (arrows indicate blind 
spots), temperature 10 K nonselective mw excitation, t&? = 10 
ns (a) T~ = 300 ns; (b) = 600 ne; (c) selective mw excitation, 
tkk = 200 ns, T* = 600 ns (adapted from ref 69). 

which is independent of the hyperfine coupling con- 
stant a. 

The effect of the mw pulse length on the shape of a 
powder spectrum in a Mims-ENDOR experiment on 
dibenzenevanadium diluted in ferrocene is illustrated 
in Figure 18.8g Pulses with a length of 10 ns are non- 
selective for both the ferrocene protons (a/2?r < 3 MHz) 
and the benzene protons (a/27r between 9 and 18 MHz). 
Since the hyperfine coupling of the benzene protons 
varies across the high-frequency ENDOR line, the signal 
intensity shows pronounced oscillations, which increase 
in frequency with increasing T~ values (Figure 18, parts 
a and b). However, if the lengths are increased to 200 
ns, the pulses become selective with respect to the large 
couplings of the benzene protons and an undistorted 
powder line shape is obtained (Figure 18c). 

C. Advanced Polarization Transfer ENDOR 
Techniques 

In this subsection, we describe a number of new EN- 
DOR schemes that have been developed to optimize the 
ENDOR effect, to determine the number of equivalent 
and nonequivalent nuclear spins, or to simplify complex 
ENDOR spectra. All these techniques are based on the 
transfer and subsequent detection of polarization. 

1. Optimized Polarization Transfer ENDOR 

In the previous section we found that in both the 
Davies- and the Mims-ENDOR experiment, the echo 
fully vanishes under optimum conditions; the ENDOR 
efficiency is 0.5 (50%). It is possible, however, to in- 
crease the ENDOR efficiency to 1 (loo%, echo inver- 
sion) by using proper mixing processes. In principle, 
there exist several ways to reach this goal. 

An ENDOR efficiency FENDOR = 1 could be obtained 
with a nonselective rf ?r pulse that simultaneously in- 
verts the population of the two nuclear transitions laa) - lap) and I&) - IPP) ( W :  

B z r x  
2S,12 - 2SJ2 cos 02 (44) 

As this would not allow any ENDOR resolution and is 
also technically impossible due to the large frequency 
spread, one might consider the application of two se- 

Figure 20. Effect of the optimized mixing sequence on the 
populations of the energy levels in a Daviea-ENDOR experiment. 
The rf pulse is on-resonance with the nuclear transition laa) - 
la@). 

lective pulses separately to the two nuclear transitions 
in analogy to a "special triple" experiment:'') 

BPI, 81S6L 
2SJ2 - - 2S212 cos p2 (45) 

However, if the frequency of one transition is known, 
the frequency of the corresponding transition in the 
other ms manifold is usually unknown (see eq 2) .  A way 
out is offered by the recognition that the second se- 
lective pulse in eq 45 is equivalent to a composite pulse 
of the form 

Sz+er, rS, BPL .s, 
(46) 

which consists of a selective rf pulse on transition I C Y ~ )  - lap) sandwiched between two nonselective mw 
pulses. Since the second mw pulse only changes the 
sign of the echo signal, it can be omitted. In the Dav- 
ies-ENDOR approach, the new mixing process shown 
in Figure 19 changes CT$~ of eq 30 to 

-=--- 

*s, B#I, 
VELp = 2SJ2 - - - -2S212 cos p2 = 

(47) 

For P2 = 0 and p2 = T ,  the echo intensity is Iecho = 
and respectively, corresponding to an ENDOR 
efficiency FENDOR = 1. The effect of this extended 
mixing period on the energy level populations is shown 
in Figure 20. It has been demonstrated that also in the 
Mims-ENDOR experiment carried out with nonselec- 
tive or selective pulses an efficiency FENDOR = 1 can be 
achieved.35 

The influence of the improved mixing process on a 
proton ENDOR transition is shown in Figure 21, It 
is apparent from this plot that the standard mixing 
period in this Davies-ENDOR experiment reduces the 
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Figure 2 1. Effect of the optimized mixing sequence on a proton 
transition at  w d / 2 ~  = 10.15 MHz (Ab = wB - wd) in a Cu(I1)-doped 
triglycine sulfate single crystal, arbitrary orientation of the crystal, 
and temperature 10 K, with parameters of tLw = 80 ns, t",d2 = 40 
ns, T = 13 ps, 72 = 400 ns: (a) standard mixing process (one rf 
pulse with p2 = A and length trf = 4.5 ps); (b) optimized mixing 
process (two rf A pulses of length trf = 4.5 ps and an additional 
mw A pulse ( t b  = 20 ns) between the rf pulses) (adapted from 
ref 35). 

echo intensity to about 2/s  of its value without an rf 
pulse, resulting in an ENDOR efficiency FENDo~ = 0.3, 
whereas the new period leads to FENDOR = 0.75. Note, 
however, that the additional mw 7r pulse reduces the 
intrinsic echo intensity lecho(0) to 0.6, since this mixing 
pulse is usually not strong enough to completely invert 
the electron spin polarization. 

2. Two-Dimensional ENDOR 

In section 1V.B we have demonstrated that the signal 
intensity in a Mims-ENDOR experiment with nonse- 
lective mw pulses oscillates as a function of the time 
interval 71, resulting in the formation of blind spots for 
certain 71 values (eq 40). To eliminate this drawback, 
de Beer et a1.l' proposed to record the echo amplitude 
as a function of both the radio frequency and the time 
71 between the first two mw a /2  pulses and to take the 
Fourier transformation with respect to 71. This results 
in a 2D spectrum with the radio frequency along one 
axis and the hyperfine coupling constant along the other 
axis. In such a 2D plot of the data, the assignment of 
the peaks belonging to the same nucleus becomes 
straightforward, since they all appear a t  the same hy- 
perfine value. An experimental example of such a 2D- 
ENDOR spectrum is shown in Figure 22. 

The 2D technique is restricted to hyperfine couplings 
that are smaller than the frequency range covered by 
the mw pulses. Since the echo as a function of 71 decays 
with the short phase memory time TM, the method also 
suffers from poor resolution along the hyperfine axis. 

