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ABSTRACT

PULSED ELECTRON PARAMAGNETIC RESONANCE STUDIES ON

BIOLOGICALLY RELEVANT Ni AND TYROSYL MODELS

By
Gyorgy Filep

Pulsed EPR methods based on Electron Spin Echo (ESE) phenomena,
such as Electron Spin Echo Modulation (ESEEM) spectroscopy, are capable of
measuring weak hyperfine interactions (of the order of a tenth of a Gauss). In
order to expand the capabilities of ESEEM, its 2D variant, Hyperfine Sublevel
Correlation Spectroscopy (HYSCORE) was proposed in 1986. Our work has
been aimed at exploring the application of HYSCORE in disordered samples

of biologically relevant model systems.

The nitrogen ligand hyperfine couplings of Ni(III)(CN),(H,0), have
been measured using a combination of isotopic substitution, orientation
selection, and 1- and 2-dimensional Electron Spin Echo Envelope Modulation
techniques. The shapes of the contour lines obtained from HYSCORE

experiments were analyzed, using the graphical method developed by
Dikanov and Bowman (J. Magn. Reson. 1995, Series A 116, 125.) for samples

prepared with C**N". The results show an axially symmetric hyperfine







interaction with 1A, 1=1.93 MHz and | A, | =1.06 MHz (for *N). The cyanide
"N nuclear quadrupole coupling is characterized by a quadrupole coupling
constant, e°q,,Q= 3.67 MHz and an asymmetry parameter, 1=0.09, with the
principal axis of the NQI tensor being along the C-N bond.

The very slow relaxation of tyrosyl radicals at low temperatures makes
pulsed EPR experiments on them rather difficult to perform, because usually
we cannot use sampling rate higher than ca. 10 Hz. We have remedied this
problem by adding 5 mM Gd** to the sample. HYSCORE data were analyzed by
the graphical method of Dikanov and Bowman mentioned above. The
principal values of the HFI tensor are found to be (0.8, -3.1, -3.6) (MHz),
which are reasonably close to the values found by Warncke and McCracken
using 1D ESEEM (J. Chem. Phys. 1994, 101, 1832).

The electronic structure of Ni(IIT)(H_,G,)(terpy) has been studied using
1D ESEEM combined with isotopic substitution. To sort out the contributions
of the various nuclei, specific isotopic labeling (with *N) has been used at the
middle pyridine ring. The “product rule” of ESEEM allows one to observe the
modulation from this nucleus by dividing the data from the non-labeled

sample by that from the °N-labeled one. The results show no magnetic
interaction from this nitrogen. This indicates very low unpaired electron spin
density, which may suggest that this nitrogen does not coordinate at all, in

contrast to the geometry proposed previously.
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INTRODUCTION

Electron Spin Echo Envelope Modulation (ESEEM) spectroscopy has
become a valuable tool to study weak electron-nuclear hyperfine interactions
(HFD) in paramagnetic samples. The analysis of ESEEM in randomly oriented
samples is complicated by the fact that the lineshape is determined not only
by the principal values of the g- and HFI- tensors but also by the orientation-
dependent amplitude factor, k.

Chapter I of this Dissertation covers the basic principles of Electron
Spin Echo (ESE) methods, emphasizing the main characteristics, advantages
and drawbacks of various one-dimensional ESEEM methods.

To facilitate the interpretation of ESEEM spectra, two-dimensional (2D)
versions of the method have recently been introduced. The most widely used
2D ESEEM is Hyperfine Sublevel Correlation Spectroscopy (HYSCORE), which
allows one to obtain the principal HFI tensor components via direct analysis
of the shape of the 2D correlation patterns rather than via numerical spectral
simulations.

Chapter II is devoted to the description of HYSCORE. It presents the
principles of the method, followed by general features of 2D data analysis.
Then the experimental aspects of HYSCORE are detailed, with an emphasis
on disordered systems.

Electronic structure of Ni(Ill) complexes has been of interest since the

discovery of the Ni EPR signal in hydrogenase enzymes. Analysis of the weak







HFI between the unpaired electron of the Ni(Ill) and the magnetic nuclei of
the ligands yields structural information on the Ni center.

Chapter III is a brief review of the relevant properties of hydrogenase
enzymes. It focuses on electrochemical and spectroscopic (mainly EPR)
results. Questions concerning the coordination of the Ni site in hydrogenases
are discussed, using mainly the D. gigas hydrogenase as a prototype.

