Chem. Rev. 1991, 91, 1481-1505 1481

Pulsed Electron—Nuclear Double Resonance Methodology

CLAUDIUS GEMPERLE and ARTHUR SCHWEIGER*
Laboratorium fur Physikalische Chemie, Eidgenossische Technische Hochschule, 8092 Zirich, Switzerland

Contents
I. Introduction 1481
II. The ENDOR Spectrum 1482
A 1=, 1482
B. I1=1 1483
I1I. Operator Formalism for the Description of 1483
Pulsed ENDOR Experiments
IV. Polarization Transfer ENDOR 1486

A. Basic Microwave Pulse Schemes 1486
1. Selective Preparation and Detection 1486
2. Nonselective Preparation and Detection 1487

B. Standard Polarization Transfer ENDOR 1487
Schemes
1. Davies-ENDOR 1487
2. Mims-ENDOR 1491
C. Advanced Polarization Transfer ENDOR 1493
Techniques
1. Optimized Polarization Transfer ENDOR 1493
2. Two-Dimensional ENDOR 1494
3. Hyperfine-Selective ENDOR 1494
4. Triple Resonance 1496
5. ESR-Detected Nuclear Transient 1497

Nutations and Multiple Quantum ENDOR
6. Time-Domain ENDOR 1500
V. Coherence Transfer ENDOR 1501
VI. Concluding Remarks 1503
VII. References 1504

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
(rf) 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 techniques,®*® 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.!'7 Along with the rapid developments in
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pulsed ESR spectroscopy in the last several years,1&2
however, there has also been a fast growing interest in
the related pulsed ENDOR technique.?* 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 100%, 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 articles 44

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 II 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 III 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.

I1I. 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

=1/, and one nuclear spin I
7!0 = %EZ + %NZ + %HFS + %Q =

B.BogS - g,6,Bol + SAI + 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 #gz >
7{Hps > #q, the first-order ENDOR angular frequen-
cies may be expressed by**®

weNpor(mg,m; + 1 <> my) = )
c(mg) + %(2m; + 1)Q(mg) (2)

with
c(mg) = |[2C(mg)C(mg)2]'?) (3a)
Clmg) = g'msgd + w/E (3b)
g = 117821 (30)

and

Q(mg) = 2C(mg)QC(mg)¢ /c(myg) (3d)
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Figure 1. Typical ENDOR spectra of simple S = !/,, I spin
systems, w; <0: (a,b) I =1/, amsotrognc spin system, A > 0; (a)
|A/2] < |y, (b) |A/2] > |w1|, (c,d) I o isotropic spin system,
a>0;la/2| < |wy (c), la/2| > Jw;| (d); (e) I = 1; anisotropic spin
system, B, along one of the prmc1pal axes of the hyperfine tensor,
|A;/2] > |wjl; () I) = 1, I, = 1; anisotropic spin system, B, along
one of the principal axes of the hyperfine tensor, |A;/2| > |wj; the
asterisk (*) marks second-order splitting.

In eq 3, w; = —g,8,B,/ h denotes the nuclear Zeeman
frequency, E is a 3 X 3 unit matrix and £ is the unit
vector along the external static field B, in the frame
spanned by the g tensor principal axes. (The negative
sign in the expression for w; results from the solution
of the equation of motion, w; = —y,By, and from vy, =
880/ h). An expansion of these formulas to an arbitrary
number of nuclei is straightforward.®

A I=1,

For a I = !/, nucleus, the ENDOR transition fre-
quencies in the two mg manifolds (a- and §-state of the
electron spin) are given by

wenpor(Ms = o) = w, = c(%)
weNDOR(Ms = —Yo) = wg = c(-%) 4)

The spectra for the two cases |A/2| < |w/} and |A/2]| >
|} with A denoting the hyperfine coupling for a par-
ticular direction of B, are shown in Figure 1, parts a and
b. For an arbitrary orientation of B, the splitting of
the two ENDOR lines, jws — w,|, depends on A and g.
It is a consequence of the anisotropy of g and A that
the two lines are not, in general, symmetric about |w,|
(for |A/2} < |w) or A/2 (for |A/2} > |wj), but are shifted
to higher frequencies.

If the g tensor and the A tensor are isotropic, eq 4

reduces fo

we = 1(a/2) + vy
wg = |(a/2) - wlf )
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where a denotes the isotropic hyperfine coupling con-
stant (Figure 1, parts ¢ and d). A corresponding ex-
pression is found for the case where B, is oriented along
one of the principal axes of the hyperfine tensor (coaxial
with g) with principal values A;, i = %, y, 2:

w, = [(4;/2) +
wg = [(4;/2) - w (6)

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

B. I=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

wgnpor(Mg) = c(mg) £ %Q(mg) (7

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

wENDOR = |4i/2 £ w; £ %Q) (8)

According to eq 2, 4 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
hyperfine structure is resolved in the ESR spectrum and
each m; state is affected individually by the mw driving
field, either a four-line ENDOR spectrum (ESR ob-
server, —I < m; <), or a two-line spectrum (ESR ob-
server, m; = £I) is observed. In cases where hyperfine
and nuclear quadrupole interactions are of the same
order of magnitude (7 yps ~ #q), the interpretation of
the ENDOR frequencies becomes more complex.*?

In some spin systems, the observation of overtone
transitions (Am; = 2)%051 and of multiple quantum
transitions®2 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.5?

Second-order contributions to the ENDOR transition
frequencies are of the order of A%/8,9B, and cause shifts
and splittings of the ENDOR lines.**® For hyperfine
couplings <10 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 1).5 In ENDOR experiments
on transition metal ions, second order shifts may
amount up to several megahertz.55-5

Chemical Reviews, 1991, Vol. 91, No. 7 1483

| af>

14
[R5 My

| aa>

3
8s, 18

a
ﬂlsx‘

s 2
| 86>
. B,sP1

| B>

Figure 2. Energy level scheme of an isotropic S =1/, 1 =1/,
spin system, |a/2| < Jo;]. ESR transitions, |xa) <> |8a) and |ag)
< |88), and NMR transitions |aa) <> |aB) and |Ba) < |88), are
denoted by the corresponding terms in the Hamiltonian describing
the interaction of the spins with selective mw and rf pulses,
respectively.

I111. Operator Formalism for the Description 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 literature.5

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

&= -i[#, o] 9

Assuming a time-independent Hamiltonian, the solu-
tion of eq 9 takes the form

o(t) = Ro(0)R™! = exp{-i#t}o(0) exp{iFft} (10)

or in shorthand notation

a(0) LN o(t) (11)

The propagator R = e¢”*t (unitary operator R™! = RY)
is formulated according to the relevant Hamiltonian #
operating during time ¢.