3. Hyperfine-Selective ENDOR 

An rf pulse applied in a Davies-ENDOR experiment 
to one of the nuclear transitions in the S = l f 2 ,  I = l/z 

, 
8 13 18 MHz 

Figure 22. Two-dimensional proton-ENDOR spectrum of a 
La2Mg3(N03)12.24H20 single crystal doped with Mn(I1). The 
Fourier transform with respect to 71 adds a hyperfine dimension 
to the frequency dimension. Brackets connect peaks that belong 
to the same proton, temperature 4.2 K (adapted from ref 17). 

spin system changes the electron spin polarization of 
both ESR transitions by the same amount (eq 34, Fig- 
ure 6). The ENDOR effect may therefore not only be 
observed on the ESR transition initially driven by the 
first mw pulse (transition laa) - Ips) in eq 35), but also 
on transition lap) - IpP) that is separated from tran- 
sition Iaa) - IPa) by the hyperfine coupling constant 
a: 

-SJ'[l/(l + COS Pz>l = Gh0 (48) 
The result is opposite in sign to the one obtained by 
observing transition Iaa) - [Pa) (see eq 35 and Figure 
6). Considering the inhomogeneity of the ESR line, the 
change of the observer position by the hyperfine cou- 
pling constant corresponds to recording the ENDOR 
effect on one of the two side holes instead on the center 
hole (Figure 7c), with a relative side-hole intensity: 

(49) 

For an rf pulse with flip angle p2 = T, the side-hole 
intensity changes from EkO(O) = l/z (no side hole) to eL0(r) = 1/4, compared to Eio(0) = -1/2 and Ek0(7r) 

= 0 for the center hole. 
Since the two side holes are separated from the center 

hole by the hyperfine coupling constant a, the position 
of the side holes will, in general, be different for dif- 
ferent nuclei. In a multispin system, a transfer of 
magnetization and, thus, a creation of a side hole will 
only occur, if the radio frequency wrf corresponds to one 
of the ENDOR transition frequencies of a nucleus with 
hyperfine coupling constant a; a selection principle that 
is valid for any value of the nuclear spin quantum 
number I .  The hyperfine-selective ENDOR techni- 
que,36 therefore, enables one to select from a complex 
ENDOR spectrum only those lines that belong to a 
nucleus with a particular hyperfine coupling constant. 
The experiment can be repeated for a set of different 
hyperfine splittings, thereby decomposing the ENDOR 
spectrum into a number of separate spectra. Each of 
them describes an electron-nuclear subsystem and can 
be considered as a section of a two-dimensional hy- 
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Figure 23. Schematic stack plot illustrating the disentangling of subsystem spectra (two I = 'I2, two I = 1. and one I = nuclei) 
along the hyperfine dimension in hyperfine-selective ENDOR, together with the projections onto the frequency and the hyperfine 
axis. 
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Figure 24. Pulae sequences for hyperfine-selective ENDOR (a) 
pulse sequence with a field jump AB, and (h) pulse sequence with 
two mw frequencies. 

perfine-selective ENDOR display. Figure 23 shows a 
schematic stack plot together with the projection onto 
the frequency axis representing the ENDOR spectrum 
and the projection onto the hyperfine axis, representing 
the "hyperfine spectrum". 

Experimentally, the change of the observer position 
in the ESR spectrum after the mixing period by the 
hyperfine coupling constant a may be achieved either 
by a jump of the external field, ABo = ah/g$,  or by a 
corresponding change of the mw frequency, AumW = a 
(Figure 24). Since in the latter case two mw frequen- 
cies and one radio frequency are involved in the ex- 
periment, hyperfine-selective ENDOR may be consid- 
ered as a kind of electron-electron-nuclear triple res- 
onance. 

We now give two experimental examples to illustrate 
the method. Figure 25a shows part of the ENDOR 
spectrum of a copper complex with proton and nitrogen 
lines.36 A discrimination between the two types of 
nuclei is hardly possible from this spectrum. The hy- 
perfine-selective ENDOR spectrum in Figure 25b has 

io 15 M l l i  

r( /2.  

Figure 25. ENDOR spectra of Cu(II)pimlinate diluted in a single 
crystal of the cnrrespnnding nickel complex, arbitrary orientation 
of the crystal, and temperature 10 K (a) portion of the Dav- 
ies-ENDOR spectrum (arrows denote positions of nitrogen 
transitions) and (h) field-jump hyperfine-selective ENDOR 
spectrum of the two magnetically equivalent "N nuclei (field jump 
AB, = 1.1 mT) (adapted from ref 36). 

been recorded with a field jump ABo of 1.1 mT corre- 
sponding to a hyperfine splitting a / 2 r  = 31.1 MHz. 
The resulting spectrum consists of a four-line pattern 
typical for a Z = 1 nucleus, Figure l e  (or as in the 
present example, of two equivalent nitrogen nuclei with 
unresolved second-order splitting, Figure 10. The in- 
tensity variations are traced back to the partial reso- 
lution of the hyperfine structure in the ESR spectrum 

In the second example, a frequency jump instead of 
a field jump is used?' Figure 26a shows a Davies-EN- 
DOR spectrum of the malonic acid radical 'CH- 
(COOH),, recorded with the Bo field set to the low-field 
line of the doublet in the ESR spectrum. The hyper- 
fine-selective ENDOR spectrum shown in Figure 26b 
is observed when setting the mw detection frequency 
38.6 MHz above the frequency used during the prepa- 
ration period. The observed subspectrum consists of 
a doublet arising from the hyperfine coupling of the a 

(rinh 5 a). 
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Figure 26. Single-crystal ENDOR spectra of the malonic acid 
radical, temperature 85 K (a) Davies-ENDOR, (b) frequency- 
jump hyperfime-selective ENDOR of the a-proton (frequency jump 
Pwmw/2r = 38.6 MHz), and (c) frequency-jump hyperfieselective 
ENDOR of one of the carboxyl protons ( A w m w / 2 r  = 5.17 MHz) 
(adapted from ref 37). 

proton of the CH fragment. All the more weakly cou- 
pled protons have been filtered from the spectrum. The 
hyperfine-selective ENDOR spectrum in Figure 26c is 
obtained with a frequency jump of Aw,,/21r = 5.17 
MHz corresponding to the hyperfine coupling with one 
of the carboxyl protons. Recently, frequency-jump 
hyperfine-selective ENDOR has also been applied to 
unravel the ENDOR spectrum of a copper protein.38 

The main advantage of hyperfine-selective ENDOR 
is its capability to measure an ENDOR subspectrum 
of a single crystal or a powder originating exclusively 
from nuclei with a preselected hyperfine coupling con- 
stant. Thereby, the hyperfine selectivity is determined 
by the width of the side holes that decreases with in- 
creasing mw pulse lengths. The resolution along the 
hyperfine axis in a hyperfine-selective ENDOR exper- 
iment is therefore superior to the one in 2D-ENDOR, 
provided the signal-to-noise ratio allows one to use 
sufficiently long mw pulses. 