Chapter IV summarizes the literature on the most relevant Ni
compounds that have been proposed as structural or functional models for
the hydrogenase nickel site.

Chapter V first gives an introduction to the EPR spectroscopy of Ni(IIl)
compounds. It explains the connection between structure and quantities
measured by EPR, such as g-values, HFI parameters, Nuclear Quadrupole
Interaction (NQI) parameters. The second part presents our study on a Ni(IlI)
complex, Ni(IlT)(triglycinate)(terpyridine). The results indicate an unusual
electron distribution around the Ni center.

Chapter VI presents a HYSCORE study on another Ni(IIl) model
compound, tetracyano nickelate (III). It demonstrates that important
hyperfine information can be obtained fairly easily with the aid of this 2D
method.

Amino acid radicals have recently been discovered as essential
participants in the catalytic mechanisms of some enzymes. Tyrosyl radicals
have been intensively studied by EPR, Electron Nuclear Double Resonance

(ENDOR) and ESEEM spectroscopies.







Chapter VII gives a short introduction to metallo-radical enzymes,
including the review of previous EPR investigations. This is followed by the
presentation of our HYSCORE study on a tyrosyl model system. It
demonstrates (for the first time) that HYSCORE can effectively be applied to

systems with rhombic hyperfine tensor.







Chapter 1

Principles of Electron Spin Echo Spectroscopy

L1 duction

Electron Paramagnetic Resonance (EPR) spectroscopy has established itself as
an indispensable method in studies of the structure of paramagnetic materials
(1-3). EPR in a liquid phase is able to measure isotropic hyperfine interaction
(HFI) of magnitude as low as 0.1 G. For paramagnetic species stabilized in
disordered solid matrices, i.e. polycrystals, glasses and frozen solutions, the
resolution of EPR is reduced to a few Gauss, owing to inhomogeneous

spectral broadening, which masks the details of EPR spectra. In these cases the
hyperfine information can be extracted only if the splittings are larger than
the inhomogeneous width (usually 10-100 G). To solve structural problems,
however, it is often necessary to obtain information on weak HFI.

In order to make EPR applicable in these cases, various modifications
of the method have been proposed. The most widely used of them is Electron
Nuclear Double Resonance (ENDOR) spectroscopy (2, 3). ENDOR yields the
NMR spectrum of the paramagnetic system by detecting the change in the
amplitude of the saturated EPR signal of the sample upon sweeping the
frequency of an additional radiofrequency field. This method can often
provide HFI and Nuclear Quadrupole Interaction (NQI) parameters of the

order of a few Hertz.







Other developments in EPR aimed at resolving small hyperfine splittings in
solid samples are the variety of pulsed EPR methods, which are primarily
based on Electron Spin Echo (ESE) phenomena (4-8, 12). As compared to
Continuous Wave (CW) EPR, which is a frequency domain spectroscopy, ESE

is a time domain method, in which the evolution of the spin system is
directly recorded. In ESE experiments the spins are probed by short (= 10-100

ns), high energy resonant pulses, with the static magnetic field being kept
constant. Therefore, only a svmall portion of the inhomogeneously broadened
EPR spectrum is excited in the ESE experiment. The response of the
paramagnetic sample to these pulses is a spontaneous emission of microwave
energy called the spin echo, whose magnitude as a function of separation
between two of the pulses is measured. The weak hyperfine interactions may
manifest themselves as a modulation of the spin echo envelope (Electron
Spin Echo Envelope Modulation, ESEEM). The periods of these modulations
are related to the nuclear transition (NMR) frequencies of the sample.

In this Chapter a qualitative introduction of the ESE phenomenon is
given. Vector models explaining the formation of two, three and four pulse
echoes are presented, followed by a semiclassical picture of the ESEEM

phenomenon.

L.2. Formation of Two-pulse ESE

The simplest pulse sequence to generate a spin echo consists of two

consecutive pulses. Two pulse echoes produced by nuclear spins first were




w




observed by Hahn in 1950, using the pulse sequence n/2-1 -1/2 (9), where /2

is the turning angle of the pulse. Later, an improved sequence (n/2-1 -%) was

introduced by Carr and Purcell (10). The formation of the two pulse echo will
be explained by a simple magnetization vector model.