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/,, I =
1/, electron-nuclear spin system represented by the
Hamiltonian

o= wsS, + wil, + a(S,I, + S,I, + S,1,) (12)

is adequate. The corresponding four-level diagram is
shown in Figure 2. In eq 12, wg = g,8.By/h is the
electron Zeeman frequency and a(S,/, + S,I,) denotes
the nonsecular part of the hyperfine coupling that is
responsible for the second order frequency shifts men-
tioned in section II.

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

T = expl~i(wnetS, + wytl,)} (13)

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

o= Q6S, + O, + aS,, (14)

with Qg = wg — Wy and Q; = w;— wy. 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/,, I;
=1/, I, =1/, represented by the doubly rotating frame
Hamiltonian

Fo = QsS, + Quly, + Qpla, + ,S.1), + 8.1, (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

7!1 = 7!0 + wlsx (16)

The second term in eq 16 describes a pulse with a mw
field strength (in angular frequencies) of w; = g,6.B,/
= —v.B, applied along the x axis of the rotating frame
(x pulse), with B; 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 wp, points to the positive x axis. For
electrons (v, < 0), wy, = w; and B, are parallel, for
protons (v, > 0), the two vectors are antiparallel.®®

A mw puﬁse is considered to be nonselective, when its
field strength is much larger than the hyperfine inter-
action, jw;| > |aj; i.e., all ESR transitions within a spin
packet are simultaneously excited by a strong pulse of
short duration. With this condition, w,S, 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 |w|
« |a|, we first rearrange eq 16 with #, of eq 14 to give

7, = [Qs + (a/2)]S.1* + [Qs - (a/2)]S,I? +
wISxI"‘ + wISxI‘s + QIIZ (17)
In eq 17, I* and I? denote nuclear spin polarization

operators%62 that select the ESR line associated with
the o and 8 nuclear spin state, respectively

IP=Y1+], (18a)
rP=Y%i-1I, (18b)
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with the complementary formulae
1=+ (19a)
I, = Y(I* - I) (19Db)

and I being the unity operator.

The spin operators S,/* = §,1% and S, If = §,®¥ in
eq 17 (with S,.J* + S,I? = S,) are called single-transition
operators.®® Generally, a single-transition operator St
refers to the transition between two energy levels |r)
and |s). All the other energy levels are disregarded and
the subsystem is treated as a virtual two-level system.
In our two-spin systems, S, I* and S,I? refer to the
(allowed) ESR transitions between the states jaa) <
|B) and JaB) <> |86), respectively. Correspondingly
the single-transition operators S°I, = I,® and S?I, =
1,12 with the electron spin polarization operators S¢
and S?, selecting NMR lines associated with the « and
8 electron spin state, refer to the NMR transitions |aa)
< |aB) and |Ba) <> |68). 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 jaa) <> |fa), Qg = wg— wpy
= -a/2, the first term in eq 17 reduces to zero, whereas
the second term becomes —aS,I?. For a line-selective
pulse with |w;| « |al, transitionJaﬂ) < |88) is far off-
resonance, so that the term w,S,I° can be ignored. From
the three commuting terms w,S,I% -aS,I%, and I, 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 [a8) <> |68). The rotating
frame Hamiltonians for selective mw x pulses acting on
transition jaa) < |8a) or |a8) <> |38) can then be de-
scribed by

H#¢ = w,S,I* (20)
and
#§ = w, S, 1P (21)

respectively.

For both, selective and nonselective mw excitation,
a pulse of duration ¢, and amplitude w; results in a
nominal (on-resonance) flip angle 8, = witpe =
~YeBitmw- Note that in a system with an anisotropic g
tensor, 3; depends on the effective gyromagnetic ratio
defined by v = —BeZeic(#,0)/ B, where ¢ and 6 are the
polar angles describing the orientation of B, 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

Ho = —vnBol, — v.BsS, (22)

where —y, B, = —g,8,B3/h = w, is the strength of the
external rf field in angular frequency units and B, 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
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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 enhancement” 3
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 at high B, fields, the contribution of
the second term in eq 22 can be significant (note that
for protons, v,/v, = 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 sum 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

BE = EB, = |1 + (mga/w))|B, (23)

The hyperfine enhancement factor E depends on mg,
wy, 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
B,. 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 % is diagonal.
By neglecting transition matrix elements which induce
ESR transitions with a driving frequency far off-reso-
nance (w,;; << wg), the Hamiltonian during a nonselective
rf pulse reduces to

Fy = oI, (24)

with the hyperfine enhanced rf field strength o =
~YnEBo.

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

§ = wESel, (25a)
and
F§ = ESPI, (25b)

The nominal flip angle for selective or nonselective rf
pulses is then defined by 8% = w5t,;. (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

m %12

R b AL
a(ry)

olry + 79 ... —_— a(Xr,)
(26)

The observable magnetization components of the
electron spin at time t = 3", along the x and y axis of
the rotating frame can be evaluated from the trace re-
lations

T2

a(0)

M. (t) = Trlo(t)S,} (27a)
and
M,(t) = Tr{s(t)S,} (27b)
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Figure 3. Graphical representations of product operators in a
8§ =1/, I =1/, 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, (¢) 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 o(t) as a linear combi-
nation of base operators®®

a(t) = 2b,(t)B, (28)

with B, 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

Yisli  SuSu Syl 1,1, 28,1, 251, 2SI,
28,1, 28,1,, 28,1,  2S.1,, 2S,1,, 25,1,

The unity operators Igand I; are left out in the product
operator notation (e.g. S,1; = S,).

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



1486 Chemical Reviews, 1991. Vol. 91, No. 7
S, (=8,1°

+ S,1%)
Se Sy

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.)

I, equal nuclear spin polarization across both
NMR transitions

I, I in-phase nuclear spin coherence

2 21': 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

28,1, individual components are opposite in

phase. Antiphase magnetization has zero

integrated intensity.)

28,1, antiphase nuclear spin coherence
25,1,
28,1, electron-nuclear two-spin coherence (These

28,1,,  two-spin coherences represent a superpo-
,,Iy ,  sition of electron-nuclear zero and double
28,1, quantum coherences (forbidden ESR tran-

sitions). For example: 2S,I, + 28,I, rep-
resents pure zero quantum coherence, 25,1,
- 28,1, represents pure double quantum
coherence.)

Also linear combinations of product operators have a

simple physical meaning.

S, I* spin coherence of one ESR transition
(=1/2Sx
+ S.1,),

S, 14,

S

S,I?
S,I¢, S,I?  spin polarization of one ESR transition
S"‘I,é, SeI,, spin coherence of one NMR transition

X
SAI
Sel,, yS*"I, 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 by®2

exp{_i‘PBm}Bn exp{i‘PBm} =Bn Cos ¢~ i[Bmv Bn] sin ¢
(29a)
or

Brn
B, — B, cos ¢ - i[B,,B,] sin ¢  (29b)

where ¢B,, 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 . 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.

