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A formalism for computing 2D ESR lineshapes with nuclear modulation is developed
in a form which is useful for planning phase cycles for particular purposes. A simple
method of processing spectra, utilizing quadrature detection, is shown to enhance the
selectivity of the phase cycling techniques. Computed ESR-COSY, ESR-SECSY, and 2D
ELDOR lineshapes are presented for several kinds of polycrystalline and single-crystal
samples which exhibit nuclear modulation, due to one or several nuclei. The two-dimen-
sional methods are found to give more detailed structural information than the corre-
sponding ESEEM spectra. New phase cycles are found to eliminate completely all trans-
verse and axial peaks in 2D ELDOR and in ESR-COSY, and at the same time eliminate
all artifacts arising from incomplete image rejection. Other phase cycles are presented for
selecting in those experiments only axial peaks, for measuring 7', . It is also shown how
selective phase cycles may help to distinguish between coherent and exchange cross
peaks. In the special case of nitroxides in typical Zeeman fields, there are no significant
nuclear modulation effects from the YN nuclear spin interaction, but those from the
protons (or deuterons) will, in general, be significant.  © 1990 Academic Press, Inc.

It has been known for a long time that hyperfine interactions can be investigated via
the so-called “nuclear modulation™ which they induce in electron spin-echo envelope
lineshapes (/-7). The magnitude of this modulation is appreciable if the hyperfine
coupling of nuclei to the unpaired electron is similar in magnitude to the Zeeman
frequency of these nuclei. The details of the modulation depend on the nuclei in-
volved (8, 9) and their arrangement relative to the electron (/0). This has been used
to investigate structural properties, such as the environment of ions and radicals in
single crystals and in disordered systems (7, 11).

Traditionally such investigations have been carried out mainly with the spin-echo
experiment or the stimulated spin-echo experiment (2, 7). In a recent work, phase
cycling was used to eliminate certain artifacts from the stimulated echo experiment
(12). Moreover, 2D FT versions of the stimulated echo sequence (/3) and of more
general pulse sequences (/4) have been developed, which yield more accurate and
more general structural information than the one-dimensional experiments. These
experiments, however, were limited to a narrow bandwidth. At the same time new
pulsed ESR techniques which are capable of broadband coverage appropriate for
nitroxides have been developed and have consequently been used for various applica-
tions (15-23). The purpose of the present work is to explore the potential of these
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techniques of two-dimensional ESR (2D ESR) for systems which exhibit nuclear
modulation.

We start with general formulas for the lineshapes in sequences of two, three, and
four pulses, including phenomenological relaxation terms. The expressions clearly
distinguish different types of contributions to the spectrum. The effect of various
kinds of stochastic processes is then briefly considered. It is shown directly that for
N-site exchange it is impossible to separate the coherent from incoherent cross peaks
by means of phase cycling, and then the same conclusion is reached for other kinds
of exchange as well.

It is then shown how to design phase cycles which cancel particular parts of the
spectrum for the ESR-COSY and ESR-SECSY pulse sequences. In particular we
show how to simultaneously eliminate axial peaks and effects of incomplete image
rejection, in order to focus on the interesting parts of the spectrum, which contain
important information on the nuclear modulation. We also show how to retain only
axial peaks for measuring T',. It is shown that quadrature detection enables one to
enhance the selectivity of phase cycling by a simple method of spectral processing.
Both the various phase cycles and the new way of spectral processing can be applied,
of course, also to heteronuclear NMR. Several computed lineshapes for ESR-COSY
and ESR-SECSY are then presented, demonstrating the kinds of information that can
be obtained with these techniques in systems with significant nuclear modulation. It
is evident, both from the single crystal spectra and from the polycrystalline spectra,
that when nuclear modulation gives rise to spectra which contain nontrivial informa-
tion on molecular structure, the 2D techniques give more detailed information on
the structure of the sample.

We then treat in a similar way the 2D ELDOR sequence and some of its variants,
including the addition of a refocusing = pulse, on systems with nuclear modulation,
and simulated lineshapes are presented. The results show the potential of the method
for investigating structure, and also demonstrate the potential of some new phase
cycles together with the new way of data processing. In particular it is shown how
simple data processing after the collection of the phase cycled signals can be used to
facilitate the distinction between coherent cross peaks, resulting from nuclear modu-
lation, and exchange cross peaks. A short summary and a discussion are finally given.

GENERAL FORMALISM

Calculation for the rigid limit. In order to calculate the ESR signal one has to follow
the evolution of the density matrix p, governed by the equation (in angular frequency
units) (23-25):

4y —~ite (1), o1~ T — (1), 0
The difference between the time-dependent density matrix and the equilibrium den-
sity matrix pg is denoted as x(¢) = p(1) — po, # (¢) is the spin Hamiltonian, and T is
a relaxation superoperator. i

The relevant Hamiltonian between pulses is the internal Hamiltonian 3. In the
present calculations we assume for convenience that the anisotropic part of the g
tensor is axially symmetric. Therefore 5, is, in the rotating frame,
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Hon = Hy + H, [2]
where, in angular frequency units,
'ykozgﬁ—;tligsz_zwnilzi_veza_iszlzi [3]

includes the Zeeman terms and the isotropic hyperfine couplings, and

= FDI( S, — 7. 5 D,{ Do(Q)S. I,

- M%(@%,lm,-)szui—@3,_.(9,-)&1_0} [4]

includes the anisotropic parts of the g and hyperfine tensors. In these equations g is
the isotropic part of the g tensor, w,; is the nuclear Larmor frequency for nucleus i, Q
denotes the Euler angles which describe the orientation of the g tensor with respect
to the static magnetic field, whereas Q; denotes the orientations of the electron-nuclear
vectors with respect to the magnetic field. The following definitions are used:

_ 1 2
a; = 5 (A",- +2A4,,), D;= 'j (Alli —Au)

IBeHO
h

For nuclei with I = |, the internal Hamiltonian includes, in general, also a quadru-
pole term, given for the ith nucleus by

Hyi= DaD3o(Q)UI% — LI + 1)), (6]

2
Fzg(gu—gl) . (5]

where (26)

3e’qQ;

O 4L2L- D) (7}

As is often assumed, the quadrupolar term will be regarded here for convenience as
only a small perturbation in the internal Hamiltonian.

For a polycrystalline sample the signal has to be averaged over orientations. If slow
rotational diffusion is present, the calculation procedure is more involved (23, 25,
27, 28), but most of our considerations in the present work assume the rigid limit.

The microwave pulses are assumed for simplicity to be sufficiently strong, so that
the irradiation Hamiltonian satisfies the requirement e » #,, — 2(8.Hy/ % )S,. Thus
during each pulse the Hamiltonian can be approximated as

H =~ & = w (Sccos(¢) + S,sin(¢)). [8]

Here ¢ is the phase of the pulse, and its tipping angle is § = w?,, where 1, is the
duration of the pulse.

A phenomenological relaxation model is assumed here, with angle-independent
T, and T’,. Relaxation during pulses is neglected. Free evolution is then described by
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d o ,
zl—tx(l)=—l[=7fim, x(1)] —Tx(1)=T"x(1), {91
where, in the basis of ,}’fﬁm,

. 1 1
F;‘j,k/ = 6ik6j1(_'lwii - aij T - ( 1 - 6,:,') T) [10]
1 2

with w; the transition frequency. Equation [9] is readily solved by
x(to + 1), = eX'x(to)y, {11]

where A; = T'; ;. During each pulse, the density matrix evolves according to
2 (1) = =ile l0)] [12]
i = —i[e,
di p o

which leads to (29)
P( i+ lp) - e-i(pSze—i(ineid)Szp( lo)evi‘bS:eiﬂS(ei‘bS: [l}]

using the standard phase convention (24).