When the paramagnetic material is placed in a static external magnetic field
B,, the magnetic moments of the electron spins will form precession cones

either parallel or antiparallel with respect to B,. For electrons the B spin state

has the lower energy, therefore, the higher population (according to
Boltzmann’s Law). This results in a total macroscopic magnetization (M),

parallel to B,. During an ESE experiment a linearly polarized oscillating

microwave electromagnetic field is applied, whose magnetic component is
perpendicular to ﬁo and can be formulated as ﬁx (t)=21~¥l cos(mt). The effect of
this field is most conveniently analyzed by decomposing it into two circularly
polarized components that rotate opposite to one another, denoted By and
B, (Figure I-1). They can be expressed as
B =B, [icos(wt)+jsin(wt)] [-1a]
B, =B, [icos(wt)-jsin(wt)]. [-1b]
We notice that under resonance conditions By will rotate at approximately

the angular velocity of the precession of the electron spins, while B, will
rotate in the opposite direction and will have little effect on the resonance

experiment, thus will be neglected for further discussions.

—;







Figure I-1. A linearly polarized oscillating magnetic field, B,(t) can be
considered as the vectorial sum of two circularly polarized fields that are

rotating in opposite directions, namely, clockwise (B;) and counter-clockwise

(By).







Let us adopt a reference frame, rotating about the laboratory axis z (the

direction of the static magnetic field) at angular velocity o that is equal to the
carrier frequency of the pulse. In this frame By appears to be stationary and
we may choose it to lie along the x axis. When the microwave (MW) pulse is
applied for a period of time t, the B, field torques the magnetization M about

the x-axis by an angle Oy,

Oy;,=g.Bt,=mit,. [I-2]

where g, is the gyromagnetic ratio of the electron. We choose t, so that

0y;,=90° for the first, 180° for the second pulse. The evolution of the spins

during the experiment is demonstrated in Figure I-2. Following the first

pulse, the magnetization lies in the plane perpendicular to z (c). M consists of
a number of spin packets, i.e. groups of spins that have different local

magnetic environments, therefore different precession frequencies. Because

of this they will fan out during the free precession period 7, leading to the

disappearance of the macroscopic magnetization, M (d). Spin packets labeled
2,3 and 4 have precession frequencies larger than o, so they develop a
positive phase angle (with respect to the -y axis) during the free precession
period, 1. Packets with an e_ffective local field smaller than ﬁo, for example

packets 6, 7 and 8, will accumulate a negative phase angle. The arrows in

Figure I-1 indicate the direction of precession of these packets. The second

_






Figure 1-2. Vector diagram to explain the formation of the 2-pulse spin echo.
(a) the pulse sequence; (b)-(c) the first pulse tilts the magnetization (M) onto

the (xy) plane; (d) the spin packets that comprise M dephase due to their
different precession frequencies; (e) the second pulse inverts each spin packet

around the x-axis; they continue to precess in the (xy) plane; (f) they refocus

along y and reform M [from Ref. (8)].

I
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pulse torques the magnetization of every spin packet about the x axis by 180°
(e). Since the spin packets continue precessing at the same angular velocity,
they rephase along the +y axis after time t following the second pulse (f). This
refpsing of the magnetization components leads to an emission of MW
radiation by the sample and is called the spin echo. When a short MW

irradiation of fixed wavelength (pulse) is applied only a portion of the

inhomogeneous line is excited (Fig. I-3). The excitation bandwidth (Av) is

determined by the length of the pulse, namely, Av=1/t . This can be

understood quantitatively from taking the Fourier transform of the finite
wave train of length t, and is discussed elsewhere (11). For a fixed flip angle,
one may increase t, by decreasing B, (decreasing the MW power), making the
excitation bandwidth of the pulse smaller (making the pulse more selective);
or vice versa, t, may be decreased by increasing B,, making the pulse less
selective. In the latter case limitations are imposed by the performance of the
MW electronics (how fast switches one can have) as well as by the threshold

of the MW power (limit of the amplifier).