IV. 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.

Gemperie and Schweiger
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[

! change of nuclear
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
0(0) = =S, (Figure 3a). In this expression, we omitted
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TABLE 1. Collection of Formulas for the Transformation
of Product and Single Transition Operators

Electron Zeeman Interaction®

ﬂstS,
I S, —=8,

nsts, .

Ila 8, — 8, cos (Qst) + S,sin (Qt)
ﬂstS, .

IIb 8§, —— 8§, cos (Qgt) — S,sin (Qgt)

QgtS,
Il 28], — 25,1, cos (Qst) — 25,1, sin (Qgt)

Hyperfine Interaction

v s, ((e/2t1(28,1,) s,
Va S, L LR S, cos [(a/2)t] + 28,1, sin [(a/2)t]

Vb S, M S, cos [(a/2)t] - 28,I, sin [(a/2)t]
Vla 25,1, M 28,1, cos [(a/2)t] + S, sin [(a /2)t]
Vb 28,1, B oS 1, cos [(a/2)t] - S, sin [(a/2)t]

[(a/2)e][28 1}
Vila 28,1, ———*+ 98,1,

. [(a/2)t1[28,1,1
VIIb 28,1, ———= 28,1,
Nonselective Mw Pulse®

S, .
Vila S, —=S, cos § - S, sin 8
8s, .
VIIIb 8,— S, cos 8+ 8§, sin B
Se .
IX 25, = 2,], cos § - 25,], sin 8

Selective Mw Pulse?

s,

Xa S, I« L S,I% cos 8 — S,I* sin 8
S,

Xb S I B S,I% cos 8 + S,I*sin 8
S a

XI S, s S,If

Useful Transcriptions

BS, -$S.  BS;, ¢S,
XII =

8S.I° 8/2)S, (8/2)28.1,
XIII L /

(8/2)28.1, (-=/2)S, (B/22S1, (x/2)§,
XIV =

s For nuclear Zeeman interaction interchange S and I. *For an rf
pulse, interchange S and I.

the term with the unity operator (I is invariant to
transformations), used the high-temperature approxi-
mation, and deleted the constant factor in front of the
operator S,.¢2 Population differences between the nu-
clear spin states within a mg manifold are considered
to be negligibly small.
Application of a selective mw x pulse with flip angle
w on-resonance with ESR transition jaa) < |8a) causes
the transformation
=S, = =S,I* - S,IF " S e~ §,1F = 28,1, = 0%}

prep

(30)

Chemical Reviews, 1991, Vol. 91, No. 7 1487

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.

The selective mw pulse with flip angle 8, = 7 converts
the electron spin polarization —S, into electron-nuclear
two-spin order 28,1, (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 7 /2-1,—7—7, again with selective mw pulses is
used to probe the electron spin polarization of transition
jaa) <> |Bac) via a two-pulse echo that is created at time
T + 27y (X, ILIILV,VI):

(x/2)8,1I°
B LA S ) 31)

Horg  wSJ® Hor,

SyIa - SzIﬂ = a:‘élho
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
m/2-7—n /2 (Figure 5b) that consists of two nonselective
7/2 pulses separated by the time 7, (VIILILV):

(r/2)8, ¥ om, (x/2)S,
S

-S, .
S, cos [(a/2)7,] cos (Qg7y) =

28,1, sin [(a/2)7,] sin (Qg7) = ag;’;‘g‘l (32)
In the expression for o5, only the two terms that
contribute to the echo at the end of the sequence have
been considered. Both of them are functions of the
hyperfine coupling constant a and the resonance offset
Q2s. Note that two-spin order is only created if a = 0
and if the frequency of the mw pulse does not coincide
with electron Zeeman frequency (Qg = 0).

The nonselective 7/2 detection pulse applied after
the mixing time T, creates a stimulated echo at time
T + 27, (IX,VLII):

/DS, Fyn,

a.nonsel _

prep
-S,[%I[1 + cos (ar;) cos (2Qg7)]] = ongueel (33)

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 Davies!®
is based on selective mw pulses (Figure 5a). During the
mixing period, a selective rf pulse with flip angle 3, 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
transmon |ea) < |aB) on the populations of the energy levels
in a Davies-ENDOR experiment. The ESR transition, |aa) <
{Ba), used for preparation and detection, is marked by an intense
ine.

sitions, e.g. with transition |aa) <> |a8), the rf pulse
changes the density operator a;e,},p in eq 30 to (X):

98,1, 220 (8,1% - S,I9)[%(1 + cos By)] -

Iz[l/2(1 — CO8 62)] - SaIy sin 62 = Usngllx (34)

Figure 6 shows the corresponding populations before
and after the mixing period with 8; = 0 and .

The detection sequence with mw pulses selectively
acting on the same ESR transition as the preparation
pulse, creates from the S,I* term a two-pulse echo at
time T + 27, (V):

el
U;fep

*/DSI Hery  wSI Hem
Usrgllx SzIa[l/2(1 + cos 32)]

S, I4[Y(1 + cos By)] = o, (35)

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
effects® 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, Ty, < @, 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 7 = 1.

In most spin systeéms, however, the inhomogeneity is
much larger than the hyperfine couplings of interest,
Tinn > 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(Qs)
=1 = Iggg Ty = ) 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

Gemperle and Schweiger

Figure 7. Influence of the Davies pulse sequence on an inho-
mogeneously broadened ESR line (T, = «): (a) equilibrium state,
ESR line shape, and polarization of four selected spin packets
(marked by S1, 82, S3 and S4); (b) situation after the selective
mw pulse with frequency w,; 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, S2,
S3, and S4) is considered in more detail. The selective
mw m-pulse inverts the population of transition jaa) <>
|Ba) in S2 and transition |aS) <> |38) in S3, resulting
in a hole in the ESR line with intensity Igsg = -1. The
selective rf w-pulse on-resonance either with ENDOR
transition jaa) <> |a8) or |Ba) < |88) inverts the cor-
responding nuclear polarizations and, thus, removes the
electron spin polarization of S2 and S3 (see also Figure
6). The original ESR line is now perturbed by three
holes, the center hole with an ESR signal intensity Izsg
= 0 and two side holes with intensity Igsg = 1/, 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 i is observed as a function of
the radiofrequency. With o5  from eq 35, the relative
echo intensity for S2 at time T + 27, is then calculated
to

It} (8y) = Trio%ho(-S))} = V(1 + cos B)  (36)

with =S, denotlng the detection operator. A corre-
spondmg expression holds for spin packet S3. (To get
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Figure 8. Single-crystal Davies-ENDOR spectrum of the two
magnetically equivalent nitrogens of Cu(Il)(salicylaldoxime)
diluted in a single crystal of the corresponding nickel complex:
mw pulse lengths, t%, = 100 ns, t7/2 = 100 ns, t5, = 200 ns, t,
= 12.5 us; arbitrary orientation of the crystal; temperature, 10
K; second-order splittings are marked by *.