Equations [11] and [13] can be used for the respective parts of the pulse sequence.
The expressions are somewhat simplified by the fact that ¢’*S: commutes with T, even
if some relaxation processes are present ( 30), since we neglect nonsecular terms; this
will be considered below in greater detail. Perfect spectral coverage is assumed here
for simplicity. If the spectrum is not uniformly irradiated (as is often the case) the
spectra may be corrected by the method explained by Gorcester and Freed (19).

In order to analyze the lineshape by its components one has to separate terms
which differ in their dependence on the pulse phases, and work in the basis of the
internal Hamiltonian. We can discuss both objectives on the basis of Mims’ represen-
tation of such operators, which was originally used for cases with nuclear modulation
but with zero phases and standard tipping angles of the pulses (2, §).

For one electron with spin S = } interacting with one or more nuclei, the relevant
Hilbert space is a tensor product of the Hilbert spaces of the electronic spin and the
nuclear spins, so the matrix of each operator in the | S.1.) basis is composed of four
submatrices. Each of the submatrices can be regarded as operating in a reduced Hil-
bert space, defined just by the nuclear spin functions. An element of a submatrix
between states |k ), |/) of the full Hilbert space can thus be regarded as an element
between the corresponding states |k'), |/} of the reduced Hilbert space. If the free
Hamiltonian #,, is diagonalized by

T: 0O\/H, O\/T, O E, 0
(o mlls alle =705 e 04

o Ti)\o R,/\0 T, 0 E,
(where o and 3 refer to the S, = } and —} subspaces, respectively), then we define M
= T1T;. Choosing an initial condition of py oc S,, which corresponds to the high-

temperature approximation for equilibrium, the ESR signal of a two-pulse sequence.
described schematically as (8, ¢, )—7,—(6,, ¢»)— 72, depends upon
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<Sx + l’Sy>(2) - a(IZ)a(lZ) + a(22)a(22) + agz)ag2) + ﬁ(lz)b(lz) [15]
The premultiplying factors in this sum are equal to

(a) a'? = — Zj eisin(8,)(1 + cos(6))

(b) & = i e2(1 — cos(8,))sin(8,)

[\

(c) ai? = ﬁ ¢"2%-90sin(8,)(1 — cos(6,))

(d) B = z'e"’*zsm(oz) [16]

In the next section, each of these prefactors will appear in a more general form, appro-
priate when phase cycling is performed. The time-dependent terms in the signal are

(a) ai” = 3 ehneht | My |
i
(b) a(22) — e—-rl/Tl z e)\ji72| Mi’j’|2
i
(c)af’=3e ”Tzex""‘M'/M'k'Mk r My
ikl
(d) b = 3 &N | My |2, [17]
ij
In these summations the indices #, k denote states with m = S, =  and j, / denote
states with m = —1i. The primes indicate that M operates only on the nuclear spins,
being defined only in the restricted, d; -dimensional space of the nuclear spin func-
tions. The basis states chosen for the full space are those which diagonalize J#,,,
which are products of electronic spin functions and nuclear spin functions. They are
assumed to be ordered in the way implied by Eq. [14], so the indices of states in the
restricted (nuclear) space, which are indicated by primes, are related to the indices
in the full Hilbert space by

i'=i, Kk'=k, j=j—-d, [I'=sl-d, [18]

where d is the dimension of the restricted Hilbert space, which is 27 + 1 for a single
nucleus. The time intervals 7, 7, are not necessarily identical with the two indepen-
dent time variables in the experiment, which are denoted as ¢;, ¢,. For example, in
ESR-COSY 7, =f;and 7, = t, but in ESR-SECSY 7, = fiand 7, = ¢, + £,.

It was shown by Mims that when several nuclei interact with the electron, the signal
is a product of the individual signals that would be obtained if each of the nuclei were
the only nucleus to interact with the electron (2). This is because M s a direct product
of appropriate matrices. In our case, this rule applies separately to each of the summa-
tions in Eq. [17], and not to the whole signal such as in Eq. [15] (as noted in a more
restricted context by Dikanov et al. (8)). Thus, each of these summations has to be
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TABLE 1

Coherence Orders in a Two-Pulse Sequence

aAm(ry)

-1 0 1

A| Az,Bl AJ

calculated for the system electron—nucleus for each of the nuclei, and then, for exam-
ple, the product

at” =T ail}. [19]
J

with the index j running over the nuclei, replaces the simple term for a‘lz’ , and the
same is done for the other terms. In this product, the term a‘f} contains the informa-
tion about the orientation of the electron-nucleus j vector with respect to the molecu-
lar coordinate system. The form of Eq. [15] is also convenient for a second reason. If
a phase cycle is applied, we do not have to calculate the whole signal repeatedly-—
only the prefactors have to be summed over, as will be done in the following sections.
Table 1 characterizes the individual summations in Eq. [17] by the quantum order
of the transitions which each of them involves in the first time period. Since the mea-
sured signal involves transitions with m; — m; = —1, the Fourier transformed trans-
verse interference term A, = o4, includes in ESR-COSY only autopeaks on the “pos-
itive diagonal” (@, = w,). On the other hand, the “echo term” 4; = asa; includes
peaks on the “negative diagonal” (w; = — w,) as well as an array of cross peaks which
is symmetrical around the negative diagonal. Each frequency w;; = —Im(X;;) (in the
w, domain ) has cross peaks with —w (in @, domain) for all wy. The sum of B, = 8,5,
and 4, = a,a, represents longitudinal magnetization which relaxed back from the x—
y plane to the z direction during the first time interval, 7,, and was then rotated by
the second pulse into the transverse plane. In the doubly Fourier transformed two-

dimensional spectrum determined by

(S e) = [ dn [ die e (S0 1) [20]
0 0

these two terms will give rise to axial peaks, on the w; = 0 axis. In a polycrystalline
sample, the signal in Eq. [20] has to be averaged over all orientations of a molecule-
fixed coordinate system with respect to the laboratory coordinate system, defined by
the direction of the static magnetic field and the direction of microwave irradiation.
If the second time interval, 7,, is not varied independently of 7, the directions of
the axes and diagonals will of course be changed. For example, in ESR-SECSY, in
which 7, = 1, and 7, = 1, + 1, (¢, and ¢, are varied independently), the line of the 4,
peaks is rotated to the line w, = 2w, the line of the axial peaks is rotated to the positive
diagonal, and the array of peaks of A3 is rotated to the w; = 0 axis. This means that
the A5 term is the one responsible for the echo, if we do the echo experiment with 7,
= 7., and inhomogeneous broadening occurs. The frequencies and line intensities
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TABLE 2

Coherence Orders in a Three-Pulse Sequence

am(ry)
Am(r,) -1 0 1
-1 4, 4y, B, A3
0 Ay As, By, C, As
1 A, Ag, B3 Ay

derived in that case from a( > are the same as in Mims’ formulas for the spin-echo

modulation (2). The frequency doubling along the w, axis results from our definition
of ¢,, which corresponds to the convention in electron spin-echo experiments. The
apparent doubling is avoided if one defines 7, = ¢,/2, 7, = t,/2 + t,, as is commonly
done in NMR (24). Unlike in ESR-COSY, here the off-diagonal peaks for each w;;
(in the w, domain) are with w;; — wy (in the w, domain ) for all w.

If the sequence consists of three pulses, schematically given as (6, ¢,)—7,—(4,,
¢2)—T1,—(03, $3)— 73, the signal is

9
<Sx+ iSy>(3): z (3) (3) + z 6§3)b(3) (3)C(13). [21]
j=1 j=1
The prefactors and the time-dependent sums are listed in the Appendix. We present
here only the two summations that are important in 2D ELDOR:

al) = 3 eNm(eir e + M2 eNT Y My M b Moy MYy
ikl

al’ = 3 eNirs(eNmeMt + eMir2eMr) M, M o My M [22]
ikl

The transverse terms are, in the present notation, A,, 47, A3, and A4,. It should be
noted that, unlike in the absence of nuclear modulation, most of the transverse terms
(4,7, As, and Ay) include off-diagonal peaks, interfering with those of the “2D
ELDOR terms” 44 and 4¢. Only 4, does not have any cross peaks. The axialz terms
are in the present notation A, + B, and 4; + B3, while As, B,, and C| are the axial,,
terms. All these components of the three-pulse ESR lineshape are discussed below in
detail for the 2D ELDOR sequence.