L3. Three- ho (Stimulated Echo

The 3-pulse sequence (n/2-1 -r /2-T-n/2) creates a stimulated echo at time 1
after the third pulse (9). The dynamics of the spin system is shown in Fig. I-4
(from Ref. (8)]. The first pulse rotates the magnetization about the x axis (b), so
it lies along the -y axis (c). Then dephasing of the magnetization in the xy

plane follows, in the same way as described above for the primary echo (d).
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B 0,avg

Figure I-3. The inhomogeneously broadened EPR lineshape. (a) B, avg 18 the
mean value of the resonant magnetic field, AB, is the linewidth of the

portion of the spectrum excited by a pulse. (b) the magnified view of the

portion excited by the pulse, with the resonant lines corresponding to
individual spin packets. w,, ®, ®, are the precession frequencies of the spin

_Packet magnetization components.

_
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The second pulse rotates the y components of the spin packets along the z
axis (e). If the condition T,.<<T<T,, holds (T,, and T,, are the transversal and

longitudinal relaxation times of the electron, respectively), the magnetization

in the (xy) plane will fully decay during the free precession period T and only
the magnetization along the z axis survives (f). At time T the third n/2 pulse
is applied which transfers this polarization pattern to magnetization in the

(xy) plane (g), which, after time T following the third pulse refocuses along the

y axis, yielding the stimulated echo (h).

14. Four-pulse Echo

The four-pulse echo sequence is basically the stimulated echo sequence with

one additional mixing pulse (a n-pulse) inserted between the second and third
n/2 pulses (Figure II-1a). The role of this pulse is to invert the magnetization,
while interchanging spin packets belonging to the opposite electronic
manifolds. We focus on a spin packet 8M, located along the -z axis after the
second /2-pulse (Figure I-5, (a)). By applying the n-pulse with the B, field
along x axis, 8M, is inverted onto the +z axis (b), then the last n/2-pulse

torques the spin-packet onto the -y axis (c), where it starts precessing about B,
immediately after the fourth pulse. In analogy to the formation of the

stimulated echo, the total magnetization along the -y axis is maximized at

time 7 after the fourth pulse.
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a T2 /2 /2

G t = (+T) t = (D t=2t+T
Figure I-4. Vector model to explain the formation of the 3-pulse echo. (a) the
pulse sequence; (b), (c) same events as in Figure I-1. (d) the second pulse
torques the magnetization along z; (e) the magnetization components precess
about z; (f, g) the surviving magnetization components (directed along z) are
‘ﬂipped onto the (xy) plane by the third pulse; (h) the spin packets refocus

along y, forming the echo [from Ref. (8)].
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(a) z (b) z
M, A
X X
M, Y
(© (d
oM,
y—— -
o
oM,
x x
©
5M,
-y
M. oM
X

Figure I-5. Illustration of the formation of the 4-pulse echo. (a) Position of
spin packet 8M,, after the second pulse; (b) the inverting n-pulse reorients
dM,; (c) the third pulse torques 3M, onto the (xy) plane; (d) spin packets start
Precess about z; (e) by the time 1 after the last pulse various spin packets
assume the position shown, which creates the echo along the -y axis.
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L5. Semiclassical Description of ESEEM

One can gain qualitative understanding of the modulation phenomenon
when combining the classical picture of spin echo formation with the
quantum mechanical treatment of an unpaired electron spin coupled to a
spin 1/2 nucleus (12). The spin Hamiltonian for such a spin system (S=1/2,
I=1/2) consists of electronic Zeeman, nuclear Zeeman and electron-nuclear
hyperfine interaction terms and it is given (in angular units) as

ﬁ -~ A A A ~ ~
;‘ = mssz + AZZSZIZ + AXZSZIX - (DIIZ I]-s]

where A,,=A=A cos’@+A sin’®, A,,=B=(A, -A,)cosOsin®, » =gPB,/h and

o=g,B,By,/h (12). A,, and A, are the principal values of the axially symmetric

HFI tensor, which can be described in terms of a Fermi contact coupling, A

and a dipole-dipole coupling term, T=gg,BB,/r’, with A| =A, +2T and A =A,_-
T. The angle © describes the brientation of the principal axis of the hyperfine
tensor with respect to the laboratory field. The remaining terms are g, the
electron g-factor; g, the nuclear g-value; B, the Bohr magneton; §, the

nuclear magneton. The Hamiltonian matrix is easily constructed in the
uncoupled basis set consisting of electron and nuclear spin product states,

