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Abstract

Hyperfine decoupling in electron paramagnetic resonance after strong microwave radiation is studied for § = 1/2, 7 = 1/2 and
S=1/2, 1 =1 spin systems. A new 2D pulse sequence based on the hyperfine-decoupled DEFENCE (deadtime-free ESEEM by
nuclear coherence-transfer echoes) experiment is introduced, which is distinguished by a remarkable reduction of the residual hy-
perfine coupling. The efficiency of this new decoupling experiment in comparison to the old pulse sequence is studied by means of
numerical simulations. The advantages of the new decoupling experiment and its ability to simplify ESEEM spectra are experi-

mentally demonstrated on two disordered systems.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Hyperfine decoupling in electron paramagnetic reso-
nance (EPR) spectroscopy is based on well-established
concepts used in nuclear magnetic resonance (NMR),
for eliminating nuclear spin dipole—dipole and scalar
interactions [1-3]. In NMR, usually transitions of one
type of nuclear spins are irradiated and thereby decou-
pled from other type of nuclear spins which is detected.
The main difference between decoupling in EPR and
NMR is that in the former case the gyromagnetic ratios
y; of the hyperfine-coupled electron and nuclear spins
differ by two to three orders of magnitude. Since for an
efficient hyperfine decoupling in EPR, the decoupling
microwave (mw) or radiofrequency (RF) strength 7,8,
has to be larger than the hyperfine coupling, it is obvious
that decoupling of electron spins from nuclear spins
through mw radiation is relatively easy, whereas de-
coupling through RF radiation is virtually impossible.
For this reason, in EPR hyperfine decoupling is only
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possible by exciting the electron spins which are also
detected.

Recently, several hyperfine decoupling schemes have
been developed [4-6]. In all these experiments the on-
going effort is towards resolution enhancement by using
two-dimensional (2D) decoupling schemes that are based
on three- and four-pulse electron spin echo envelope
modulation (ESEEM) experiments. The decoupled DE-
FENCE (deadtime-free ESEEM by nuclear coherence
(NC)-transfer echoes) pulse sequence has been found to
be a powerful 2D experiment, especially for the case of
orientationally disordered S = 1/2, 1 = 1/2 spin systems.

Apart from the question of the efficiency of hyperfine
decoupling under strong mw radiation [7], the main
motivation for the development of hyperfine decoupling
experiments arises from their ability to simplify com-
plicated spectra of S = 1/2, I > 1/2 spin systems. This
later issue is still a challenge for ESEEM spectroscopy,
which during the last two decades has become an im-
portant experimental tool for determining weak hyper-
fine and quadrupole interactions [8,9]. The main
complication in systems with nuclear spins 7 > 1/2 is
caused by the quadrupole interaction that increases the
number of the unknown parameters. This may cause
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ambiguities in the determination of the magnetic
parameters, even in cases where a non-linear least
squares fitting of narrow features in ESEEM spectra is
applicable [10]. Moreover, in disordered systems the
anisotropic hyperfine and quadrupole interactions cause
line-broadenings that make an interpretation of the
spectra possible only via numerical simulations [11].
This issue becomes very demanding for systems with
more than one interacting nucleus and/or with nuclear
spins / > 1 [12-14]. The simplification of such compli-
cated spectra has been the subject of numerous studies,
including exact cancellation techniques [15,16] and high-
field EPR [17]. However, these approaches can either
not cover a broad range of hyperfine couplings or are
technically very demanding.

In this work hyperfine decoupling is proposed as a
way for simplifying ESEEM spectra. First, the theory
for S =1/2, 1 =1/2 spin systems under strong mw ra-
diation is extended to the case of S =1/2, I =1. The
efficiency of the decoupled DEFENCE experiment is
studied for these two systems by means of numerical
simulations. A modified version of this pulse sequence is
introduced, resulting in a virtually complete elimination
of the residual hyperfine couplings for the first time.
Finally, the advantages of this experiment and its ability
to simplify ESEEM spectra are experimentally demon-
strated on two disordered systems.