a positive two-pulse echo signal, the detection operator
has to be chosen along the —y axis). The amplitude of
%, is maximum for 8, = 0 (|[,,(0)} =1/,), and
minimum for 8, = 7 (I%%,(x) = 0). This change in
echo intensity induced by the rf pulse can be expressed
in terms of an ENDOR efficiency defined by

Fenpor = YallTecho(rf off) = Ioepno(rf on)] /I qpo(xf off)|
(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 <
Fenpor = 1 where Fenpor = 1 (100%) corresponds to
an inversion of the echo. In the Davies experiment with
By = 7, Fgnpor = 0.5 (50%). The same conclusion can
also be reached by considering the population distri-
bution shown in Figure 6: For 8, = = the population
difference across the ESR transition |aa) <> |3a) van-
ishes, while it is maximum for 8, = 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 nuclei,®® each of the four nitrogen
transitions is split into a doublet by about 300 kHz, due
to second order contributions (cf. Figure 1f).

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, at,,, are shown in Figure 9, parts a and
b. For at,,/27x > 1, the mw pulse excites only one
transition in each spin packet, whereas in the case of
atpw/2m S 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 wy, with a depth Igggr
= -1, a width T}, = 27/t,, and an off-resonance
pattern typical for a pulse excitation with a nominal flip
angle = is created (Figure 9, parts a and b, top). The
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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; ¢, mw pulse length)
V8 Apy (Apy = 0: on-resonance with one of the two ESR tran-
sitions): (a) a/27 = 20 MHz, t,, = 200 ns; at,, /27 = 4 (after
the mw preparation pulse (top); after the rf pulse (bottom)). (b)
a/2n = 4 MHz, ty, = 100 ns; aty,/27 = 0.4 (after the mw
preparation pulse (top); after the rf pulse (bottom)).

Lese
—

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 at,,/27 > 1, this results in a hole
intensity ratio of 1:2:1 (Figure 9a, bottom), whereas in
the case with at,, /27 < 1 the transfer of polarization
by the rf pulse becomes incomplete, and center and side
hole cverlap (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 w, for all three mw pulses in the prepa-
ration and detection period, with a duration of the =
pulses twice as long as the one of the 7/2 pulse. With
this sequence the shape of the echo with and without
an rf pulse looks quite irregular (Figure 10a). 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.%

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 10b). With rf excitation, the whole echo in-
tensity drops to zero. The absolute echo amplitude I,
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 I';, = «: 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 w,/27 = 2.5 MHz. (b) The preparation pulse (length,
200 ns; w/27 = 2.5 MHz) is shorter (less selective) than the
detection pulses (lengths, 400 ns and 800 ns; w,/27 = 0.625 MHz).
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Figure 11. Effect of the mw pulse lengths in a DaviessENDOR
experiment (self-ELDOR hole) on the signal intensity of proton
transitions (2672 = ¢7 ) (for all values of @, an rf flip angle of 8,
= 7 is used): t,, = (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 nonselective 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
I, of a proton ENDOR line is shown in Figure 11 for
three different ¢, values. According to this figure, the
ENDOR efficiency is zero for a = 0 (w, = wy), 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 T'eLpor =~ 27 /2t}, where t%, is the length of the
preparation pulse.

The self-ELDOR effect can be used to assign EN-
DOR lines to corresponding nuclei.33% This is dem-
onstrated in Figure 12, which shows two ENDOR
spectra of a copper complex.% They are recorded in the
range 4 MHz < w,/2x < 19 MHz with two different sets
of mw pulse lengths and consist of a large number of

Gemperle and Schweiger

5 10 15 Miiz

w /27

Figure 12. Single-crystal Davies-ENDOR spectra of Cu(Il)-
(bipyram)(dien), (bipyram = 2,2-bipyridylamine, dien = di-
ethylenetriamine), diluted 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) ¢, 400 ns,
200 ns, 400 ns; both proton and nitrogen transitions are observed,
arrows mark proton transitions; (b) ¢4, 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
I'erpor/27 =~ 1 MHz and are centered at wy/27 =~ 14
MHz and wy/27 =~ 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 T'grpor/27 ~ 256 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 N
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 8, = = for all transitions) are shown in
Figure 12, parts ¢ 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 |65| for protons and nitrogens
versus hyperfine coupling constant (proton Zeeman frequency,
wy/27 = 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 |85} = v,|1 + (mga/w))|Byty (eq
23) for protons and nitrogens as a function of the
(positive) hyperfine coupling constant a. The proton
Zeeman frequency is wy/27 = 14 MHz and the flip
angle caused by the external field B, only is 8,(H) =
—YuBst; = 7. For proton hyperfine couplings 0 < a <
2wy and mg = -1/,, |85} varies linearly between = and
2w, whereas for mg = 1/,, |8%| drops from = 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 2wy, the transitions
with mg =1/, 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
Yu/¥n = 13.84 holds for nitrogen nuclei. The nuclear
Zeeman frequency is reduced to wy/2m = (yn/vy)wn/ 2
= 1.01 MHz and the flip angle caused by the external
field B, to B,(N) = (yn/vy)™ = 0.07x. For nitrogen
hyperfine coupling constants a > 2wy, a condition that
is usually fulfilled, the transitions in the mg = -1/,
manifold are only induced by a left-hand rotating rf
field, transitions in the mg = !/, 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 spectra.®’

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 0.77 < |85(H)| < 1.3
whereas the nitrogen hyperfine couplings lie approxi-
mately between 10 and 36 MHz, resulting in 0.37 <
I85(N)| < 1.37. 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 §,. If, however off-resonance effects are
included in the calculation, the peak amplitude of the
ENDOR lines becomes quite insensitive to variations
of B,.1* This is demonstrated in Figure 14a, which shows
numerical simulations of the line shapes for rf flip an-
gles /2, m, 3w/2, and 27 and a fixed rf pulse length of
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Figure 14. Simulations of ENDOR line shapes for different rf
flip angles and rf pulse length, relaxation is not considered, A =
w, 5~ wyt (&) pulse length, t,; = 10 us; flip angles 8,, 7/2 (1),
(2), 8x/2 (3), 27 (4); and (b) flip angle, 8, = ; pulse lengths ¢,
2 us (1), 5 us (2), 10 us (3), 20 us (4).

t.s = 10 us; relaxation effects are not considered. Ac-
cording to these plots, ENDOR transitions may even
be observed for 8, = 2x. 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
as intense compared to the on-resonance peak obtained
with 8, = =. This flip angle dependence has also been
demonstrated experimentally.12

The ENDOR line shape depends also on the length
of the rf pulse.!> A rectangular = pulse of length ¢
covers a frequency range of about 2/t (FWHH).
Since the excitation profile is convoluted with the in-
trinsic ENDOR line shape determined by the transverse
nuclear relaxation time T, a power broadening of the
line occurs whenever t; is shorter than T,. 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 8, = w, T, = © and various values
of t,; are plotted in Figure 14b.