4. Triple Resonance 

In a triple resonance (or double ENDOR) experiment, 
nuclear transitions are excited with two rf fields of 
different frequency. Initially, cw triple resonance was 
introduced to determine relative signs of hyperfine 
coupling constants in single crystals.71 Later, the 
technique has also been used to separate overlapping 
ENDOR spectra$72 to improve the orientation selec- 
tivity in disordered ~ystems, '~  and to enhance the res- 
olution in l iq~ids. '~*'~ 

In the pulsed version of triple resonance, the mixing 
period consists of two rf ?r pulses separated in time by 
AT (Figure 27).45!75 The first rf pulse with fixed fre- 
quency urn is on-resonance with a nuclear transition, 
while the second rf field with frequency wrfl is swept 
through the ENDOR spectrum. The population in- 
version of a particular nuclear transition caused by rf2 
in one of the two ms manifolds changes the echo signal 
intensities of all nuclear transitions that have a level 
in common with the ESR transition excited by the mw 
preparation pulse. 

ri r/2 ri 

mw nn  
ri - 

.-_ 
Figure 27. Pulse scheme for electron-nuclear-nuclear triple 
resonance. The radio frequency rf2 is on-resonance with one of 
the nuclear transitions. Radio frequency rfl  is swept. 
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Figure 28. Energy level diagram for a S = 1/2, Il = 
spin system with hyperfine couplings a1,u2 > 0, la1/21, la2/21 < 
Iwd, and corresponding ENDOR and triple resonance spectra: (a) 
(left) ENDOR experiment (populations after the selective mw 
pulse on-resonance with transition Iaacr) - Isact)); (right) triple 
resonance experiment (populations after the first rf pulse on- 
resonance with nuclear transition Iaaa) - Iaj3a)); (b) (top) EN- 
DOR spectrum, (middle) triple resonance spectrum, and (bottom) 
difference triple spectrum. 

Z2 = 

The description of the triple resonance experiment 
with the product operator formalism is again straight- 
forward. However, since the spin dynamics in this ap- 
proach is basically the same as the one in a Davies- 
ENDOR experiment, we discuss the technique only 
with the help of the energy level diagram for a three- 
spin system S = 1/2, I I  = 1/2, I2 = 1/2 with hyperfine 
couplings al > u2 > 0 and la1/21, la2/21 < I q l .  

The selective mw preparation pulse inverts the elec- 
tron spin polarization of transition laaa) - 1/3aa) 
(Figure 28a, left), resulting in an echo intensity Iecho = 
-1/2 at the end of the detection sequence. The ENDOR 
spectrum shown in Figure 28b (top) is obtained by 
sweeping through the ENDOR spectral range and 
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Figure 29. Single-crystal ENDOR and difference triple spectra 
of the malonic acid radical a t  room temperature: (a) Davies- 
ENDOR spectrum; (b) difference triple spectrum, fixed radio 
frequency wrm/2n on-resonance with the transition a t  7.5 MHz 
(indicated by an arrow), AT = 0; and (c) difference triple spectrum, 
fixed radio frequency wrm/2a on-resonance with the transition 
a t  14 MHz (indicated by an arrow), AT = 0 (adapted from ref 
75). 

consists of two transitions at frequencies 1 4 2  + wd (1) 
and la2/2 + wrl (2) in the ms = 1/2 manifold, and two 
transitions at frequencies la2/2 - wrl (3) and 1 4 2  - q l  
(4) in the ms = -1/2 manifold. In the triple resonance 
experiment, on the other hand, the first rf pulse with 
frequency torf2 inverts the nuclear spin polarization 
between the levels l am)  and laj3a) thereby eliminating 
the polarization of the ESR transition selectively excited 
by the mw pulse (Figure 28a, right). 

A sweep through the ENDOR spectral range of the 
rf field with frequency wrfl results in the triple resonance 
spectrum shown in Figure 28b (middle). The changes 
in line intensity obtained in the two experiments are 
best demonstrated by subtracting the triple resonance 
spectrum from the ENDOR spectrum. The resulting 
”difference triple spectrum” (Figure 28b, bottom) re- 
flects only those transitions for which one energy level 
is a common level of the ESR transition and the tran- 
sition excited by orfL, (level Iaaa) in Figure 28a). Thus, 
all transitions observed in a difference triple spectrum 
belong to the same ms manifold. This result can be 
used to determine the relative sign of hyperfine coupling 
constants. If a transition lies on the same side with 
respect to the nuclear Zeeman frequency Iwd as the one 
excited by wrf2, the sign of the two coupling constants 
is the same; if the two transitions lie on opposite sides, 
the coupling constants are different in sign. 

The behavior of difference triple spectra is again 
exemplified on the malonic acid radical.75 In the 
Davies-ENDOR spectrum in Figure 29a, the six prom- 
inent lines can be assigned to three protons with hy- 
perfine coupling constants AI, A2, and A,. The differ- 
ence triple spectrum in Figure 29b has been recorded 
with a fixed radiofrequency oW/27r = 7.5 MHz. Three 
negative going peaks are obsereved, namely the refer- 
ence peak a t  7.5 MHz, the low-frequency peak of A2, 
and the high-frequency peak of As. Since AI is negative 
for theoretical all observed peaks belong to 
the ms = -1/2 manifold. It then immediately follows 
from the triple spectrum that A2 is also negative and 
A,  is positive. The incomplete suppression of the 
high-frequency peak at  34 MHz is traced back to re- 
laxation effects.75 Figure 29c shows the corresponding 
transitions in the ms = 1/2 manifold obtained with wrf2 
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Figure 30. Pulse sequences for the measurement of nuclear 
transient nutations and multiple quantum coherences: (a) in- 
crementation of the rf pulse length and (b) incrementation of the 
phase angle 9 of the first rf n/2 pulse. 