Asin the two-pulse case, there are two independent time variables, which are Fou-
rier transformed. These are often, but not always, identical with 7, and ;. The addi-
tional time interval in the three-pulse case is regarded as a parameter, but could be
utilized in a 3D technique.

As seen previously, if more than one nucleus i lS resent one has to take the appro-
priate products for each of the 13 summations a? FN b- , ¢ : separately, while phase
cycles involve only the prefactors. Table 2 characterlzes each of the components of
the signal by the quantum order of the related transitions during the first two time
intervals. On Fourier transforming the signal, 4,, A4, and A, create peaks on and
symmetrically around the positive diagonal, A3, 4¢, and A generate peaks on and
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symmetrically around the negative diagonal, and all other terms generate axial peaks.
If one measures just the echo for 73 = 7, the term which is observed (in the presence
of inhomogeneous broadening) is A¢, which is in this case the same as the expression
given by Mims for the stimulated echo experiment ( 2). The axial term Ag + B, is the
corresponding echo term for 73 = 7,.

In some cases one may be interested in adding a fourth, refocusing, pulse to avoid
dead-time problems. It is therefore important to know how the refocused spectrum
is related to the ordinary 2D ELDOR spectrum. The four-pulse lineshape is generally
given by the expression

(Se+iS,) D = 3 (8, + iS,)jelimse am ) S el (Y 1y L (Va)pka' s [23]
i ki
where p{®) is the density matrix just before the fourth pulse and V, = ¢, If the
fourth pulse has a tipping angle of 7, then the 1mportant terms in the lineshape are
gf{” > elirsersT3(eMm et 4 eMT2 M DM, M M,,\ ML, My M

ijklrs

= 3 eNraer(eM2eM 1 + MM M My My My My MY [24)

jkirs

(4>

In the three-pulse sequence, 4, included for each frequency w;; only cross peaks
with frequencies w;; or wy;, i.e., frequencies which had one level in common with it.
After the refocusing pulse, cross peaks appear with frequencies w,;, or w;,, which do
not necessarily have any level in common with w;;. In Ag, on the other hand, a full
array of cross peaks existed already after three pulses, so the fourth pulse is not ex-
pected to significantly affect the form of this part of the spectrum. This different be-
havior of the two spectral terms is manifested in simulated results presented below.

Calculation with stochastic processes. So far relaxation has been included only in
a phenomenological manner. In practice one is often concerned with nontrivial
effects of relaxation processes. In one type of stochastic process the spin probe has N
different sites, differing by their spin Hamiltonians (23, 3/-34), and a random ex-
change process transfers spins between the different sites (23, 25). Another type is
rotational diffusion, isotropic or anisotropic, which involves a continuous range of
orientations with respect to the magnetic field, which are the “sites” in this case (23,
25, 27). In both types of processes, the m value of the electronic spin functions is
unaffected by the random exchange or diffusion. In Heisenberg exchange, the total
S, value of the two electrons is unaffected by the process, so the same situation holds
(35, 36). We shall outline here the way in which the lineshape calculation is modified
when stochastic processes are included. In particular we shall show that one cannot
separate coherent from incoherent cross peaks without resorting to methods which
involve either many repetitions of the basic experiment with random changes in the
mixing time or decreasing the resolution (37).

In each of these cases, the superoperator I’ of Eq. [9] may be diagonalized, so that

( ,l)yk[ z@ymne mn OmnI\/9 [25]

mn

where A, = A,nms are the eigenvalues of I', and the columns of © are the eigenvec-
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tors of I. In general, this expansion of the time-dependent exponents implies the
appearance of exchange cross peaks. Of particular interest are the 4, term for ESR-
COSY and 4, for 2D ELDOR, the only terms in the respective spectra which lead
just to autopeaks in the absence of exchange.

Consider first the case of N-site jumps. In that case, the equation of motion for the
density matrix is (omitting 7', T, terms which could result from other relaxation
processes) (38)

d o et .
200 = i[p?, HO] - BTy, [26]

L

For the simple case of N = 2, the jump matrix is given by (25)

l —
:%(——1 11)' 271

The relevant Liouville space for N-site exchange is a direct sum of the Liouville spaces
of the N individual sites (39, 40). Its basis states may be denoted as |i™)(j ™|, where
n is the site index and i), | j™) are basis states of the Hilbert space for site 7,
assumed to diagonalize the Hamiltonian of that site. It is convenient to order the
basis states so that for each (i, j) all n values are scanned before changing (i, j):

Ii(|)><j(1)" |i(2)><j(2)|, e Ii(N)> <j(N)|, |l~f(l)><jf(l)|’_ . [28]

Since there are 2d; X 2 d, different Liouville space vectors for each site, the superma-
trix I now consists of, 2d; X 2 d,blocks along its diagonal, each block being of dimen-
sion N X N.

The ESR signal for such a system is an average over the signal resulting from all N
sites. Since the exchange process does not change the electronic m value, I';;,; # 0
only for m; — m; = my, — my, and the same condition is required in order to have 0,
#00r0;; 7 0(30). Using these facts it is easy to show that for a two-pulse sequence:
A =- ﬁ sin(8,)(1 + cos(6)e’t > > N e T

ij mnkpr

k k, —1(n, , ~l(m,
X ME Mol e el e . [29]

JLJ JLt JJt
[For each © operator in Eq. [29], the first two subscripts are related to the first super-
script, and the last two are related to the second superscript].
For each index pair (i/), the contribution to the summation in g, is therefore
(omitting for simplicity the i, j subscripts)

S XM 0 ptNg g -1omn S g -1(np)g(pm)

mnkr /4

— z e)‘(n)-rze)\(n)flM(k)MT(r)@(k,n)e—l(n,r)' [30]

nkr

Thus even in the presence of N-site exchange, 4, has only autopeaks, so that only in
the 45 term, which includes coherent cross peaks, will exchange cross peaks also ap-
pear. Phase cycling can at most isolate a term, like 4, or 45, which has a distinct
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phase factor, but cannot extract a specific part out of such a term. It is therefore
impossible to separate coherent from incoherent cross peaks in ESR-COSY on such
an exchanging system just by means of phase cycling. The result found here applies
also to 4, of a three-pulse sequence, so that also for 2D ELDOR the desired separation
cannot be obtained for N-site exchange. As explained above, this conclusion applies
to Heisenberg exchange as well.

For rotational diffusion one has to expand the density matrix and the Hamiltonian
in eigenfunctions of the stochastic superoperator I', which are Wigner’s rotation ma-
trices (25). Equation [9] is then transformed to a similar equation for the expansion
coefficients, in which Eq. [30] could still be used, provided we truncate the infinite
set of equations at some point (25, 27). Thus the same conclusion, concerning the
absence of exchange cross peaks in A, is also valid here.

Although the two types of cross peaks cannot be separated, they can be distin-
guished by their temperature dependence and field dependence. For sufficiently low
temperatures, exchange cross peaks would have very low intensities, so that nuclear
modulation would dominate away from the main diagonal. On the other hand, a
significant change in the nuclear Zeeman terms, which can be caused by a corre-
sponding change in the static magnetic field, will have a marked effect on the intensity
of nuclear modulation. The intensity of exchange cross peaks is practically indepen-
dent of the external field, as long as the magnitude of the change in electronic Zeeman
interaction, which is affected by the jump process, is not the largest part of the internal
Hamiltonian.