2. Theory

During hyperfine decoupling under strong resonant
mw radiation the quantization axis of the nuclear spin /
in a system of a coupled electron spin S and nuclear spin
I remains unchanged, whereas the quantization axis of
the electron spins is rotating with the Larmor frequency
in the xy plane of the laboratory frame. The local field at
nuclear spin / generated by the electron spin S thus
becomes strongly time-dependent and is averaged for
times ¢ > 2n/ws. In principle it is then possible to de-
couple the electron from the nuclear spin by applying a
prolonged strong mw pulse. However, this simplified
picture is not complete because for off-resonant spin
packets there will still be a non-zero component of §
along By, resulting in a residual hyperfine coupling.

The aim of this theoretical study of hyperfine de-
coupling is to predict the nuclear frequencies of a spin
system under strong mw radiation. For an §=1/2,
I =1/2 spin system with an isotropic g value and an
anisotropic hyperfine interaction with the nucleus in the
xz plane of the laboratory frame, the rotating frame spin
Hamiltonian including the radiation field along y can be
written as [7]

H = HO + CU]Sy = QSSz + U)]Iz +ASzlz +BSsz + CU]Sy7
(1)

where Qs = (ws — Wmy) is the resonance off-set of the
electron Zeeman frequency ws = gf.Bo/h from the mw
frequency wny, ®; = —gnf,Bo/% is the nuclear Zeeman
frequency, 4 and B describe the secular and pseudo-sec-
ular part of the hyperfine coupling, and w, = gf.B, /% is
the mw field strength in angular frequency units. In the
case of axially symmetric hyperfine interaction the coef-
ficients 4 and B are given by [8] 4 = ajs, + T(3cos’ 0 — 1)
and B = 37T sin O cos 8, where aj5, and T are the isotropic
and dipolar part of the hyperfine coupling and 0 is the
polar angle defining the position of the nucleus in the xz
plane. By expanding the eigenvalues of the Hamiltonian
in Eq. (1) in a Taylor series at 1 /w; = 0, and neglecting
terms of higher than second order we find for the de-
coupled nuclear frequencies in the two electron spin
manifolds [7]
dec AQs _ Bz(Qé — (U?)

)% =w; £ ——
uh 20, 8wl

(2)

The frequencies in Eq. (2) are a good approximation for
strong mw fields with w; > (Qs, w;, 4, B). This is illus-
trated in Fig. 1, where the exact solutions using nu-
merical diagonalization are compared to the decoupled
frequencies of Eq. (2).

The residual hyperfine splitting is given by

AQ
Ares = w_l (3)
and in the case of complete decoupling, or for on-reso-
nant spin packets (Qg = 0), the nuclear frequencies wge/;
approach the nuclear Zeeman frequency, wjeﬁ = wy,
since also the non-secular contribution of B2w;/8w;

becomes negligible for sufficiently strong mw fields.
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Fig. 1. Nuclear frequencies as a function of the decoupling field
strength o; for an S =1/2, I =1/2 spin system. Solid lines: exact
solution for wg°°, w‘}cc obtained from numerical diagonalization of the
Hamiltonian in Eq. (1). Dashed lines: nuclear frequencies predicted by
Eq. (2). The residual hyperfine coupling for w;/2n =50MHz is
marked by an arrow. Parameters: nuclear Zeeman frequency,
w;/2n = 14.7MHz; hyperfine couplings, A/2m=13.1MHz, and
B/2n = 2.1 MHz; resonance offset, Q5/2n = 15 MHz.
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In the case of an S = 1/2, I = 1 system, the rotating
frame spin Hamiltonian during mw radiation along y is
given by

H="Hy+ w]Sy
= QS+l +A.S.1. + B,S.I, + B,S.[, + TPT 4 0, S,..
(4)

P is the nuclear quadrupole tensor which in its principal
axes system is defined by

—K(1 —n)
P’ = —K(1+n) : (5)
2K

where K = e2qQ/4h represents the nuclear quadrupole
coupling constant and # is the asymmetry parameter of
the electric field gradient.