set a t  the low-frequency peak of the proton with hy- 
perfine coupling constant A,. Recently, pulsed triple 
resonance has been used to determine the relative signs 
of hyperfine couplings constants in isotropic trans-po- 
lya~etylene.,~ 

By varying the time AT between the two rf pulses, 
triple resonance may also be applied to determine 
complex relaxation pathways and to investigate cross- 
relaxation conne~tivities.~~ 

5. ESR-Detected Nuclear Transient Nutations and 
Multiple Quantum ENDOR 

In a polarization transfer ENDOR experiment, the 
magnetization of the excited nuclear transition nutates 
in the plane perpendicular to the applied rf field vector. 
In the two standard pulsed ENDOR schemes described 
in section IV.B, this nutation is terminated for a flip 
angle p2 = 7. If the rf pulse remains on, the magneti- 
zation continues to rotate, thereby periodically ex- 
changing energy between the spin system and the rf 
field. This nuclear transient nutation phenomenon 
becomes immediately evident in our operator formalism 
if, for example, the expression for a$ in eq 34 is re- 
arranged to give 

a& = SaI, cos p2 - SaIy sin pz - Sal, (50) 

A corresponding expression for the Mims-ENDOR ap- 
proach may be derived from eq 38. According to eq 50, 
both polarization and coherence of the driven nuclear 
transition Iaa) - lap) oscillate with frequency w2. The 
polarization of the other nuclear transition, ID.) - lop), 
remains unchanged during the mixing period. 

In the following, we discuss two methods for gener- 
ating and detecting such nutation effects and demon- 
strate that both schemes are equivalent. The first ap- 
proach involves a stepwise increase in the rf pulse length 
(Figure 30a),34 whereas in the second scheme two rf 
pulses with the same flip angle are used and the phase 
of one of the pulse is advanced in a stepwise fashion 
(Figure 30b).,, To prove the equivalency of these two 
approaches, we first consider a selective rf pulse with 
arbitrary phase 4 defined as the displacement from the 
x axis toward the y axis: 

P2SaI@ = p2(SaIX cos 4 + SaIy sin 4) (51) 

This corresponds to a rotation with angle -4 around the 
z axis followed by a p2 rotation around x and a 4 ro- 
tation around z.77 The selective rf pulse in eq 51 can 
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therefore be expressed as a series of three rotations 
(XII): 

8 9 1 .  -@I8 8 9 1 ,  +PI. 
(52) 

The two-spin order term 2SJz created by the mw 
preparation pulse is then transformed by such an rf 
pulse into 

-=--- 

G e m m  and Schwelger 

In the experiment in Figure 30a, where the rf pulse 
length is incremented, eq 53 describes the state of the 
density operator at the end of the mixing period. From 
the first two terms, the polarization of the observed 
ESR transition laa) - Ifla) is calculated to be 

(54) 
a result that is independent on 6 and is also contained 
in eq 34. 
In the phase incrementation experiment (Figure 30b) 

on the other hand, the second rf pulse with fixed phase 
6 = 0 transfers the nuclear coherence along y created 
by the first half of the mixing period (last term in eq 
53) to observable polarization 

If again only the polarization of transition laa) - Ifla) 
is considered, eq 55 reduces to 

(56) 

It is evident from eq 54 and 56, that both experiments 
become equivalent, if in the first scheme the flip angle 
& is varied + cos &)I and in the second scheme, 
with p2 = ~ / 2 ,  the phase 6 is incremented [1/2(1 -cos 
@)I. The phase difference of 180' between the oscilla- 
tions in the two approaches is due to the fact that the 
mixing period of the second scheme starts with a total 
flip angle 20, = T. It is interesting to note that in the 
latter experiment, &has no influence on the oscillation 
frequency; a deviation of & from the optimum value p2 
= r /2  simply reduces the amplitude of the oscillation. 

In the two approaches described above, either the flip 
angle & or the phase angle 6 has to be incremented step 
by step, each providing one data point. However, it is 
also possible to measure the entire nuclear transient 
nutation pattern in a single experiment.%.78 Two such 
schemes are shown in Figure 31. In the sequence in 
Figure 31a, electron spin polarization is again trans- 
ferred to the nuclear spins by a selective mw ?r pulse. 
The nuclear transient nutation during rf irradiation of 
constant amplitude and fixed total length T is now 
continuously monitored by a weak mw probe field that 
has no saturating effect on the electron spin polariza- 
tion. With this extended-time detection, the entire 
nutation pattern is obtained in a single experiment. 
The photograph in Figure 32a shows such a nuclear 
transient nutation of a copper-ENDOR transition at  
18.8 MHz, recorded with an rf field strength of B2 = 0.9 
mT. 

The nuclear transient nutation experiment can even 
be realized with continuous microwave excitation 
(Figure 31b). The mw irradiation is now used to create 

= Szlu[~2[ l  + cos2 (&) -sin2 (&) cos 611 

Figure 31. Pulse sehemes for extended-time detection of nuclear 
transient nutations: (a) preparation and detection mw pulses are 
separated in time and (h) weak mw irradiation is used for both 
creation and indirect detection of nuclear spin polarization. 

I 

'1 
Figure 32. Nuclear transient nutatinn patterns of a copper- 
ENDOR transition in a Cu(lI)-doped Mg(NH,),(S0,),.6H,O single 
crystal; 4 2 a  = 18.8 MHz; time axis. 2 p s  per div; temperature 
10 K: (a) detected with scheme a of Figure 31 ( E ,  = 0.9 mT); 
and (b) detected with scheme b of Figure 31 (adapted from ref 
34). 

nuclear polarization during the time before the rf pulse 
is turned on ( t  < O), as well as indirectly to detect the 
oscillating nuclear polarization during application of the 
rf pulse ( t  > 0). Obviously, this experiment is not op- 
timum, since for t < 0 the mw field should be suffi- 
ciently strong to saturate an ESR transition, whereas 
for 0 < t < T, the irradiation should be weak enough 
such that the electron spin polarization is not modified 
by the mw probe field. A nuclear transient nutation 
observed with this pulse sequence is shown in Figure 
32b. 