In addition to these two methods, phase cycling can also be helpful in simplifying
the problem of separating coherent effects from exchange effects. As noted in the
previous subsection, in the absence of exchange the A, spectral term in 2D ELDOR
has only some off-diagonal peaks, unlike A¢ which has a full array of off-diagonal
peaks. If an exchange process is present, one may follow the same steps which led to
Eq. [29] to obtain for A,:

A= ée’(“’»‘”' #%0Dsin (6, )sin(8,)sin(6;) 3 M

(a.by \BV. o —1(b,e) ¢ (e d) N oy (rs) 2
X050 €% 730 { Ok €M 2040 e T
)

~I(s. EAPON
X O, O MEI M ML + 4 eNi 2

pi.pi

—~1(d,r) 5 (7,5) ) ~1(s,u) g g1 () 5 £(r) F(u)
X051 0jq a0V 10 My My Mg}, [31]

Thus w},b " has exchange cross peaks with o', and |, but not with frequencies
which have no index in common with it. Therefore, A4 not only has a limited array
of coherent cross peaks, but also has (at different points in the two-dimensional
spectrum ) a limited array of incoherent cross peaks. In the same manner, 4¢ has not
only a full array of coherent cross peaks, but also a full array of exchange cross peaks.
This means that if one selects the spectral term A,, in ways that will be shown here,
the spectrum will be simpler than the ordinary 2D ELDOR spectrum, and it will
therefore be easier to disentangle the exchange part from the spectrum.
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PHASE CYCLING FOR TWO-PULSE SEQUENCES

Theory. The lineshape formulas given above determine the type of peaks that are
observed in specific experiments. For example, in the spin-echo experiment, in which
6, =7/2, 6, = w, and ¢, = ¢, = O the only nonzero prefactor in Eq. [15] is ag”, SO
that only A4; is observed. Choosing 7, = 7, this is reduced to the standard version of
the spin-echo spectrum.

We shall now investigate phase-cycling effects, focusing on sequences with: 8, = 0,

= 7 /2, in which the prefactors of Eq. [16] are
a = —ieid’l’ a =—f zieicbz a}ziei(Z:»fd)l) [32]
4 27 4

(the “(2)” superscript is dropped from now on). The two axial terms can then be
combined to the familiar expression

A+ Bi=ar(ay = b) = —5 (1= e V) F i Myyl®. [33]

Selection of particular parts of the signal can be achieved in general by applying a
phase cycle to the pulses, and possibly also to the receiver (24, 41).

If the complex signal is written as g + ib, there are four ways of entering it into the

“real” and “imaginary” buffers of the register, Regz (memory address 1 or 3) and
Reg; (memory address 2 or 4): adding—Regz = a, Reg, = b; subtracting—Regz
= —q, Reg; = —b; interchanging real and imaginary parts aiter changing the sign of
b—Regr = —b, Reg; = a; or after changing the sign of a—Reg; = b, Reg,
These four operations are equivalent to multiplying the signal by f; = e’¢5< where the
receiver phase ¢ is equal to 0, w, w/2, or 37/2 (in this order), and they also corre-
spond, for example, to steps 1, 3, 4, and 2 (in this order) in each of the phase cycles
in Tables 3-5. Given a set of factors f;, a prefactor, which had the form «
= xe'"1®1*42%2) for a single-pulse sequence, becomes for the phase cycle
(k ))

(k)
o=k z el¢R el(“l¢( )+u2¢ ) = K zfel(uld’] +ﬂ2¢ [34]
k k
Specifically,
= - Zﬁe'¢3k’, kae'“"z“
= g She sl [35]

For our purpose, it is immaterial whether the “receiver factors” f; are created by
cycling the receiver phase or by manipulating the data in the computer. We shall
consider here only two simple cycles of these receiver factors, focusing on the various
phase cycles of the pulses that are useful with each of them.

In Table 3a the eight-step phase cycle used by Gorcester and Freed for ESR-COSY
is listed (19). The values of the receiver factors and the ‘“memory addresses” are
based on those given for the four-step CYCLOPS by Hoult and Richards (42), differ-
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TABLE 3
Phase Cycles for ESR-COSY
Phases Memory address*®
Phase cycle Step o, [ i 2 3 4 Eliminates
(a) 1 by X 1 2 —
2 ¥ y 2 -1 {Nonselective)
3 —X -X -1 -2
4 =¥ -y -2 1
S y X -1 -2
6 —-X v -2 1
7 -3 —X l 2
8 X -y 2 ~1
(b) 1 X x 1 2 Axial terms
2 y y 2 -1
3 -X X -1 -2
4 -y ¥ -2 1
5 ¥ X -1 -2
6 —-X y -2 i
7 -V X 1 2
8 b'g vV 2 ~1
(c) 1 X X 1 2 Nonaxial terms
2 v ¥ 2 —1
3 X -X -1 -2
4 v -y -2 1

? The contents of memory addresses 1 and 2 forms the real and imaginary parts respectively of §', while
addresses 3 and 4 give the real and imaginary parts of £”.

®In addition to the phase cycling, the signals, S', S” may be combined using Eq. [39] or Eq. [41] (see
text).

ing from those of Gorcester and Freed. The reason is that in the latter work the phase
convention was the opposite of the standard one (see Eq. [13] in the present work ),
and their receiver factors were modified accordingly. The second half of the eight-
step sequence is almost a repetition of the first half, except that ¢, is advanced by
7 /2 and, in our phase convention, the phases of the receiver factors are inverted. This
doubling of the CYCLOPS sequence is useful for additional manipulation of the
signal, as will now be explained.

In the special case of no nuclear modulation and no phase cycling, the ESR-COSY
signal is (cf. Eqs. [15]-[17])

S'=— % Z eXim2Im (et — é(l — e /T Z eNi%2§,,; [36]
and upon advancing thé phase of the first pulse by 7 /2, the cc;jrresponding signal is

s = -21- % ehiRe(eN)byy — % (L= e /M) ehiagyy. (37]
These expressions are ;milar to Egs. [33]and [34] of Ref. (] 9J) , with a minor correc-
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TABLE 4
Eliminating Transverse and Axial Terms in 2D ELDOR

Phases Memory address®?
Phase cycle Step b, o b3 1 2 3 4
(a) 1 X X X 1 2
2 y y y 2 -1
3 X X —-X -1 -2
4 y y -y -2 1
5 x —Xx —Xx 1 2
6 y -y -y 2 -1
7 X -X X -1 -2
8 y -y y -2 1
9 y x X -1 -2
10 -X y y -2 1
11 y X —-x 1 2
12 X y -y 2 -1
13 y —x -X -1 -2
14 —-X -y -y -2 1
15 y —-X X 1 2
16 —Xx -y y 2 -1
(b) 1 X -y X 1 2
2 y X y 2 -1
3 X -y —X -1 -2
4 y X -y -2 1
5 -y X -x 1 2
6 X y -y 2 -1
7 -y X X —1 -2
8 x y y -2 1
9 y -y x -1 -2
10 —-X X y -2 1
11 y -y —-X 1 2
12 —-X X -y 2 -1
13 x x —~X -1 -2
14 y y -y -2 1
15 X x X 1 2
16 y y y 2 -1

? The contents of memory addresses 1 and 2 forms the real and imaginary parts respectively of S, while
addresses 3 and 4 give the real and imaginary parts of §”.

5 In addition to the phase cycling, the signals ", $” may be combined using Eq. [39] or Eq. [41] (see
text).

tion (Re(- - -), Im(- - -) should be interchanged in their equations) and with the addi-
tion of the axial terms. In terms of the register, the “real” and “imaginary” buffers
Regy and Reg; are the real and imaginary parts, respectively, of S’ (if the signal is
collected in memory addresses 1, 2) or S” (if the signal is collected in memory ad-
dresses 3, 4).