Since t,; is limited by the longitudinal relaxation time
T, of the electron spin, one has to balance optimum
signal intensity against optimum resolution. At low
temperatures, where T, 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 ¢,; = 200 us.>® 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 (B, « v/P)
to get maximum signal intensity.

2. Mims-ENDOR

The original pulsed ENDOR scheme introduced by
Mims® is based on the stimulated echo sequence with
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Figure 15. Single-crystal nitrogen ENDOR spectrum of bis-
(cis-1,2-dicyanoethenedithiolate)Cu(II) in the corresponding nickel

complex: r = 500 ns; rf pulse length, ¢, = 200 us; mw pulse lengths,
t%/2 = 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 w,¢ and flip angle 3, is applied. An rf pulse
on-resonance with the nuclear transition jaa) < |af8)
changes the density operator at the end of the prepa-
ration period, 5! in eq 32, to (X):
1925"1x
ohensel —— S, cos [(a/2)7y] cos (Qs7y) - [2S,1,[%(1
+ cos B9)] + L[%(1 - cos By)] + I,[Y sin B,] +
2SzIy[l/2 sin 32]] sin [(0/2)71] sin (QSTI) = O'?noigsel
(38)

Note that the rf pulse has only an influence on the two
spin order term 28S,I,; the term with S, is not changed
during the mixing period. The nonselective mw /2
pulse, applied after the mixing time T, creates a stim-
ulated echo at time T + 27;:
(=/2)8, Fory
oppneel ——— —— —§, [cos? [(a/2)7] cos? (Qgry) +
¥ sin?® [(a /2)7)] sin? (Qs7)(1 + cos B)] = ohgmse!
(39)

Again, ¢! only describes the behavior of a particular
spin packet. Averaging over all resonance offsets Qg
with the spectral distribution function g(Qg) = 1 (an
assumption which is fulfilled for I'y,, > ), results for
an rf flip angle 8, = = in the echo intensity

Ingpeel = .11 + cos (ary)] (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(II)-doped PTC (positive temperature coefficient)
ceramics® with nuclear transition frequencies of man-
ganese up to 155 MHz is shown in Figure 1642 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 3, = =.

° From eq 40 the ENDOR efficiency is determined to
e

Fgnpor = Y% sin? [(a/2)7] (41)

Fenpor depends on the hyperfine coupling constant a
and on 1y, reaches its maximum for r; = (2n + 1)=/a,
and is zero for 7, = 2nw/a, n = 0, 1, 2, etc.>12 The
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Figure 16. Mims-type Mn(II)-ENDOR spectrum of Mn(II)-
doped PTC ceramics powder.88 Parameters: tn, = 20 ns; t,; =
12 us; ESR observer line, m; = -/,; 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(NH,),(SO,)-6H,0 single crystal doped
with Cu(II) ions as a function of the pulse separation 7,, arbitrary
orientation of the crystal, and temperature 10 K: (a) r;, = 300
ns, (b) 340 ns, (c) 380 ns, and (d) 420 ns.

corresponding oscillatory behavior of the ENDOR line
intensities as a function of 7;, 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,?? which
introduces an additional r; dependence of the echo
amplitude. Blind spots with zero ENDOR efficiency
are observed close to 7; = 340 ns for transition (4) and
71 = 420 ns for transition (2). To avoid the possibility
of missing individual lines, it is essential to repeat the
experiment with different r; 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 Mims,? that blind spots do not occur if se-
lective mw pulses are used. The theoretical description
of such a Mims-ENDOR experiment is again straight
forward. The average echo intensity is given by3°

Iecho(ﬁ2) = 1/16(3 + cos 32) (42)
leading to an ENDOR efficiency for 3, = 7 of
Fenpor = ¥4 (43)
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Figure 18. Part of the Mims-ENDOR spectrum of dibenzene-
vanadium, V(CgHg)s, in ferrocene powder (arrows indicate blind
spots), temperature 10 K: nonselective mw excitation, t%/2 = 10
ns, (a) 7; = 300 ns; (b) 7, = 600 ns; (c) selective mw excitation,
t;/,? = 200 ns, 7, = 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.%% Pulses with a length of 10 ns are non-
selective for both the ferrocene protons (a/2r < 3 MHz)
and the benzene protons (a/27 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 , 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 Transter 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 (100%, echo inver-
sion) by using proper mixing processes. In principle,
there exist several ways to reach this goal.

An ENDOR efficiency Fenpor = 1 could be obtained
with a nonselective rf = pulse that simultaneously in-
verts the population of the two nuclear transitions jaa)
<> |eB) and |Ba) < |88) (IX):

5 X
98,1, —+ 98,1, cos f, (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-
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Figure 19. Davies-ENDOR pulse scheme with optimized po-

larization transfer to obtain an ENDOR efficiency Feypor = 1.
The mixing period consists of a nonselective mw = pulse sand-

wiched by two rf 7 pulses.
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Figure 20. Effect of the optimized mixing sequence on the
populations of the energy levels in a Davies-ENDOR experiment.

The rf pulse is on-resonance with the nuclear transition |aa) <

|aB).
lective pulses separately to the two nuclear transitions
in analogy to a “special triple” experiment:?°

BSeI,  BSI,
28,1, —>

28,1, cos B, (45)

However, if the frequency of one transition is known,
the frequency of the corresponding transition in the
other mg 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

1925"13 =S, 1925“1x =S,
= (46)

which consists of a selective rf pulse on transition jaa)
<> |afB) 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 ¢*%, of eq 30 to
prep

8,81, xS, BoSel,

sel
Tprep

= 2SZIZ _2SzIz cos 32 = aﬁllx

(47

For 8, = 0 and 8, = m, the echo intensity is I,.,, = !/,
and -1/,, respectively, corresponding to an ENDOR
efficiency Frypor = 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 Fgnpor = 1 can be
achieved.3

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 21. Effect of the optimized mixing sequence on a proton
transition at wy/ 27 = 10.15 MHz (A3 = ws — wy) in a Cu(II)-doped
triglycine sulfate single crystal, arbitrary orientation of the crystal,
and temperature 10 K, with parameters of t%,,, = 80 ns, t/Z = 40
ns, T = 13 us, 79 = 400 ns: (a) standard mixing process (one rf
pulse with 8, = = and length ¢, = 4.5 us); (b) optimized mixing
process (two rf 7 pulses of length ¢, = 4.5 us and an additional

mw 7 pulse (t%,, = 20 ns) between the rf pulses) (adapted from
ref 35).

echo intensity to about 2/g of its value without an rf
pulse, resulting in an ENDOR efficiency Fgnpog = 0.3,
whereas the new period leads to Fgnpor = 0.75. Note,
however, that the additional mw = pulse reduces the
intrinsic echo intensity I.;,,(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 IV.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 7, resulting in the formation of blind spots for
certain 7, values (eq 40). To eliminate this drawback,
de Beer et al.l” proposed to record the echo amplitude
as a function of both the radio frequency and the time
7, between the first two mw =/2 pulses and to take the
Fourier transformation with respect to 7;. 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 at 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 r; decays
with the short phase memory time T}, the method also
suffers from poor resolution along the hyperfine axis.