Apart from the determination of the rf field 
strength,",75 the observation of nuclear transient nu- 
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tations in a spin system with one nucleus is not of much 
practical use. However, this situation changes, if more 
than one nucleus is considered. We demonstrate this 
for a spin system with two equivalent nuclei with spin 
I = 1/2, described by the rotating frame Hamiltonian 
given in eq 15 (al = a2). Application of a selective mw 
?r pulse to the equilibrium state generates terms of the 
form 

.sJvs 
-SZ 8 2 ,  ~ S Z I I Z ,  ~ S Z I ~ Z ,  ~SZIIZI~Z (57) 

The first three terms have already been described be- 
fore. The term 4SzIlz12 on which we will concentrate 
in the following, represents longitudinal three-spin or- 
der. A selective rf pulse of phase 4 applied in the ms 
= 1/2 manifold of the electron spin generates terms of 
the form58 

Chemical Reviews, 1991, Vol. 91, No. 7 1488 

2SaI1,I2, cos2 (P2), 2SuIlJ2y sin2 (p2) cos2 4 (58) 

In eq 58 only the electron-nuclear three-spin order and 
the term describing nuclear two-spin coherence, in an- 
tiphase with respect to the electron spin, are considered. 
In the experiment with variable p2 and 4 = 0 (Figure 
30a), the three-spin order term 

(59) 

introduces an additional oscillation with frequency 2w2 

In the experiment with variable phase 4 and p2 = ?r/2 
(Figure 30b), the second rf pulse with 4 = 0 transfers 
the nuclear two-spin coherence in eq 58 back to three- 
spin order: 

2SU~lZ~2Z[l/,[l + cos (282)Il = 

(282 = 2U2trf). 

2Su11,1~['/,[1 + COS (24)]]= (60) 

From eqs 59 and 60 it becomes again evident that the 
two approaches are equivalent. 

The experiment with the variable phase angle 4 is 
called multiple quantum ENDOR,33 since nuclear 
multiple quantum coherence is created and transferred 
during the mixing period. The term 211J2y, for exam- 
ple, represents both zero quantum and double quantum 
coherence. Multiple quantum coherence is of course 
also created in the experiment with a variable rf flip 
angle. In this experiment the multiple quantum tran- 
sitions are separated out via multiple spin orders, 
whereas in phase incrementation spectroscopy the 
different multiple quantum coherences are separated 
out by utilizing their rotational symmetry about the z 
axis. This principle is closely related to well known 
techniques used in multiple quantum NMR.59 

In an ENDOR spectrum (cw or pulsed) the number 
of equivalent nuclei contributing to an ENDOR tran- 
sition is not reflected in the intensity of this transition, 
i.e. information about multiplicities in an electron-nu- 
clear spin system is lost. The data observed in the two 
multiple quantum techniques discussed in this sub- 
section, however, contain this information. For systems 
with n equivalent nuclei the Fourier coefficients of the 
nutation or phase incrementation patterns represent a 
multiple quantum ENDOR spectrum with frequencies 
up to the nth harmonic. 

C 
I 

II., 0 1  

C 

ll.ILw2 0 1 2  

C 

lLI_ 0 1 2 3  

trf 
Figure 33. Computed nuclear transient nutation patterns for 
n = 1,2,  and 3 equivalent I = 'Iz nuclei together with the cor- 
responding Fourier coefficients c (adapted from ref 34). 

In a calculation of multiple quantum peak intensities 
one has to keep in mind that in systems with a large 
inhomogeneous broadening, the selective mw prepara- 
tion pulse excites all ESR transitions, but each one in 
a different spin packet. The observed nutation or phase 
incrementation trace is then the result of superimposing 
n multiple quantum patterns.34 For two equivalent I 
= 1/2 nuclei, for example, the echo intensity is given by 

Iecho = 1/1# + 4 COS (62)  + 3 COS (2P2)l (61) 

For spin systems with n equivalent nuclei the highest 
modulation frequency is again nw2, however, the in- 
tensities of the higher harmonics decrease rapidly with 
an increasing number of equivalent nuclei. Nutation 
patterns and the corresponding Fourier coefficients c 
for n I 3 are given in Figure 33. 

An experimental verification for n = 1 and n = 2 is 
shown in Figure 34, comparing the nutation traces ob- 
tained with a vanadyl and a copper aquo complex. In 
the vanadyl case, the 10 water protons are not equiva- 
lent,79 and only a single quantum transition resulting 
in a sinusoidal oscillation at the fundamental frequency 
w2 is observed for each ENDOR line (Figure 34a). In 
the correspondifig copper aquo complex the 12 water 
protons are magnetically equivalent in pairs.80 All 
ENDOR lines of these water protons therefore exhibit 
a modulation consisting of the fundamental frequency 
w2 and the first harmonic 2w2 as is shown in Figure 34b. 

Multiple quantum ENDOR spectroscopy has also 
been used to determine the hyperfine spectral density 
in different sections of an ENDOR spectrum.33 In this 
approach, the number of multiple quantum transitions 
that may be excited by the rf pulse within a range of 
f w 2  around the radio frequency cod is used as a measure 
for the hyperfine spectral density. An illustrative ex- 
ample on solitons in polyacetylene with wrf close to the 
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Figure 34. Experimental nuclear transient nutation pattern of 
protons in VO(IV)- and Cu(I1)-doped Mg(NH4)z(S04)z8Hz0 single 
crystals, arbitrary orientation of the crystals, temperature 10 K: 
(a) one proton in VO(H20)s2+, wd/2n = 19.2 MHz, and (b) two 
magnetically equivalent protons in C U ( H ~ O ) ~ ~ ,  4 2 7 r  = 15.9 MHz 
(adapted from ref 34). 
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Figure 35. 
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I Multiple-quantum ENDOR response of the poly- 
acetylene radical: (a) echo signal intensity as a function of the 
phase angle 6 and (b) Fourier transformation of a (adapted from 
ref 47). 

nuclear Zeeman frequency of the protons and w2/2.1r = 
250 kHz in shown in Figure 35. The echo intensity is 
recorded as a function of the phase angle 4 with phase 
increments of A 4  = 1.4' (Figure 35a). Fourier trans- 
formation of this trace results in a multiple quantum 
ENDOR spectrum (Figure 35b) containing multiple 
quantum frequencies up to 8 ~ 2 .  