More generally we denote by A the components of S’, and by 47 the components
of S”. With the phase cycle 3a, all three terms (A4,, 43, and 4, + B;) are present.
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TABLE 5
Selecting Axialy, Terms in 2D ELDOR

Phases Address“
Phase cycle Step oy o2 b3 1 2
(a) 1 X X X t 2
2 y ¥y ¥y 2 —1
3 X X -X -1 -2
4 y ) -y -2 !
) X -X X 1 2
6 y -y ¥ 2 -
7 x -x -x -1 -2
8 ¥y -y =) ~2 !
(b) 1 X % X 1 2
2 y —X ¥ 2 —1
3 X v —X -1 -2
4 y —-X -y =2 !
5 ¥ X X 1 2
6 —X v v 2 1
7 y X - X -1 2
8 -X y -y -2 1

2 The contents of memory addresses 1 and 2 forms the real and imaginary parts respectively of S".

Using this phase cycle there is a simple relation between the signals registered in the
two sets of memory addresses

AT=—id,  (43+B)=—(4;+B), Ai=ids. [38]

The two parts of phase cycle 3b are related to each other as the two parts of cycle 3a,
so Eq. [38] also applies to 3b, although the axial term A, + B, vanishes in this case,
and the equation for this term becomes trivial. On the basis of the quadrature combi-
nation that was developed in NMR for obtaining pure absorption lineshapes (43, 44)
Gorcester and Freed suggested forming the combination

Sz = Re(S') + i Re(S") [39]

after Fourier transforming ¢, and before Fourier transforming ¢, (18, 19). For ESR-
COSY, this is equivalent to taking, when all spectral terms are present,

Sg=4A)+(1—1)Re(45+ B') + A% [40]

This expression remains valid when some terms vanish due to phase cycling, as in
the case of phase cycle 3b. Because this combination is done between the two Fourier
transformations, the complex conjugation of A; changes the sign of the frequencies
in the w, domain but not in the w, domain. This has the effect of rotating the peak
array of A% from the negative diagonal to the positive diagonal, while 4} remains
along the positive diagonal, and the axial peaks are not significantly affected. Baseline
subtraction is then needed to eliminate axial peaks, and 4, and 4; remain unsepa-
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rated. They can be separated, however, by combining the signals in one of the two
following ways:

Sey =8"+iS"  or S =8 -—1iS" [41]
In the present case, this gives
Scr =247+ (1 — iy (A5 + BY)
and
Sc. = (1 —i)(A5+ BY) + 245. [42]

Again, these expressions are also valid when part of the terms vanish due to phase
cycling. The axial peaks still have to be eliminated directly by phase cycling, but
either A, or A; is exactly canceled by these combinations. Thus quadrature detection
enables one to get greater spectral selectivity. If inhomogeneous broadening is pres-
ent, the effects of nuclear modulation are maximized in S-_ and minimized in S, .
This is because Sq_ is the “echo term,” whereas S¢, is the “FID term.” Thus collect-
ing both S’ and §” and then calculating S, and Sc.. should be very useful when
exchange cross peaks are also present. If Sc_ is used one may get A4; in the familiar
location, along the main diagonal, by taking the complex conjugate of Sc_ after the
Fourier transform on 7, and before the transform on ¢,. This is the actual procedure
that we employed in the ESR-COSY and 2D ELDOR (but not ESR-SECSY ) compu-
tations done with the S._ combination.

We have carried out a systematic computer search for phase cycles which eliminate
axial peaks with the same receiver factors as CYCLOPS. A typical cycle which meets
these requirements is given in Table 3b. Instead of incrementing the 0, /2 phases of
both pulses by , only the phase of the first pulse is incremented in this manner. The
result is that the axial terms are canceled together with DC offsets which may distort
the FIDs. Also, the full effect of CYCLOPS is retained. For ESR-SECSY experiments,
the selection of specific parts of the spectrum is done in exactly the same way as for
ESR-COSY. If one wants to measure T, with ESR-COSY, one needs phase cycles
which select just 4, + B, by making a; = a3 = 0. This can be accomplished using the
phase cycle of Table 3c.

Results of simulations. A few examples will now be given in order to demonstrate
potential applications of the phase cycling and spectral processing methods to systems
which exhibit nuclear modulation. All the lineshapes to be presented are absolute
value lineshapes in the two-frequency domain, as in Eq. [20]. For convenience in
comparison with experimental results, the calculation was done by FFT of the time-
domain spectrum, with 64 values of ¢, and 64 values of 1, in each case, where the time
increments are denoted by Af, and At, respectively.

Figure 1 shows a typical simulated ESR-COSY rigid limit spectrum of a single
crystal, in which a single proton is coupled to the unpaired electron. The Zeeman
term corresponds to a magnetic field of 3300 G, and the hyperfine parameters were
chosenas 4; = 6.5 Gand 4, = —3.25 G, as an example of strong nuclear modulation
(27). The hyperfine tensor makes an angle of 30° with the magnetic field. Axial peaks
were not included in the calculation, which is equivalent either to having infinite T,
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(a)

FI1G. 1. ESR-COSY spectra of a single crystal, having one proton coupled to the electron, with the hyper-
fine tensor oriented at 30° with respect to the magnetic field. The spectra are obtained with (a) Sk, (b)S¢,..
and (¢) Sc_ (see text). The parameters used are @ = 0, D = 18.2, v, = 14.0, and F = 0 (all in MHz). The
time parameters are t(l = 20, 1(20) =130, At, = At, = 20 and T, = 500 (all in ns).

and using phase cycle 3a or to having any value of 7' and using phase cycle 3b. Figure
la results from the Sy spectral combination, giving 4, + A3. It contains two strong
autopeaks due to “allowed” transitions, which are present even when only secular
hyperfine coupling is present, and weaker ‘“nuclear modulation” autopeaks, due to
the pseudo-secular part of the hyperfine coupling. In addition to these peaks, which
are also observed in CW experiments, the nuclear modulation also gives rise to coher-
ent cross peaks. The location of all these peaks is simply related to the parameters in
the Hamiltonian. If one writes the Hamiltonian of Eqs. [2]-[4] for this case as
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Hom = CS. — w, 1.+ AS,I.+ $ BS, I, + s B*S.I_ [43]
the frequencies w;; in Eq. [17] are

C+ Y w,—wp)  (“allowed” transitions)

C+ 4w, + wp) (“forbidden” transitions) [44a]
with the definitions
2 2\1/2
(=) (3]
2 2y\1/2
- ((2raf+(2))" e

Figure 1b shows the 4, component, selected by computing S, . Figure 1c shows
As, selected with S._ and “rotated” by complex conjugation, as explained in connec-
tion with Eq. [41]. Both components have four lines on the diagonal, but with differ-
ent relative intensities, corresponding to the different expressions in Eq. [17]. The
forbidden peaks are weaker in the 45 spectrum. On the other hand, cross peaks appear
only in 4; and not in 4,, corresponding to the fact that in Eq. [17] each frequency in
the w, domain is connected in A, only with the same frequency in w, domain, whereas
in A; it is connected with all frequencies. This results here in the array of 12 cross
peaks. Even in this simple case the inclusion of 4, in S (Fig. 1a) causes interference,
complicating the spectrum somewhat. Note also that the Sk spectrum has only half
the intensity of the sum of the two spectral components, S¢, and S, because of the
factor of 2 in Eq. [42].

Figure 2 shows the ESR-SECSY simulation for the same case. The S, spectrum,
shown in Fig. 2b, differs from the corresponding ESR-COSY spectrum just in the
apparent frequency doubling in the w, domain, resulting from our definition of ¢,.
The S spectrum, on the other hand, is changed by having its diagonal peaks moved
to the w, = 0 axis, and its array of cross peaks is “twisted,” because in the w, domain
its peaks are located at frequency differences, as explained in the previous section.
Thus the cross-peak array is now symmetrical with respect to rotation by 180°, rather
than with respect to reflection along the diagonal.