Img, m>. Diagonalization to yield the eigenvalues and eigenvectors of Eq. [I-3]
can be managed independently for the two electron spin manifolds as the

only term in the operator that gives rise to off-diagonal elements is that

involving I,.
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The results are summarized in the energy level scheme of Fig. I-6, where the
normalized probability amplitudes for the EPR transitions marked ful and

lvl are given by

lul= (2[8x13) = Sh{&;‘_"g] [1-4a]
0.5gBB, 2
(U813 [0 =g
[vi= 0.5BB, = cos[ 5 } [I-4b]

The angles @, and @, define the axes of quantization for the a and b electron

spin manifolds, respectively, and are given by sing,=B/2w, and sing,=B/2aw,.
In general, all four of the possible EPR transitions for the S=1/2, I1=1/2 spin
system of Fig. I-6 are allowed. These transitions will be excited simultaneously

in a pulsed EPR experiment, provided that the MW pulses have sufficient
bandwidth.

To illustrate the modulation effect the rotating reference frame used in
the explanation of spin echoes will again be applied (Figure I-7). The four

partially allowed transitions are designated by letters A, B, C and D. The
discussion will focus on transition A. After the first (1/2) pulse, the
transverse magnetization that corresponds to transition A will precess more

slowly than o, (w,<w,). Thus in the rotating coordinate system it will acquire a

negative phase angle, (0,-0,)t during the free precession period. Application
of the second pulse will excite transition A, and because the MW pulse excites
all transitions simultaneously, the corresponding semi-forbidden transition C

will be excited as well. So, as shown in Fig. I-7b, the effect of the second pulse

—
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Eigenvectors:
I> T T 11> = cos(@/2) I+ +> + sin(@/2) I+ ->
. . (1) —_—
y @ 4 ,
> ===t ‘ ‘ 12> = -sin(py/2) I+ +> + cos(@,/2) I+ ->
: |
s |
: |
. |
lul vl vl Jul o
B3> L - 13> = cos(@p/2) I- +>+ sin(cpﬁ/Z) - ->
X
)
L p
14> y V9 14> = -sin(cpﬁ/2) - +> + cos(cpﬁ/?.) - >

o =0 - A2)% B

wg=lo 1+ A2)% B4

Figure I-6. Enlergy level diagram of an 5=1/2, I=1 /2 spin system in the solid

state, described by the Hamiltonian of Eq. [I-3].
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11>
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4 ‘ 12>
Y 13>
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(0]
) - A Dl c B
\ Y | 4>
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Figure I-7. Schematic illustration of the origin of spin echo modulation. The
upper left insert shows the scheme of the four-level energy level diagram of

Fig. I-6, while the upper right insert shows the spin packets in the

inhomogeneous line. A), B), C) show the branching of the transitions, which

leads to the modulation phenomenon (see text).
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is not only flipping the magnetization component ®,, but also inducing
“pranching” of the spin packet into two portions, precessing at w, and .. Spin

packet C has a precession frequency greater than w, and while spin packet A
will refocus along Y after time t following the second pulse, C will be at an
angle © with respect to Y (Fig. I-7c), due to the difference in their precession

frequencies. The echo amplitude is given by the projections of all the spin

packet magnetizations onto axis Y. While A contributes fully to the echo, the

contribution of C can be written as ccos®, where c is the length of the

magnetization vector C. One can immediately see that ©=1w,-0. |1 or O=w_1,

where @, is the hyperfine frequency (NMR frequency) in the | a> electron spin

manifold (the difference between levels 13> and |4>). If we designate the
portion of magnetization split from spin packet A upon the second pulse (i.e.

the “branching”) as k, we may write the expression for the echo amplitude as

E(t)=kcos(w,T)E, [1-5]
‘where'Eo is the full echo amplitude (i.e. amplitude observed with no
modulation). Equation [I-5] shows that the echo amplitude as a function of t
indeed is modulated by o, and dependent on the modulation depth k (which

is determined by the extent of the “branching”). The same reasoning may be

expanded to the other pair of transitions B and D, which are simultaneously
excited during the pulse experiment. Thus, we expect to have w; as a

modulation frequency as well. The quantitative quantum mechanical

_;
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treatment outlined later shows that the echo amplitude is modulated by

frequencies ®,, @y, ®,+w, and -, (13, 14).