In principle, with both approaches presented in this 
subsection, the same information is obtained. The 
nutation method with the incrementation of the pulse 
length is experimentally easier to perform than the 
phase incrementation. However, the former method 
requires a sufficiently long electron spin-lattice relax- 

a T  * I 2  * 
T 

mw n n , I  

V 
rf 

* / 2  4 2  T I 2  n T 
mw 

Figure 36. Pulse schemes for time-domain ENDOR (a) scheme 
with selective mw pulses (Davies-type mw pulse sequence) and 
(b) scheme with nonselective mw pulses (Mims-type mw pulse 
sequence). 

ation time to collect the data of several oscillation pe- 
riods. For radicals in solution usually impeded by short 
relaxation times, the second technique might therefore 
be superior, since the mixing period is short and fixed 
in time during the experiment. With the high rf fields 
attainable also in the liquid state, the ob- 
servation of nuclear transient nutations should become 
feasible. 

6. Time-Domain ENDOR 

The pulsed ENDOR schemes discussed so far were 
basically frequency-domain techniques where the fre- 
quency of the rf pulse is varied step by step. We 
have demonstrated in section 1V.B (Figure 14b) that 
all these techniques suffer from a severe power broad- 
ening, if the rf pulse length is shorter than the inverse 
width of the ENDOR line. 

Recently, Hofer et al.27 introduced a time-domain 
pulsed ENDOR method in which this drawback is cir- 
cumvented. The technique belongs again to the cate- 
gory of polarization transfer ENDOR schemes and can 
be performed with selectiven as well as with nonselec- 
tive mw pulses43 (Figure 36). In both schemes, the 
mixing period consists of two rf ?r/2 pulses separated 
by a variable time interval T'. 

In the following, we describe the experiment with 
selective mw pulses in more detail. After the applica- 
tion of a mw ?r pulse acting on ESR transition Iaa) - 
Ips), the density operator is again described by the 
two-spin order term 2SJz (eq 30). The first nonselective 
rf ?r/2 pulse with phase angle 4 = 0 creates the nuclear 
coherence (IX) 

that evolves during the free evolution time t under the 
rotating frame Hamiltonian 7fo (eq 14): 

wfd -2S,I, - -2SzI, cos @ I t )  cos [ (a /2) t ]  + 
2S,I, sin (QIt) cos [ ( a / 2 ) t ]  + 

I ,  sin (QIt)  sin [ ( a / 2 ) t ]  + I, cos (QIt )  sin [ (a /2) t ]  
(63) 

Equation 63 describes the free induction decay (FID) 
of the nuclear spin with the two frequencies Aa = l(a/2) 
+ Q I I  = w, - wrf and Ab = I (a /2 )  - Qll = wb - wrf (see 
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below). The fmt two terms represent antiphase nuclear 
spin coherence that is not directly observable. The last 
two terms describing nuclear spin coherence along the 
y and x axis could, in principle, be observed with NMR 
induction coils along y and x ,  respectively. The 
damping of this FID is directly only affected by the 
transverse nuclear relaxation time. 

After an evolution time T’, a second nonselective rf 
n / 2  pulse transfers the coherence back to polarization. 
Thus, in this time-domain ENDOR experiment, nuclear 
coherence is created at  the beginning of the mixing 
period and transferred to polarization at the end of the 
period; a transfer of coherence, however, is not involved. 
For an rf pulse again along the x axis, only the first and 
third term in eq 63 have to be considered (VIII): 
-2S,Iy cos (QIT’) cos [ ( a / 2 ) T q  + 

( * / 2 ) L  
I y  sin (OIT? sin [ ( a / 2 ) T q  - 

-(S,I” - S,P)  COS (A,T’) + COS (A,T’)]] - 
I,[X[COS (A,T’) - COS (AaT’)]] = .“z!x (64) 

The detection sequence with mw pulses again selec- 
tively acting on transition Iaa) - !pa) creates from the 
S,Iu term a two-pulse echo at  time T + 2r2 (eq 35): 

= - S ~ [ ~ / ~ [ C O S  (A,T? + COS (ABT’)]] (65) 
with the relative echo intensity 

Igho = ‘/[COS (A,T? + COS (ApT’)] (66) 
along the -y axis. If time T’ is incremented in steps, 
the echo intensity fully reflects the FID (real part) of 
the nuclear spins. In order to differentiate positive and 
negative frequencies with respect to orf, quadrature 
readout has to be used; i.e. the experiment is repeated 
with the second rf pulse along the y axis, resulting in 
a relative echo intensity (imaginary part of the FID): 

I&, = Y2[sin (A,?”’) - sin (ABT?] (67) 
The ENDOR spectrum with positive and negative fre- 
quencies with respect to w,f is then obtained from a 
complex Fourier transformation of these data. 

In a time-domain ENDOR experiment with more 
than one nuclear spin, also multiple quantum coherence 
is created and detected. In a spin system with two I 
= nuclei the first rf pulse creates the nuclear two- 
spin coherence ~S,I~JJ,  (eq 58). This two-spin coher- 
ence is manifested in the ENDOR spectrum by the two 
frequencies Ai2) = (aa1 + wa2) - 2wrf and Ab2) = (wB1 + 

Experimentally, the rf pulse can cover a spectral 
width of up to about w 2 / 2 r  = 1 MHz.n942944 With such 
an rf pulse strength, only those transitions can be ob- 
served in the spectrum for which A, and A, are smaller 
than the excitation range. In our spin system with one 
I = 1/2 nucleus, the FID contains a t  best one oscillation 
frequency, except for hyperfine couplings a < w2, where 
both frequencies can be excited by using a proper set- 
ting of wrP It is interesting to note that the excitation 
range of the rf pulse also depends on the hyperfine 
enhancement and, thus, is different for each ENDOR 
line. 