For this single-proton case we have from Egs. [ 15]-[ 17] that the S ESR-SECSY
signal is given by

S = DI T2 { | cos(w-1,) + k_cos(w.i;)
+ {I{ [cos{wat) + w 1) + cos(wgt; — w-ty) — cos(w-(2¢, + £2))
+ cos(wut; + wily) + cos(wgt; + wily) — cos(w, (2t + £3))]}
where k = (w, B w.wg)?, k. = —21-(1 - -2’f + V1~ k), and w. = (w, * wg)/2. [45]

The Sk spectrum is again half the sum of these two components. The integral of peak
intensities over w, for each w, value would give the familiar ESEEM spectrum as a
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F1G. 2. ESR-SECSY spectra, obtained with (a) Sg, (b) Sc., and (¢) S for the same case as in Fig. 1,
except that here t(zm = 0 and Af, = 12.5 (ns). Notice the doubling of frequencies in the w, domain due to
our definition of ¢,.

function of w,. The spectrum of a spin-echo experiment without phase cycling has
both the 4, and the 4, parts, so it should be compared to the Sk spectrum. If, however,
the 45 term is selected in the spin-echo experiment by the method explained here,
this would remove all the “allowed” peaks, which belong to A, leaving only the
“forbidden” peaks in addition to the central peak, which comes from the “auto-
peaks” of A;. This would make it easier to ascertain whether nuclear modulation is
present, even without going to two dimensions.

In a polycrystalline sample, most of the cross peaks are averaged out by the inho-
mogeneous broadening, as can be seen in Fig. 3, obtained by averaging over 180
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FIG. 3. (a) S¢+ and (b) Sc- ESR-COSY spectra, and (¢) Sc- ESR-SECSY spectrum of a polycrystalline
sample of the same molecules as in Fig. 1. In (¢), t<20) =0 and At, = 10 ns.

orientations of the hyperfine tensor with respect to the magnetic field. Nevertheless,
some structure remains, which is helpful in studying the effect of nuclear modulation.
Note that only 4; changes significantly with orientation, so it is this component of
the spectrum that is interesting both in 1D and in 2D experiments. The sharpness
of the lines on the diagonal results from the long 7', assumed in the calculation. The
structure is smoother, and the cross peaks are somewhat stronger, in the ESR-SECSY
spectrum for this case (Fig. 3c). If several nuclei interact with the electron, the relative
orientation of their hyperfine tensors gives rise to a spectral structure, most of which
is averaged out in a polycrystalline sample (the results of these calculations are not
shown here), but in a single crystal the structure is very informative.
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F1G. 4. S¢— ESR-COSY spectra for a single crystal with two protons coupled to the electron ( parameters
as in Fig. 3, except that At; = Af, = 12.5 ns). The electron-nucleus vector for one proton makes an angle
of 30° with the magnetic field, and for the other proton, 30° + 3, where 3 is indicated in the figure. (a) 3
=45° (b)Y = 60°,(¢)B8=90°(d) 8 = 109.5°.

In Fig. 4 the ESR-COSY spectra, in which Sc_ is selected, are presented for a single
crystal with two protons coupled to the electron, with four different relative orienta-
tions of the two hyperfine tensors. The detailed lineshapes are sufficiently different to
allow an unambiguous determination of the relative angle. The same is true for
the corresponding ESR-SECSY spectra, in Fig. 5. But the simulated (Fourier
transformed ) ESEEM spectra for the same cases, shown in Fig. 6, are not sufficiently
detailed for such a clear determination. The S._ ESEEM spectra (with no phase
cycling) were computed here, in order to have a proper comparison with Figs. 4
and 5.

When a large number of nuclel interact with the electron, the lineshape is of course
more complicated. In Fig. 7 simulated ESR-SECSY lineshapes are presented for a
polycrystalline sample of a hypothetical molecule with one nitrogen nucleus, as-
sumed here to be '*N, and 12 protons. These are the same nuclei as in the nitroxide
Tempone, but the hyperfine interactions of the protons are assumed to be much
stronger than in Tempone (the same as in the previous figures), to show the cumula-
tive effects of strong hyperfine interactions of many protons. The nitrogen hyperfine
parameters were taken to be 4; = 32 G, 4, = 6 G, and the value of the quadrupole
constant is chosen as Dy = —1.8 MHz, corresponding to the value found by Dinse e/
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B=109.5°

FIG. 5. Sc. ESR-SECSY spectra for the same cases as in Fig. 4 (with 1(20) =0). In the w, domain there is
a frequency doubling, due to our definition of ¢, .

al. (26) (note that our definition differs from theirs by a factor of 3). All protons are
assumed to have the same hyperfine interaction with the electron, as actually occurs
in Tempone. For simplicity the proton hyperfine tensors are all taken to be collinear
with that for the nitrogen nucleus. The lineshapes clearly have some features associ-
ated with the nuclear modulation due to the protons. The separate presentation of
A, (using S¢, ) and of 45 (using S¢_) is evidently very convenient, because 4; has an
interesting structure due to nuclear modulation. Note also that with the spectral range
covered in these simulations, there is for 4, some aliasing in the », domain, which is
the reason for the appearance of peaks in the upper left corner of Fig. 7a. The A4,
spectrum is shown here from two different angles. In Fig. 7b it is shown parallel to
the w, axis, to bring out the different modulation patterns as a function of w, for each
value of w,. Figure 7c is the same two-dimensional lineshape, viewed parallel to the
w, axis, showing the equivalent of a CW spectrum along the w, = 0 axis.

The extra resolution one obtains from the ESR-SECSY experiment is due to the
fact that it provides the nuclear modulation patterns for each position in the ESR
spectrum from a polycrystalline sample. To the extent that each position in the spec-
trum is (at least partially) associated with a particular orientation, one obtains the
equivalent of “single-crystal-type” nuclear modulations along each slice parallel to
the w, axis. This is analogous to the ENDOR technique in polycrystalline samples,
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where one can obtain a single-crystal-type NMR spectrum by saturating only a small
region of the ESR spectrum, which corresponds to a particular range of orientations
(45). The advantage of the present method is that all the data are collected at once.
with no need to sweep over RF frequencies.

In Fig. 8 similar spectra are presented for “PD-Tempone,” with the same assump-
tions about relative orientations and hyperfine interactions. For the deuterons the
hyperfine parameters are chosen as A, = ~0.25 G, 4, = 0.07 G, and the quadrupole
term was neglected. These hyperfine constants are a little more than twice the values
expected normally (but they actually yield ESEEM similar to those observed experi-
mentally (28)) and are useful for enhancing the effect of nuclear modulation in the
present case. In Fig. 8a it is seen that the S, spectrum is quite sharp, and its shape
reflects the nuclear modulation. The Sc_ spectrum, on the other hand, presented in
Fig. 8b, is very broad, which means that for this component of the total lineshape the
modulation only causes broadening. Again, viewing this graph from a different angle,
one observes a typical nitroxide spectrum along the w; = 0 axis (Fig. 8¢). The separa-
tion between the S, and S-_ components is therefore very useful for extracting infor-
mation about the modulation. It should be remembered, however, that in ordinary
Tempone the effect of modulation would be weaker, because for 7 = 1 the modulation
is stronger than for I = 5 (2). An important conclusion from these simulations is that
there are, for all practical purposes, no 2D coherence peaks from the N nucleus.
Only the deuterons or protons in nitroxides are expected to provide any significant
coherence peaks. This is also borne out in the study of the three-pulse sequences in
the next section.

PHASE CYCLING IN THREE-PULSE SEQUENCES

Theory. The 2D ELDOR pulse sequence is the ESR version of the NMR 2D ex-
change pulse sequence (37, 46, 47). The usefulness of 2D ELLDOR was demonstrated
in several recent ESR studies, focusing on exchange cross peaks (78-20, 22). Our
purpose here is to examine how it can be utilized to study nuclear modulation, and
also how it can be used to investigate other effects—e.g., exchange effects by suppress-
ing the influence of nuclear modulation when needed. For 2D ELDOR, 8, = 8, = 8,
= /2 and then the prefactors are (dropping the “(3)” superscript)

i, I e
= @ = 20y ¢y
ap = — =€ ay == 7" 7!
8’ 8
I .. I -
== el (#s ¢2+¢1)’ g = = pl(eatdy—ey)
i, i
;= — = el(2¢3_2¢2+¢1)’ ’(2¢3‘¢1)

g = — €
8
i

oy = Ze% =—06

as=0,=0
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(c)

(d)

B=109.5°

K]

FiG. 6. The Fourier transformed S ESEEM spectra for the same cases as in Fig. 4.