3. Hyperfine-Sefective ENDOR

An rf pulse applied in a Davies-ENDOR experiment
to one of the nuclear transitions in the S =1/, I =1/,

Gemperle and Schweiger
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Figure 22. Two-dimensional proton-ENDOR spectrum of a
LayMg;(NO3),5-24H,0 single crystal doped with Mn(Il). The
Fourier transform with respect to 7, 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 jaa) <> |8a) in eq 35), but also
on transition (af8) <> |33) that is separated from tran-
sition |aa) <> |Ba) by the hyperfine coupling constant
a:

/288 FHg,  xSP FHrp

=S, I°[(1 + cos By)] = o3, (48)

The result is opposite in sign to the one obtained by
observing transition |aa) <> |3a) (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:

Igho(Bz) = (3 + cos By) 49

For an rf pulse with flip angle 8, = =, the side-hole
intensity changes from I*%,,(0) = !/, (no side hole) to
e (r) = !/,, compared to It(0) = -1/, and Iigj,,(m)
= 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 wy; 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,3® 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-

1
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Figure 23. Schematic stack plot illustrating the disentangling of subsystem spectra (two I = !/,, two I = 1, and one I = 3/, 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. Pulse sequences for hyperfine-selective ENDOR: (a)
pulse sequence with a field jump AB, and (b) 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, AB, = ah /g.8, or by a
corresponding change of the mw frequency, Aw,, = @
(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.®® A discrimination between the two types of
nuclei is hardly possible from this spectrum. The hy-
perfine-selective ENDOR spectrum in Figure 25b has
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Figure 25. ENDOR spectra of Cu(II)picolinate diluted in a single
crystal of the corresponding 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 (b) 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 AB, of 1.1 mT corre-
sponding to a hyperfine splitting a/2= = 31.1 MHz.
The resulting spectrum consists of a four-line pattern
typical for a I = 1 nucleus, Figure le (or as in the
present example, of two equivalent nitrogen nuclei with
unresolved second-order splitting, Figure 1f). The in-
tensity variations are traced back to the partial reso-
lution of the hyperfine structure in the ESR spectrum
(Finh < a).

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 B 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
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Figure 26. Single-crystal ENDOR spectra of the malonic acid
radical, temperature 85 K: (a) Davies-ENDOR, (b) frequency-
jump hyperfine-selective ENDOR of the a-proton (frequency jump
Awpy/ 27 = 38.6 MHz), and (c) frequency-jump hyperfine-selective
ENDOR of one of the carboxyl protons (Awy,/27 = 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 26¢ is
obtained with a frequency jump of Awg,/27 = 5.17
MH2z 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.”? Later, the
technique has also been used to separate overlapping
ENDOR spectra,*’ to improve the orientation selec-
tivity in disordered systems,” and to enhance the res-
olution in liquids.”%™

In the pulsed version of triple resonance, the mixing
period consists of two rf = pulses separated in time by
AT (Figure 27).457 The first rf pulse with fixed fre-
quency w,p is on-resonance with a nuclear transition,
while the second rf field with frequency w,q is swept
through the ENDOR spectrum. The population in-
version of a particular nuclear transition caused by rf2
in one of the two mg 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.
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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 fora S =1/, I, =1/, I, =1/,
spin system with hyperfine couplings a,,a, > 0, [a,/2], |a;/2| <
|y, and corresponding ENDOR and triple resonance spectra: (a)
(left) ENDOR experiment (populations after the selective mw
pulse on-resonance with transition |aaa) <> |Baa)); (right) triple
resonance experiment (populations after the first rf pulse on-
resonance with nuclear transition |aaa) < |a8a)); (b) (top) EN-
DOR spectrum, (middle) triple resonance spectrum, and (bottom)
difference triple spectrum.

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/,, I = 1/,, I, = 1/, with hyperfine
couplings a; > a, > 0 and |a,/2}, lag/2} < jwl.

The selective mw preparation pulse inverts the elec-
tron spin polarization of transition |aaa) < |Baa)
(Figure 28a, left), resulting in an echo intensity 1.4, =
-1/, at the end of the detection sequence. The ENDOR
spectrum shown in Figure 28b (top) is obtained by
sweeping w,; through the ENDOR spectral range and
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Figure 29. Single-crystal ENDOR and difference triple spectra
of the malonic acid radical at room temperature: (a) Davies-
ENDOR spectrum; (b) difference triple spectrum, fixed radio
frequency wy,/ 27 on-resonance with the transition at 7.5 MHz
(indicated by an arrow), AT = 0; and (c) difference triple spectrum,
fixed radio frequency w. /27 on-resonance with the transition
gt )14 MHz (indicated by an arrow), AT = 0 (adapted from ref
5).

consists of two transitions at frequencies |a;/2 + w/] (1)
and |ay/2 + wj (2) in the mg = !/, manifold, and two
transitions at frequencies |a,/2 - w;} (3) and |a,/2 - wj
(4) in the mg = -1/, manifold. In the triple resonance
experiment, on the other hand, the first rf pulse with
frequency w,y inverts the nuclear spin polarization
between the levels |eaa) and |aBa) 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
if field with frequency wy; 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 wyy, (level jaaa) in Figure 28a). Thus,
all transitions observed in a difference triple spectrum
belong to the same mg 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 |w,| as the one
excited by wygy, 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.’”> In the
Davies-ENDOR spectrum in Figure 29a, the six prom-
inent lines can be assigned to three protons with hy-
perfine coupling constants A;, A,, and A;. The differ-
ence triple spectrum in Figure 29b has been recorded
with a fixed radiofrequency w,p/27 = 7.5 MHz. Three
negative going peaks are obsereved, namely the refer-
ence peak at 7.5 MHz, the low-frequency peak of A,,
and the high-frequency peak of A;. Since A, is negative
for theoretical reasons,’® all observed peaks belong to
the mg = -1/, manifold. It then immediately follows
from the triple spectrum that A, 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.” Figure 29¢ shows the corresponding
transitions in the mg = 1/, manifold obtained with w.g
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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 ¢ of the first 1f /2 pulse.

set at 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-
lyacetylene.3?

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 connectivities.”