To map out the full ENDOR spectrum, wrf has to be 
shifted in segments across the total spectral width. 
Experimental results obtained on the malonic acid 
radical recorded with rf increments of Awrf/2a = 1 MHz 

wg2) - 2%- 
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Figure 37. Time-domain ENDOR. Synthesis of the single-crystal 
spectrum of the malonic acid radical was by a complex Fourier 
transform. The spectral segments for different wrf settings are 
obtained by means of quadrature readout. The ENDOR spectrum 
(top) is the sum of the spectral segments, measured at room 
temperature (adapted from ref 27). 

are shown in Figure 37.27 The line shapes in this ex- 
periment are free of power broadening and correspond 
to the natural line shapes. Weak hyperfine interactions 
are not observed in such a time-domain ENDOR 
spectrum (Figure 37, top). This is again a consequence 
of the self-ELDOR effect. 

Very recently it has been demonstrated that time- 
domain ENDOR experiments can also be performed 
with nonselective mw pulses (Figure 36b).49 To describe 
the signals expected in this experiment, a detailed 
theoretical approach that also includes nonsecular 
electron-nuclear spin interactions has been developed. 

In time-domain ENDOR the FID of the nuclear spins 
created by the first rf a/2 pulse may be refocused by 
an rf a-pulse applied at  a time T’/2.  The resulting 
nuclear spin echo formed at  time T‘ is then converted 
to electron spin polarization by a second rf a/2 pulse.n 
Such an indirect detection of a nuclear spin echo allows 
one to study relaxation processes of individual transi- 
tions in the ENDOR spectrum. 

V. Coherence Transfer ENDOR 
The pulsed ENDOR methods discussed in this sec- 

tion are based on the transfer of coherences rather than 
on We first consider the transfer of 
electron spin coherence by a selective rf pulse applied 
to a transition that has an energy level in common with 
the ESR transition involved in the coherence. In our 
S = I = 1 / 2  spin system the (single quantum) 
electron spin coherence is assumed to be of the form 
S p  (transition Iaa) - Ips)). The selective rf pulse 
with flip angle p2 on-resonance with transition la.) - 
lap) transforms this coherence to 

8 8 I Z  s p  - 
SyIa cos ( P 2 / 2 )  - [‘/,(2S,I, + 2S,Jy) sin ( P 2 / 2 ) l  (68) 
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Figure 38. Transfer of electron spin coherence by a selective and 
a nonselective rf pulse of flip angle & = T and 2 ~ ,  Selective rf pulse 
on-resonance with nuclear transition laa) +, lap): (a) selective 
mw pulse on-resonance with ESR transition la.) - [pa) and (b) 
nonselective mw pulse. 

It is essential to note that in eq 68 the flip angle p2 
appears to be halved after the transfer.59 In the explicit 
computation of this expression, we made use of the 
transcriptions (XIII, XIV): 

@#Iz ( B a / W X  (B2/2)2SJ,  
(694 

and 
(B2/2)2SJ* -h/2)Iy (B2/2)2SJ2 (+)Iy  

(6%) 
The transfer of coherence for flip angles p2 = A and 2~ 
is shown in Figure 38a. For p2 = A, the density operator 
in eq 68 is represented by the pure zero quantum co- 
herence 1/2(2S.Jz + 2SJy), which is not observable and 
also not affected by the refocusing mw A pulse. Thus, 
an rf pulse with flip angle p2 = A causes a full decay of 
the electron spin echo intensity (ENDOR efficiency 
FENDOR = 0.5). For p2 = 27r, the single quantum co- 
herence of transition Iaa) - I@) changes sign, -S,,P, 
and correspondingly, also the echo generated by a se- 
lective mw A pulse applied on this transition will change 
sign, resulting in an ENDOR efficiency FEW? = 1. For 
p2 = 47r the phase factor returns to its original value. 
The sign change of the wave function after a 2 a  rotation 
and the corresponding 4 n  rotational symmetry is called 
spinor behavior and follows from basic quantum me- 
chanics of spin particles.a1 Experimentally this 
spinor behavior has been demonstrated, for example, 
on a three-level system in NMR.82 

In the following, three different coherence transfer 
ENDOR schemes are considered. If the rf field is only 
applied during the first time-interval 7 (Figure 39a), the 
flip angle dependence of the echo intensity is found to 
be 

-=-----,-- 

( 7 0 )  

For the calculation of e;,, also the effect of the two 
terms in eq 17,  which commute with S, has to be con- 
sidered. They describe the free evolution of the co- 
herence of the nuclear transition that is not affected by 
the selective rf pulse. Unfortunately, this scheme 
suffers from a pronounced Bloch-Siegert (BS) shifta3 
of the ESR transition. This undesired effect shifts the 
resonance frequency of the electron spin by 

UBS = -re(B%/BO) ( 7 1 )  

132 4 
X l Y  Y I X  c rf I 

Figure 39. Pulse schemes for coherence transfer ENDOR. The 
labels 3c and y relate to the corresponding phase of the rf pulse: 
(a) rf pulse applied during the first 7-interval only, (b) rf pulse 
applied during both 7-intervals, and (c) as in b but with a phase 
change during the rf pulses. 

Figure 40. Coherence transfer ENDOR spectrum of the tri- 
tert-butyl phenox 1 radical in mineral oil a t  room temperature: 

ns; T = 950 ns; rf power (tuned), 50 W (adapted from ref 42). 
concentration, 10- 7 M mw pulse lengths, tz; = 150 ns, t&,, = 300 

and causes for an rf pulse of duration T a phase shift 
W ~ S T  of the electron spin echo. Since the field strength 
B2 is usually not constant during the sweep of the ra- 
diofrequency, the Bloch-Siegert shift shows up a broad 
feature across the ENDOR spectrum that can fully 
mask the ENDOR signal. 

The effect of the Bloch-Siegert shift can be refocused 
by using an rf pulse sequence symmetric with respect 
to the mw A pulse (Figure 39b).28 In this scheme, the 
dependence of the echo intensity on the rf flip angle is 
found to be 

= y2 cos2 ( P 2 / 2 )  ( 7 2 )  

resulting in a maximum ENDOR efficiency for pZ = A 

of only FENDOR = 0.5. 
An example of such a coherence transfer ENDOR 

experiment is shown in Figure 40.42 It represents the 
first published pulsed ENDOR spectrum of a free 
radical in solution. The spectrum is recorded with an 
rf field of B2 = 2.7 mT which is on during the whole mw 
pulse sequence. One of the drawbacks of such a co- 
herence transfer ENDOR experiment becomes imme- 
diately evident from this spectrum. The width of the 
lines are strongly power broadened and, thus, consid- 
erably larger than in the corresponding cw ENDOR 
spectrum.% This is because of the short transverse 
electron spin relaxation time of T2 = 1.1 ps that de- 
mands for a correspondingly short time interval T be- 
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twice as large as the one obtained with selective exci- 
tation. 