I e
a8=—-_e1(2¢3 ¢2)=_63

Y= u e's.
2 [46]
Thus 4, + B, and 4z + B; are proportional to (1 — e~"/71). In the case of no
nuclear modulation, i.e., when M is the unit matrix, the sum of these four terms
reduces exactly to Eq. [ 35] of Gorcester and Freed for the “axialz” terms (/9), while
C, reduces to their Eq. [36] for the “axial,,” terms (in this case, 45 = B, = 0 if the
pulses are exactly x/2 pulses). For the special case of no nuclear modulation (and
no phase cycling), the signal §' is equal to (cf. Eq. [21])
S = ée“’z/Tl > eNisRe(ei1)dy; — % > eVimRe(ed2)Im(eNi) 6y [47]
and the corresponding S” signal, obtained by advancing the phase of the first pulse
by n/2, is then

s = _51 e /T Y eNimsIm(eMi) by — % > eMmRe(eVi2)Re(eVi1)by. [48]
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FIG. 7. (a) Sc. and (b,c) Sc. ESR-SECSY spectra of a polycrystalline sample with an “N nucleus and
12 'H nuclei, all assumed to have hyperfine tensors with the same orientation with respect to the magnetic
field. The parameters for the nitrogen nucleus are (in MHz) a = 41.1, D = 48.5, », = 1.0, F = 14.8, Dy
= —1.8, and for the protons as in Fig. 1. Also, t(,o) =20, t(20) =0, Af, = Al = 4, and T, = 150 (all in ns).
Note that (b) and (¢) show the same 2D spectrum from different viewing directions. The frequency dou-
bling in the «; domain results from our definition of ,.

In these equations one has to substitute 7, = ¢,, 7, = T and 75 = 1,. These expres-
sions for S’ and S” correspond to the combination of Egs. [26] and [27] with Egs.
[31] and [32] of Gorcester and Freed (19), except for a minor correction (in their
Eqgs. [31], [32] the factors Re(A4,(t,)), Im(A,(¢,)) should be interchanged).

Gorcester and Freed suggested two alternative phase cycles, a 16-step cycle and an
8-step cycle, to cancel the transverse terms (which, in our notation, are 4, 4. A5,
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and A,) and the axialg terms, which in the present notation are 4, + By and Ag + B;.
On the other hand, in addition to the 2D ELDOR terms (here named A4, and Ay)
their measured signal included also the axial,, (C,) peaks. As mentioned above, in
the general case 45 + B, would also be part of the axial,, contribution to the signal.
The axial peaks were indirectly eliminated by baseline subtraction. In order to cancel
these terms exactly different phase cycles would be necessary.

As in the two-pulse case, using the explicit form of the prefactors (Eq. [46]) and
the generalized form taken by each of the prefactors in a phase cycle,

Q=K zfkei(“l¢(|k)+“2¢(2k)+“3¢(3k)), [49]

k

it is straightforward to search for a phase cycle which satisfies particular requirements.
In Table 4 we present two typical phase cycles that were obtained by a systematic
computer search, assuming a given set of receiver factors f. In principle the computer
search could also include more general choice of receiver factors, but this was not
needed for the problem considered here. Both phase cycles cancel exactly all the
transverse, axialg and axial,, terms, and retain the 2D ELDOR terms. In the first of
these (Table 4a) steps 1-5 and 9-12 are taken from the 8-step cycle of Gorcester and
Freed (converted to our phase convention), which achieves the CYCLOPS image
rejection together with the cancellation of the transverse and axialy parts of the
spectrum. The additional steps are required in order to cancel simultaneously also
the axial,, part. The other cycle achieves the same selectivity.

As in the two-pulse sequence, S’ and S” may be combined to form Sk, according
to Eq. [39] above. Using Eq. [ 46 ] we obtain for the individual terms, if all are present,

Al =—id),  Aj=—idy,  Aj=—id}
S=idy,  Ap=idy,  Ab=idb

Bj=-B,, Bj=-By Bi=-B,
C1=-C1. [50]

As for the two-pulse sequences, this equation remains valid if some of the individual
terms vanish due to phase cycling. Thus, without phase cycling, the Sk combination
would not affect the terms A,, 4,4, and 45, which have peaks on and around the
positive diagonal, and would complex conjugate the terms 45, 4¢, and Ao, which are
originally on and around the negative diagonal. If the combination Sy is formed, as
usual, between the two Fourier transformations, this rotates these latter terms to the
positive diagonal. The axial peaks are essentially unaltered. If the Gorcester-Freed
phase cycling is applied, only 4, (on the positive diagonal and around it), A4 (rotated
to the positive diagonal and around it), and As + B, + C, (axial peaks) are present.
With the phase cycles in Table 4, only 4, and 4 would appear in the spectrum,
superimposed one on the other.

If, however, the combination S, is formed, according to Eq. [41] above, then
Az, Ag, and A, are exactly canceled even without any phase cycling, whereas the
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FI1G. 8. (a) S+ and (b,c) Sc- ESR-SECSY spectra of PD-Tempone. Parameters are as in Fig. 7, except
that for the deuterons @ = ~0.1, D = ~0.6, »; = 2.1, F = 0, and D, = 0 (all in MHz), and in (b) and (¢)
Aty = 20 ns. Note that (b) and (c) refer to different viewing directions of the same 2D spectrum. The
frequency doubling in the w, domain is due to our definition of ¢,.

combination S, similarly excludes 4,, A4,, and 4,. Hence in the 2D ELDOR se-
quence, with the new phase cycles and with one of the two spectral combinations
suggested here, only one term—A, or Ac—survives the data processing. Thus also for
three-pulse sequences the use of quadrature detection enables one to separate the two
spectral terms. Although each of these terms contains coherent cross peaks, so that
neither of them allows a clean separation of exchange cross-peaks and coherent cross
peaks, the spectrum is simplified when A, is selected, as explained previously. Finally,
if one wants to measure 7', through the axial,, peaks in the 2D ELDOR experiment,
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F1G. 9. 2D ELDOR spectra for a polycrystalline sample with one proton (same parameters as in Fig. 3,
with the addition of the mixing time T = 300 ns).

one has to make all the prefactors, except for as, exactly zero. This can be achieved
by any of the phase cycles in Table 5.

Results of simulations. A typical 2D ELDOR spectrum, simulated with the Sg
spectral combination which selects 4, and (after rotation) A, is shown in Fig. 9a.
The sample is taken to be polycrystalline, with just one relevant proton. The corre-
sponding S¢, and Sc_ spectra, showing A4, and (rotated) A separately, are presented
in Figs. 9b and 9c, respectively. These lineshapes clearly resemble very closely the
corresponding ESR-COSY lineshapes of Fig. 3, but the existence of a mixing period
with the parameter 7, = T does not permit a perfect matching with ESR-COSY. The
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FiG. 10. 2D ELDOR S¢. spectra for a single crystal with two protons (same parameters as in Fig. 9.
except that At, = A, = 10 ns). The symmetry axes of the two hyperfine tensors make angles of 30° and
120° respectively with the magnetic field direction. (a) Ordinary 2D ELDOR. (b) Stimulated echo 2D
ELDOR sequence (see text), but this is the “FID term” which continues into the region where the stimu-
lated echo occurs. (¢) Refocused 2D ELDOR ( see text).

similarity between these two types of spectra may be helpful if it is difficult to distin-
guish in the 2D ELDOR spectrum between cross peaks resulting from nuclear modu-
lation and those resulting from exchange. The ESR-COSY spectrum for such a sys-
tem would be related to the “coherent™ part of the 2D ELDOR spectrum, and this
would help to identify the exchange part.