L6. Two-pulse ESEEM

In this experiment the amplitude of the primary echo is measured as a
function of pulse separation, 7. The echo decay is primarily determined by

spin-spin relaxation (characterized by relaxation time T,). The weak HFI with
nearby nuclei manifests itself as modulation of the echo envelope. The total

time dependence of the echo amplitude thus can be expressed as
E(T)=E4e(0 Epnoa(T) (6]

where E_ , is the modulation, E,,. is the decay of the echo envelope.

dec

The exact expression for the modulation function for S=1/2, I=1/2 spin system

(13)is
E, oa(0)=1- %[2-2coswat-2coso)p1:+cos(oaa+wﬂ)t+cos(a)a-coﬂ)r] [1-7]

Thus, the echo intensity is modulated by the basic nuclear transition
(ENDOR) frequencies, ®,, @, and their combinations, w,+e;, ©,-0;. These
modulation frequencies can be resolved by Fourier transform of the full echo
envelope function E(t). Note that the combination frequencies have opposite

phase to the basic frequencies (cf. Eq. [I-7]), thus negative components also
appear in the 2-pulse ESEEM spectrum. Prior to Fourier transform it is

customary to perform a dead-time reconstruction first suggested by Mims (15)

—
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to reduce the line-shape distortion introduced by the instrumental dead-time

(usually ca. 150 ns).

L7. ulse ESEEM

In the three pulse ESEEM experiment usually T is varied while 7 is kept
constant. Thus the amplitude of the spin echo is measured as a function of T
(or T+1). The modulations can be observed for longer periods than in the 2-
pulse ESEEM (T,>>T,), which results in a better frequency resolution. With
the introduction of v°=1+T, the explicit form of E_,(t, T) for the 3-pulse echo

(13, 14) is
E .ot T)=1- —4k— {[1-cos(w,T)][1-cos(wyT")]+[1-cos(w,T)][1-cos(w,T")]} [1-8]

This equation clearly shows two important features of the 3-pulse

experiment. One that only the fundamental hyperfine frequencies contribute
to the modulation. The other that depending on the actual 7, certain
frequencies can be enhanced, while others can be partially or fully suppressed.

This leads to blind spots in the 3-pulse ESEEM spectra, which results in

lineshape distortion in disordered systems (6, 14, 18).

LS. Four-pulse ESEEM
Two basic versions of the 4-pulse echo experiment have been used: the two-
dimensional 4-pulse ESEEM (HYSCORE) and the 1D version. HYSCORE is

dealt with in Chapter II. Here we mention a few characteristics of the 1D 4-

b*—,
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pulse ESEEM. This is carried out in such a way that the two time variables (t,

and t,) of the pulse sequence (Figure II-1a) are incremented simultaneously,
so that t,=t,=T/2, while 7 is kept constant. In this case the modulation

formula, Eq. [II-8] takes the following form (16-18):

S(t, T)=1- § [CO+2Cacos[ 92—“— (t+T)]+2Czcos] E)Z—B- (t+T)]
+2C {c*cos| -(%i(wT)]-szcos[ %:(T+T)]}] [19]

where C,, C,, Cy s, ¢, k, @,, @_are defined by Eq. [II-9]. It can be seen that apart

from a scaling factor of 1/2, the frequencies of the two-pulse and four-pulse

ESEEM are the same. The four-pulse sequence, however, has the advantage
that during the variable time intervals nuclear spin coherence evolves which
decays much more slowly than electron spin coherence (6, 8). This results in a

pronounced reduction of line widths (i.e. in a better spectral resolution) and is
particularly important in studies of sum peaks (w,) in spectra of disordered

systems (17, 21-23), where the frequency of these peaks is closely related to the
dipolar part of the hyperfine coupling (19).

A novel application of the 4-pulse sequence has been proposed by Ponti
and Schweiger (20) to exploit undistorted ESEEM spectra. This experiment is
termed DEFENCE (deadtime free ESEEM by nuclear coherence transfer
echoes) and is shown to yield the distortion free absorption powder lineshape.