The coherence transfer ENDOR methods described 
above are related to the nuclear-nuclear double reso- 
nance experiment introduced in NMR some time ago.= 
In this approach all the pulses are nonselective and 
consequently a free evolution period under a spin-spin 
coupling is required before coherence can be transfer- 
red. We have already mentioned above that in ENDOR 
the rf pulses are usually not able to cover the whole 
spectral range. The NMR scheme with nonselective 
pulses can therefore not be adapted to electron-nuclear 
double resonance. 

30 40 50 MHz 

q 2 a  
Figure 41. Coherence-transfer single-crystal ENDOR spectra 
of the malonic acid radical recorded with different pulse sequences, 
measured at room temperature: (a) rf pulse applied during the 
first T interval (the broad feature observed in addition to the 
ENDOR line a t  43 MHz is caused by the Bloch-Siegert shift), 
(b) two rf pulses applied symmetrically to  the mw ?r pulse (the 
Bloch-Siegert shift is refocused), and (c) as in b but with a phase 
change during the rf pulses (the negative going line demonstrates 
that the ENDOR efficiency can be larger than 50%) (adapted 
from ref 28). 

tween the two mw pulses. An other drawback is purely 
technical in origin. It is difficult to avoid getting a 
residual rf field component along Bo which modulates 
the electron Zeeman frequency. This oscillations of the 
electron spin phase are particularly disturbing at low 
radio f r e q ~ e n c i e s . ~ ~  

The spinor effect that is eliminated by the symme- 
trization of the rf pulse sequence can, a t  least in prin- 
ciple, be recovered by the more sophisticated pulse 
scheme shown in Figure For this sequence with 
90’ phase shifts during the rf pulses, the echo intensity 
is calculated to be 

For an rf flip angle of p2 = 2a, the spinor behavior is 
fully reestablished (FENDOR = 1). 

Figure 41 compares the ENDOR spectra of the 
malonic acid radical in the frequency range between 20 
and 50 MHz obtained with the three coherence transfer 
ENDOR schemes of Figure 39. The broad feature in 
Figure 41a next to the sharp ENDOR line at  43 MHz 
is caused by the Bloch-Siegert shift. In the two se- 
quences with rf pulses symmetric to the refocusing mw 
a pulse (Figure 41, parts b and c), this “contamination” 
is clearly avoided. With the phase-shifted spinor se- 
quence the ENDOR efficiency is found t~ be larger than 
0.5; however for technical reasons (rf field inhomog- 
eneity), the theoretical limit is not fully achieved.28 

It is straightforward to show that coherence transfer 
ENDOR experiments may also be carried out with 
nonselective mw pulses. Graphical representations for 
this case are shown in Figure 38b. A selective rf pulse 
with flip angle p2 = T, for example, transfers the single 
quantum electron spin coherence S,, to both, pure zero 
and double quantum electron spin coherence, whereas 
for p2 = 2a, the electron spin coherences of the two 
single quantum transitions change sign. This results 
in an echo intensity which (for a single spin packet) is 

V I .  Concluding Remarks 

In this review article the various pulsed ENDOR 
methods described in the literature so far are presented 
within the framework of a concise mathematical for- 
malism, which allows one to directly follow the behavior 
of the spin system during the different time intervals 
of the experiment. Among these different approaches 
the polarization transfer ENDOR schemes are of pri- 
mary interest. In order to polarize the nuclei in such 
an experiment, the first step always consists in the 
creation of electron-nuclear spin order (2S,I,, 
4SJlz12, ...). This spin order can be prepared either by 
a single selective mw pulse or by a sequence of nonse- 
lective mw pulses together with a free evolution under 
a hyperfine interaction. In the following mixing period 
the nuclear polarization is manipulated in different 
ways by rf pulses. Finally, the effect of these manipu- 
lations is monitored with the help of the electron spin 
echo. 

Basically different from this approach are the co- 
herence transfer ENDOR experiments. Here, the first 
step consists in the creation of single quantum electron 
spin coherence. The rf pulse transfers this coherence 
to forbidden ESR transitions (zero and double quantum 
coherence). Consequently, the coherence is “stored” on 
a sidetrack that can no longer be affected by mw pulses 
(provided the transition probability for the forbidden 
transitions is zero), and has therefore no part in the 
echo formation. 

After the discussion of all these new pulsed ENDOR 
techniques, the question raised is which of the sophis- 
ticated methodologies will have the potential for be- 
coming established in the long term? The standard 
schemes introduced by Mimsg and Davies13 will un- 
doubtedly become part of the everyday repertoire of 
pulsed ESR spectroscopy. Optimized polarization 
transfer ENDOR is useful for enhancing signal inten- 
sities; to be effective, however, the mw pulses have to 
be as short as possible. The 2D-ENDOR approach is 
easily implemented, requires no special instrumenta- 
tion, and is very useful for the assignment of the tran- 
sitions to particular nuclei. With hyperfine-selective 
ENDOR, single-crystal as well as powder ENDOR 
spectra may drastically be simplified. However, both 
the field-step and the frequency-step experiment re- 
quire some additional instrumentation. As in cw triple 
resonance, pulsed triple is indicated for the determi- 
nation of relative signs of hyperfine coupling constants 
and the separation of overlapped ENDOR spectra. 
Experimentally, introduction of a second rf field is 
straightforward. The indirect detection of nuclear 
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transient nutations and multiple quantum ENDOR 
proved to be very useful to study hyperfine spectral 
densities and to evaluate multiplicities. Incrementation 
of the rf pulse length in the former experiment is again 
straightforward, whereas the phase incrementation in 
the latter approach requires additional NMR instru- 
mentation. Time-domain ENDOR is quite time-con- 
suming and experimentally more elaborate. High rf 
fields are required and phase cycles have to be used. 
However, if ultimate resolution is demanded, this 
technique is certainly the method of choice. Coherence 
transfer ENDOR suffers from poor resolution caused 
by the short transverse electron spin relaxation time, 
the technique is therefore not of very general practical 
use. 
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