Figure 10a is the result of a similar computation for a single crystal in which two
protons, at different orientations, are coupled to the electron. The S, combination
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FiG. 11. 2D ELDOR S spectra for the same case as in Fig. 10. (a) Ordinary 2D ELDOR. (b) Refocused
2D ELDOR (see text).

was used here. Figure 10b results from such a computation for the stimulated echo
version of 2D ELDOR, which is defined by r, = ¢;, 7o = T, and 73 = {, + £,. This
experiment is the 2D analog of the stimulated echo experiment, just as ESR-SECSY
is the 2D analog of the ordinary spin-echo method. It is quite similar to Fig. 10a
except for the frequency doubling in v,. In Fig. 10c we see the result of a similar
computation for a four-pulse version of 2D ELDOR. To avoid dead-time problems,
a fixed delay time and a refocusing = pulse are added, so that the sequence becomes
(n/2, ¢)—t,—(7/2, ¢p)—T—(7/2, $3)—T'—(x, 0)—T"' + t,. The length of T’
is chosen to be similar to a typical instrumental dead-time. The phase of the fourth
pulse need not be varied, because a perfect 7 pulse is assumed. As expected for the
Sc+ spectrum, the four-pulse lineshape is more complicated than the three-pulse
lineshape of Fig. 10a. If one chooses to use the S-_ combination, however, the four-
pulse spectrum is quite similar to the three-pulse spectrum, as can be seen in Fig. 11,
which again corresponds to the qualitative explanation given above.
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(a) )

5

FiG. 12.(a) 8¢, and (b) S.. 2D ELDOR spectra for the same system as in Fig. 7, with 7 = 300 ns.

In Fig. 12 we show the ordinary 2D ELDOR spectra, simulated with phase cycle
4a and the S, and S¢_ spectral combinations, for a system with one nitrogen nucleus
and 12 protons, with the same parameters as in the ESR-SECSY simulation of Fig.
7. It is seen that nuclear modulation appears here both in 4, (Fig. 12a) and in A
(Fig. 12b), but it is generally weaker than that which appeared in the ESR-SECSY
spectra. The spectra can be smoothed by having a shorter 7', relaxation time. These
spectra show that for 2D ELDOR on such systems one must take into account the
effects of nuclear modulation in order to simulate the lineshapes correctly.

The corresponding spectra for PD-Tempone, analogous to the lineshapes in Fig.
8, are shown in Fig. 13. It is clear that in this case the modulation effects are guite
small, implying that for nitroxides the 2D ELDOR spectra will not be significantly
affected by nuclear modulation.

SUMMARY

A formalism was developed for computing 2D ESR lineshapes that can be obtained
with two-pulse or three-pulse sequences, and for some four-pulse sequences, on sys-
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FIG. 13.(a) S¢: and (b) S¢- 2D ELDOR spectra for PD-Tempone, with the same parameters as in Fig.
8 (except that Az, = Af, = 5 ns), and with 7 = 300 ns.

tems with nuclear modulation. The expressions brought out explicitly the depen-
dence of each component of the spectrum on the Hamiltonian of the observed molec-
ular system on the one hand, and on the durations and phases of the pulses on the
other hand. This allowed us to computerize the search for phase cycles which select
specific parts of the spectrum. In addition to the phase cycles we showed how to gain
further selectivity, when quadrature detection is used, with a simple way of spectral
processing, which does not appear to have been used before. A new phase cycle was
found, with which one can eliminate in 2D ELDOR all transverse and axial peaks
and simultaneously achieve complete image rejection. An analogous phase cycle was
found for ESR-COSY, eliminating axial peaks and achieving image rejection. Ways
were also found to select in ESR-COSY only the axial term, and in 2D ELDOR only
the axial,, terms, for the purpose of measuring 7',. Moreover, it was shown that by
combining in 2D ELDOR specific phase cycles with the new way of spectral process-
ing, one could facilitate the distinction between coherent and incoherent cross peaks.

Simulated spectra were shown for various cases, demonstrating the potential of 2D
ESR for investigating systems with nuclear modulation. Results were shown for ESR-
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COSY, ESR-SECSY, and 2D ELDOR in its ordinary version and in two modified
versions, including one with a fourth refocusing pulse. The computed lineshapes for
single crystals and for some polycrystalline samples showed that when the spectrum
contains structural information, the 2D ESR techniques result in more detailed infor-
mation, in addition to their capability to probe exchange processes. The simulations
also showed for which cases nuclear modulation does not have an appreciable effect
on the spectrum, even in the absence of special phase cycling or manipulations of the
spectra.

APPENDIX

In this appendix the explicit formulas will be given for the prefactors and the time
dependent summations in the various components of the three-pulse ESR signal. The
prefactors for Eq. [21] are

ol =~ é e1sin(8,)( 1 + cos(8,))(1 + cos(63))
al? = 4i e2(1 — cos(8,))sin(8,)( 1 + cos(65))
o = é e 27 ¢0gin (6,)(1 — cos(8,))(1 + cos(65))
3 -85 /43 9+90sin (8, )sin (8, )sin (85)
O _ E’e"%(l — cos(8,))cos(8,)sin(85)
ot = glei<¢s+¢f¢n>sin(0l)sin(az)sin(93)
ot = — éei(2"3"2¢2+"’1’sin(01)( 1 — cos(8:))(1 — cos(6;))
ol = - i €476 1 — cos(6,))sin(8,)(1 — cos(8:))
ay = —é " 283=9)gin(8,)(1 + cos(8,))(1 — cos(f))

o _ —ie""’zsin(ﬁz)(l + cos(63))

3o é e'?3cos(6,)sin(0;)

™ _ ZI ¢ 0gin (8,)( 1 — cos(63))
3y _ _

Yi 5 ¢ 3sin(63) (51]
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and the corresponding time-dependent factors are

a(‘” = E eNimeNim et ‘Mi’j’lz

a(23) = e /TS ehimsehin | Mi,j,lz
3) _ AT S ATy AT + +

a3 = Zeﬂ leliit2e kllMi'j'Mj'k'Mk'llMl'i'

ag” =3 e"ji’;(e"ﬂ’ze"jkﬁ + e"ki’ze"ﬁ’:)Mi,j,M;,k,Mk,I/M;r,f,

a(53) = e /e /T > e)‘ji73|Mi,j,{2

0(63) =5 e)‘jiTJ(e)‘jf'Ze)‘kﬂl + g)‘kifze‘kf’l)Mi,j,M},k,Mk,,,M},i,
3 .

a = 3 eNirsenrere™ My My My MYy My M
3) _ -7 /T, Py S ¥ r t t

ag =e /N Z eNimzeMk zMi’j’Mj’k/Mk’l’Ml’i’

as’ =3 e)‘ji73e7\kf’2e)‘kl7lMi,j;M;/k,Mk/[/szi/
3 p .

b(l ) > eNitiehin | M,I,IZ
3 - y

b(2 ) e 74/ T} Z e}\“rzl M’j’lz

b = 3 eNimer: My My Mioy M)
3 = z eii'le i’j' j'k' Kkl i’
3 _

c(l ) . (1—e 72/T])Ze)‘ji13|Mi’j’|2- [52]

It

In these expressions, the states denoted by i, k, p always belong to the subspace in
which S, = 1, and the states denoted by j, /, g belong to the subspace with S, = —3.
The primes have the same meaning as in Eqgs. [17].

For a single proton, it follows from Eqs. [21], [51], and [52] that the Sc.. signal
obtained from the stimulated echo 2D ELDOR (when transversal and axial terms
are eliminated by phase cycle 4(a) or 4(b)) contains the decay factor e 41272 and
is proportional to

S=e 7N [k+cos( w-t) + k_cos(w.ty)

+§[cos(% (2t + tz))cos(%E t2) + cos(%é (2t + tz))cos(%E tz)]}

+ %e‘”TZ {cos(w,,(t, +7) +%t2)[1 - cos(%(Ztl + tz))]

+ cos(wﬁ(tl +T)+ %zz)[l - cos(i"zﬁ(ztl + tz))]] [53]
with the same notation as that in Eq. [45].
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