A DEFENCE spectrum essentially is the projection of the two-dimensional

HYSCORE spectrum on its @, axis.
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L6. Density Matrix Description of ESEEM
The density operator formalism has proven particularly useful to describe the
evolution of the spin ensemble in magnetic resonance (2, 24, 25). It can be
shown easily that the expectation value <A> of an observable represented by
operator A can be obtained as

<A>(t)=Tr{p(t)- A} [-10]
where p(t) is the matrix representation of the time-dependent density
operator. The “equation of motion” for p can be derived from the time-

dependent Schrodinger equation, and takes the form:

Lp0)= 1815, 1)
where the Hamiltonian H may be time-dependent. In a spin-echo experiment
the expectation value of interest is the magnetization along the y axis, which
is proportional to S,. The normalized echo amplitude in the two-pulse

experiment is then:

Trip21)- Sy)

- JHPLAT): 112
Tr{p(0)-Sy) -12]

E(1)

The Hamiltonian in the electron spin echo experiment consists of a time-

dependent and a time-independent part,

Hiror = Ho+H,(0) [1-13]
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where H, describes the static interactions in the sample (electronic and

nuclear Zeeman, nuclear hyperfine and quadrupolar interaction), while H,
expresses the interaction between the spins and the MW pulse. Here we
outline the derivation of the modulation formula for the two-pulse ESEEM,
following Mims (13).

The time-dependence of H, can be removed by transforming the problem
into a reference frame rotating at the MW carrier frequency, ®. The entire

derivation will be cast in this rotating coordinate system. The evolution of

the density matrix can be expressed as

p(21) =R-p(0)-R’, [-14]
where

R=R,-R,p R, Ryp, [I-15]
with

R, = exp[-iH,t/#], [1-16]

R, = exp[—iH ot /7). [117]

R, and R;; are the propagators during free precession and nutation periods, t,,

is the duration of the i™ pulse. It is convenient to carry out these matrix
manipulations in a representation in which ﬁo is diagonal (“interaction
representation”) (13). The unitary transformation which diagonalizes H, is

represented in a sub-matrix form as




T |
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R M, 0). (Ml o
j“):(o MBJ-Ho-[ 0 M} ) [1-18]

where M, and M are matrices of dimension 2I+1 (I is the nuclear spin). H, is
the matrix representation of the Hamiltonian in a state space with basis
vectors lo, m>, and |B, m;> (m,; is the nuclear quantum number). In this
representation H, is block diagonal (high-field approximation). Thus, M, and

M, are matrices diagonalizing these blocks. In the “interaction

representation” the matrices of our interest will take the following form (26):

;
=0 2| [1-19]
t O Qt
J2( E -iM ]
Rip = 7(—iMT E ) (20}
0 -iM
RZP = (_IMT O )’ [1-21]
. (O —iMIZJ 122]
Yy limMmt72 o )
. faE 0 2
p(0) = k o bE)' [1-23]

where E is the einheit operator, M=M} -M,, a and b are the initial populations

. + -
of the o and B electronic spin states, respectively. P!and Q, are diagonal

: , i .and @y,
matrices, with elements P,'=exp(-io,t) and Q,'=exp(-i0gt), where @, and @y,

are the nuclear transition (ENDOR) frequencies in the o and B electronic
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manifolds, respectively. Computing the echo amplitude using Eq. [I-3] leads to

(13):

E(t)= Re(Tr(QIM'PIMQM'PM)}. [1-24]

21+1

When I=1/2, M has a simple form (13):
oy u
M= ( . j [1-25]
= v
and the normalized echo modulation function will take the form

E(1) =|v[* +[ul* +[v | - {2cos(@,T) + 2cos(@pT) = 126]

—cos[(®, — 1)1 - cos[(@g + wg)Tl}
This is the familiar formula for the two-pulse echo for S=1/2,1=1/2 (cf. Eq. [I-

7).
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Chapter II

HYSCORE

2D ESEEM techniques provide a means of disentangling complicated ESEEM
spectra, correlating pairs of ESEEM lines belonging to a certain hyperfine
coupling and determining the relative sign of different hyperfine couplings.
The first variant of 2D ESEEM spectroscopy proposed by Merks and de Beer (1)

is based on the three-pulse sequence. It involves collecting sets of stimulated

ESEEM patterns (functions of T) at different values of 1. Subsequent 2D

Fourier Transform (FT) with respect to T and T yields a two-dimensional

spectrum in which, for a S=1/2, I=1/2 spin system, the following peaks are
expected: (0, 0), (0, 0), (0, ®,), (@, 0), (0, wy), (@, @), (@, ®,); note that the
spectrum is symmetrical relative to the diagonal, ®,=®, (1, 10). In the

modulus FT spectrum, all six peaks with non-zero coordinates have the same
amplitude and a suppression effect typical of the one-dimensional stimulated

ESEEM is absent.