5. ESR-Detected Nuclear Transient Nutations and
Multiple Quantumm 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 3y = w. 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 as;}, in eq 34 is re-
arranged to give

o%el = 81, cos By - S°I, sin B8, - SPI,  (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 |aa) < |aB) oscillate with frequency w,. The
polarization of the other nuclear transition, |[3a) <> |38),
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),3 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).3* To prove the equivalency of these two
approaches, we first consider a selective rf pulse with
arbitrary phase ¢ defined as the displacement from the
x axis toward the y axis:

B28°1, = B5(S°I, cos ¢ + S°I, sin ¢) (51)
This corresponds to a rotation with angle —¢ around the

z axis followed by a 3, rotation around x and a ¢ ro-
tation around 2.7 The selective rf pulse in eq 51 can
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therefore be expressed as a series of three rotations
(XII):

8,571, -8, BSI,  oS°,
o — e —, (52)

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

sel
T prep

BaS°I,
= 28,1, = S°I, - SfI, —— S°I, cos B, — SPI, +
Sel, sin ¢ sin B, — S°I, cos ¢ sin B, (53)

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 |aa) <> |Ba) is calculated to be

ol = S,I°[Y%(1 + cos By)] (54)

a result that is independent on ¢ 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
¢ = 0 transfers the nuclear coherence along y created
by the first half of the mixing period (last term in eq
53) to observable polarization

BaSel,

-5l cos ¢ sin 3,
Sa12[0032 (ﬁz) ~ 8in? (62) Ccos 05] - Sﬂ]z = J?‘I‘Ie!x (55)

If again only the polarization of transition |aa) <> |Ga)
is considered, eq 55 reduces to

a%l = S, I°[%[1 + cos? (8,) —sin? (B,) cos ¢]] (56)

It is evident from eq 54 and 56, that both experiments
become equivalent, if in the first scheme the flip angle
B, is varied [*/5(1 + cos 35)] and in the second scheme,
with 3, = 7/2, the phase ¢ is incremented [!/,(1 - cos
#)]. 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 26, = 7. It is interesting to note that in the
latter experiment, 3, has no influence on the oscillation
frequency; a deviation of 8, from the optimum value 3,
= /2 simply reduces the amplitude of the oscillation.

In the two approaches described above, either the flip
angle 3, or the phase angle ¢ 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.3*’® 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 = 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 B, = 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
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Figure 31. Pulse schemes for extended-time detection of nuclear
transient nutations: (a) preparation and detection mw pulses are
separated in time and (b) weak mw irradiation is used for both
creation and indirect detection of nuclear spin polarization.

Figure 32. Nuclear transient nutation patterns of a copper-
ENDOR transition in a Cu(II)-doped Mg(NH,),(SO,)»6H,0 single
crystal; w,/27 = 18.8 MHz; time axis, 2 us per div; temperature
10 K: (a) detected with scheme a of Figure 31 (B; = 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 < 0), as well as indirectly to detect the
oscillating nuclear polarization during application of the
rf pulse (¢ > 0). Obviously, this experiment is not op-
timum, since for ¢ < 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,3*7 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/, described by the rotating frame Hamiltonian
given in eq 15 (@, = a,). Application of a selective mw
= pulse to the equilibrium state generates terms of the
form

=S, Ielg
_Sz - Szv 2Slezv 28212, 4SlezI2z (57)

The first three terms have already been described be-
fore. The term 48S.,1,,I,, on which we will concentrate
in the following, represents longitudinal three-spin or-
der. A selective rf pulse of phase ¢ applied in the mg
=1/, manifold of the electron spin generates terms of
the form®®

B(SeL,, +S°1y)

48,111y, = 28°1,,1,, - 2SBIlth
282,15, cos? (8,), 282,15, sin® (8,) cos? ¢ (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 8, and ¢ = 0 (Figure
30a), the three-spin order term

28°1,,15,[Y5[1 + cos (28,)]] = o2, (59)

introduces an additional oscillation with frequency 2w,
(285 = 2wsty).

In the experiment with variable phase ¢ and 8, = 7/2
(Figure 30b), the second rf pulse with ¢ = 0 transfers
the nuclear two-spin coherence in eq 58 back to three-
spin order:

(x/D(ST,+ STy
28°I},1,, cos? p ————

28°1,1,,[%[1 + cos (2¢)]1= o3¢, (60)

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

The experiment with the variable phase angle ¢ is
called multiple quantum ENDOR,® since nuclear
multiple quantum coherence is created and transferred
during the mixing period. The term 2I,,I,,, 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.%®

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.
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Figure 33. Computed nuclear transient nutation patterns for
n =1, 2, and 3 equivalent [ = 1/, nuclei together with the cor-
responding Fourier coefficients ¢ (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.3* For two equivalent I
=1/, nuclei, for example, the echo intensity is given by

Iecho = 1/16[9 + 4 cos (62) + 3 cos (28,)] (61)

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

An experimental verification forn =landn =2is
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,” and only a single quantum transition resulting
in a sinusoidal oscillation at the fundamental frequency
ws 18 observed for each ENDOR line (Figure 34a). In
the corresponding copper aquo complex the 12 water
protons are magnetically equivalent in pairs.® All
ENDOR lines of these water protons therefore exhibit
a modulation consisting of the fundamental frequency
wy and the first harmonic 2w, 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.®® In this
approach, the number of multiple quantum transitions
that may be excited by the rf pulse within a range of
+w, around the radio frequency w, is used as a measure
for the hyperfine spectral density. An illustrative ex-
ample on solitons in polyacetylene with w close to the
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a
10 ™

brf
Figure 34. Experimental nuclear transient nutation pattern of
protons in VO(IV)- and Cu(Il)-doped Mg(INH,),(SO,)»6H,0 single
crystals, arbitrary orientation of the crystals, temperature 10 K:
(a) one proton in VO(H,0)**, wy/27 = 19.2 MHz, and (b) two
magnetically equivalent protons in Cu(H,0)¢?*, wy/27 = 15.9 MHz
(adapted from ref 34).
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Figure 35. Multiple-quantum ENDOR response of the poly-
acetylene radical: (a) echo signal intensity as a function of the

phase angle ¢ and (b) Fourier transformation of a (adapted from
ref 47).

nuclear Zeeman frequency of the protons and w,/2r =
250 kHz in shown in Figure 35. The echo intensity is
recorded as a function of the phase angle ¢ with phase
increments of A¢ = 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 8w,.