The disadvantage of this 3-pulse 2D ESEEM, however, is that the time
of the primary echo decay is much shorter than that of the stimulated echo.
As a result, the resolution along the different frequency axes may differ by
orders of magnitude, especially in single crystals. This problem can be solved
by using autoregression methods for the spectral analysis along the axis with

the larger linewidth, as in Ref. (2).
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To overcome these drawbacks of the 3-pulse 2D ESEEM a new method using a
four-pulse sequence was proposed by Hofer et al. (3) (Figure II-1a), which also
reveals the cox.'relation between hyperfine sublevels belonging to the opposite
electron spin manifolds. Therefore it was termed hyperfine sublevel
correlation spectroscopy or HYSCORE. In this experiment the amplitude of
the 4-pulse stimulated echo is measured as a function of the two time periods
t, and t,. First, t, is varied while t, is kept constant to obtain one “slice” of the
time-domain data set. Then t, is incremented until all the slices are collected
(Figure II-1b). The linewidth in both dimensions is determined by the
electronic spin-lattice relaxation time, T,. The frequency-domain data
(HYSCORE spectrum) is obtained by 2D Fourier Transformation (Figure II-1c)

and can be represented as a contour plot (Figure II-1d). In the four-pulse

sequence there are three time variables (7, t, and t,). Two of them (t, and t,)

constiﬁte the axis of the 2D ESEEM spectrum and the third one (t) has to be
adjusted according to spectral properties and desired information (see Section
ﬁ.3). |

In this Chapter, a brief overview of some relevant aspects of HYSCORE
are presented. First, a general description of the method is given, then some
important features of the 2D data analysis are examined, followed by a short
review of the experimental aspects. Finally, the application of HYSCORE to

disordered samples is discussed.
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Figure II-1. Scheme of obtaining a HYSCORE contour plot. (a) Measurement

of the amplitude of the 4-pulse echo as a function of t,and t,. (b) The resulting
2D time-domain data matrix, with only 33 of all the 128 t;-slices shown. (c) 3D
representation of the frequency-domain data (HYSCORE magnitude

spectrum) obtained by 2D Fast Fourier Transformation of the time domain
data matrix and taking the absolute value of the resulting complex matrix. (d)

Contour plot of the above spectrum.
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1.1, Introduction to HYSCORE
The HYSCORE modulation formula for the S=1/2, I=1/2 case has been

derived by Gemperle et al. (4). Nonselective, ideal ©/2 and 7 pulses were
considered. The spin system is described by the Hamiltonian

9 = 0)S§Z +IAS- o/, [1-1]
where 0,=g_B.B,/ %1 (isotropic g-tensor) is the electron Larmor frequency,

w=gB.B,/ 7 is the nuclear Larmor frequency, A is the (anisotropic) hyperfine

tensor. By neglecting the Sy and S, terms (high field approximation), the two

nuclear transition frequencies, ®, and o, associated with electronic spin states

mg=+1/2 and mg=-1/2, respectively are given by
o=(1a,1)" [11-2a]

w,=(1A_1)""? [I-2b]
with

A=+A/2 + &E. [0-3]

E is the 3x3 unit matrix and 1 is the unit vector along B,. The amplitude of

the four-pulse echo is obtained in the following form, using the density

matrix approach described in Chapter LI

A A -1 - -1 -1
S(t1/ tz)——-Tr{ SXU(t)Pp/ZU(tZ)PpU(tl)Pp/ZU(t)Pp/ZSZ Pnlzu(t) IPnIZU(tl)

P-'U(t,) " P;,,UM", (4]

with the propagators U, P for the free precession and nutation periods,

respectively:
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U(t)=expi-i $t} [I-5]
P, ,=exp{-i(n/2)S,) [1-6]
P_ =expl-i(m) Sy} [0-7]

An evaluation of Equation [II-4] was performed by the algebraic computer

program MACSYMA(4, 5) and lead to the result

k
S(t,, t,)=1- N {C+C [cos(w,t,+ 0);1 @7

2

)+

)+cos(@,t,+

+Clcos(@gty+ —=)+cos(@gtyr —)]+

®,T ®,T
+CC[CZCOS(OJut1+0),3t2+ ——;—)+c2cos(a)ﬁtl+mut2+ T+) +

0_T w_T
+52cos(0)atl—(x)at2+ —2:—)+52cos((0[,t1-u)u’t2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>