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-
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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 today,>* 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 wy of the rf pulse is varied step by step. We
have demonstrated in section IV.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.?” 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 selective?” as well as with nonselec-
tive mw pulses®? (Figure 36). In both schemes, the
mixing period consists of two rf /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  pulse acting on ESR transition |aa) <
|8a), the density operator is again described by the
two-spin order term 28,1, (eq 30). The first nonselective
rf /2 pulse with phase angle ¢ = 0 creates the nuclear
coherence (IX)

(x/2)I,
98,1, — 2% 98,1, ©62)

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

-28,1, e, -28,1, cos (Q;t) cos [(a/2)t] +
28,1, sin (;t) cos [(a/2)t] +
I, sin (Qt) sin [(a/2)t] + I, cos (Qt) sin [(a/2)t]
(63)
Equation 63 describes the free induction decay (FID)

of the nuclear spin with the two frequencies A, = |(a/2)
+ Q]l = Wy T Wi and Aﬂ = |(a/2) - Qll = Wg — Wyt (See
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below). The first two terms represent antiphase nuclear
spin coherence that is not directly observable. The last
two terms describing nuclear spin coherence along the
¥ 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
7/2 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,1,, cos (T cos [(a/2)T] +

1, sin (@,T) sin [(a/2)T]
=(8,1% = S,I*) [hlcos (A,T) + cos (A,T]] -
L[¥lcos (8,T) - cos (A,TH]1 = o38l; (64)

The detection sequence with mw pulses again selec-
tively acting on transition jaa) <> |a) creates from the
S.I* term a two-pulse echo at time T + 27, (eq 35):

0% = =S,I*[Yslcos (A, T) + cos (AsTH]] (85)
with the relative echo intensity
1%, = Yalcos (A, T + cos (AgT"] (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 w,, 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):

Il = Ylsin (A,T) - sin (AT)] (67)

The ENDOR spectrum with positive and negative fre-
quencies with respect to w, 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
=1/, nuclei the first rf pulse creates the nuclear two-
spin coherence 4S,1,,1,, (eq 58). This two-spin coher-
ence is manifested in the ENDOR spectrum by the two
frequencies A? = (wy; + wo2) — 2wy and AP = (wg +
Wpg) — 2we.

Experimentally, the rf pulse can cover a spectral
width of up to about wy/27 = 1 MHz.#"424 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/, nucleus, the FID contains at best one oscillation
frequency, except for hyperfine couplings a < w,, where
both frequencies can be excited by using a proper set-
ting of w,. 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, w,; has to be
shifted in segments across the total spectral width.
Experimental results obtained on the malonic acid
radical recorded with rf increments of Awy/27 =1 MHz

(x/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 w, 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).*® 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 7 /2 pulse may be refocused by
an rf w-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 =/2 pulse.?
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 polarizations.1%?® 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 =1/, I =1/, spin system the (single quantum)
electron spin coherence is assumed to be of the form
S, 1% (transition jaa) <> |8a)). The selective rf pulse
with flip angle 8, on-resonance with transition jaa) <>
laB) transforms this coherence to

510 Sk
SyIa Ccos (32/2) - [1/2(2SxIx + 2Sy1y) sin (32/2)] (68)
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Figure 38. Transfer of electron spin coherence by a selective and
a nonselective rf pulse of flip angle 3, = = and 2, selective rf pulse
on-resonance with nuclear transition |aa) < [a8): (a) selective
mw pulse on-resonance with ESR transition |aa) < |3«) and (b)
nonselective mw pulse.

It is essential to note that in eq 68 the flip angle 3,
appears to be halved after the transfer.”® In the explicit
computation of this expression, we made use of the
transcriptions (XIII, XIV):

B2, Bo/DI, By D28,
= - (69a)

and

Ba/2284, ~x/DI, (G228,  (x/2,

= (69b)

The transfer of coherence for flip angles 8, = = and 2=
is shown in Figure 38a. For 8, = , the density operator
in eq 68 is represented by the pure zero quantum co-
herence 1/,(2S,I, + 2S,1,), which is not observable and
also not affected by the refocusing mw = pulse. Thus,
an rf pulse with flip angle 8, = = causes a full decay of
the electron spin echo intensity (ENDOR efficiency
Fenpor = 0.5). For 8, = 27, the single quantum co-
herence of transition |aa) <> |8a) changes sign, -S,I¢,
and correspondingly, also the echo generated by a se-
lective mw 7 pulse applied on this transition will change
sign, resulting in an ENDOR efficiency Fgnpor = 1. For
B, = 4 the phase factor returns to its original value.
The sign change of the wave function after a 2« rotation
and the corresponding 4= rotational symmetry is called
spinor behavior and follows from basic quantum me-
chanics of spin 1/, particles.’! 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

I, = Y, cos (8,/2) (70)

For the calculation of %, 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) shift®
of the ESR transition. This undesired effect shifts the
resonance frequency of the electron spin by

wps = —v¢(B}/By) (71)
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Figure 39. Pulse schemes for coherence transfer ENDOR. The
labels x and y relate to the corresponding phase of the rf pulse:
(a) rf pulse applied during the first r-interval only, (b) rf pulse
applied during both r-intervals, and (c) as in b but with a phase
change during the rf pulses.
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Figure 40. Coherence transfer ENDOR spectrum of the tri-
tert-butyl phenoxyl radical in mineral oil at room temperature:
concentration, 10 M; mw pulse lengths, t%/2 = 150 ns, ¢%,, = 300
ns; 7 = 950 ns; rf power (tuned), 50 W (adapted from ref 42).

and causes for an rf pulse of duration 7 a phase shift
wpgT of the electron spin echo. Since the field strength
B, 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 = pulse (Figure 39b).2 In this scheme, the
dependence of the echo intensity on the rf flip angle is
found to be

I, = Y% cos? (8,/2) (72)

resulting in a maximum ENDOR efficiency for 8, = =
of only FENDOR = (.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 B, = 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 T, = 1.1 us that de-
mands for a correspondingly short time interval r be-
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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 7 interval (the broad feature observed in addition to the
ENDOR line at 43 MHz is caused by the Bloch-Siegert shift),
(b) two rf pulses applied symmetrically to the mw = 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 B, which modulates
the electron Zeeman frequency. This oscillations of the
electron spin phase are particularly disturbing at low
radio frequencies.%

The spinor effect that is eliminated by the symme-
trization of the rf pulse sequence can, at least in prin-
ciple, be recovered by the more sophisticated pulse
scheme shown in Figure 39¢.2® For this sequence with
90° phase shifts during the rf pulses, the echo intensity
is calculated to be

1%, = Y[l + 2 cos (B,/2) - cos? (B,/2)] (73)

For an rf flip angle of 8, = 2x, the spinor behavior is
fully reestablished (Fgnpor = 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
= pulse (Figure 41, parts b and c), this “contamination”
is clearly avoided. With the phase-shifted spinor se-
quence the ENDOR efficiency is found to be larger than
0.5; however for technical reasons (rf field inhomog-
eneity), the theoretical limit is not fully achieved.?®

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 8, = =, for example, transfers the single
quantum electron spin coherence S, to both, pure zero
and double quantum electron spin coherence, whereas
for B, = 2m, 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
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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.

VI. 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 (28S,l,,
48.1,,1,,,...). 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 Mims® and Davies!?® 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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