The diagonalization of the spin Hamiltonian in Eq.
(4) and the expansion of the eigenvalues in a Taylor
series in the limit w; — oo becomes now rather tedious.
An alternative approach, which is followed in the pres-
ent study, is to find approximate solutions using second-
order perturbation theory. More specifically, assuming a
strong mw field, w; > (25, w;,4,B,,,K), and a weak
hyperfine and quadrupole coupling, w; > (4/2,K), we
can treat the term w;S, + wI, as the dominating part of
the Hamiltonian and the remaining terms as perturba-
tions. For the decoupled nuclear frequencies we then
find:

L AL AQS A? B?
CU = - -
Q16 A =20 4w1 8(w; F )’
AQ A? B?
dec S
+— _ 6
DsQa(ap) T VsQ2 2w 4a)1 8(w; £ wy)’ (6)
wdec - + AQS B [0)}
PAH IR T wy  4(0f — o)

where the subscripts SQ1 and SQ2 denote the two single-
quantum nuclear spin transitions (m;, m; + 1) = (0,1)
and (-1,0), and DQ the double-quantum transition,
(=1, 1). The expressions:

3
wSQI:w1+2Pﬂ+2 (Pl +P.+P)
1 2
— (P, — P, O(3
+ gy (= P2 +003)
3 1 2 2 2
COSQ2:601*§PZZ+—2(U1 (P, +P.+Py)
1 2 )
—(Py — P, 0O(3),
+ 5o (Pa = P,) +0(3)
1
wDQ_2w1+ (P2 +P2+P2)
1 2
— (P — P, 0O(3),
+ 30 (Pa = R,) +0(3)

denote the corresponding nuclear frequencies of the
same spin system but with zero hyperfine coupling,

obtained from the eigenvalues of the Hamiltonian
Hy = QsS. + o, + IPI, and O(3) stands for higher
than second-order terms. From Eq. (6) it can be seen
that for very strong decoupling fields (w; — oo) the
nuclear frequencies approach those given in Eq. (7),
corresponding to complete decoupling (4 = 0).

An example of this behavior is shown in Fig. 2.
However, as in the case of / = 1/2, there is a residual
hyperfine splitting, given by:

SQl _ AQS A2 _ Bzwl
Ares - + 2 2\ 7
o 20 4o — o)
AQg  A? B*w
S (8)
w 2a)1 4(wt — w7)
40 _ A8
res wl

Although the formulas in Egs. (6) and (8) are good
approximations only in the case of weak couplings
(2w; > A), the conservation of the nuclear Zeeman and
quadrupole interaction during decoupling is a general
property that does not depend on the magnitude of the
hyperfine coupling. In other words, Eq. (7) gives good
approximations of the completely decoupled frequencies
for all magnitudes of hyperfine couplings.

The analysis described above demonstrates that the
residual hyperfine splitting is a crucial parameter for an
accurate determination of the decoupled frequencies,
since only with spin packets with small off-resonance
frequencies (Q2s ~ 0) narrow peaks will be obtained in
the decoupled dimension. On the other hand, the re-
sidual hyperfine splittings arising from off-resonance
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Fi 1g 2. Nuclear frequencies as a function of the decoupling field u)1 foran

=1/2,1=1 sp1n system. Solid lines: exact solution for wSQl(u 5
wSQM > and a)DQ<1 5 obtained from numerical diagonalization of the
Hamiltonian in Eq. (4). Dashed lines: nuclear frequencies predicted by
Eq. (6). The residual hyperfine couplings of the three nuclear spin
transitions for w;/2n = 50 MHz are marked by arrows. Decoupled
frequencies: wsqi /21 = 3.15 MHz, wsq,/2n = 5.48 MHz, and wpq/2n
= 8.63 MHz (dotted-dashed lines). Parameters: nuclear Zeeman fre-
quency, o;/2n = 4.19 MHz; hyperfine couplings, 4/2n = —6.05 MHz
and B/2n = —0.92 MHz; nuclear quadrupole coupling, P../2t = 0.82
MHz; resonance offset, Qg/2n = 10 MHz.
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spin packets scale with Qg/w; and thus can only be re-
duced by applying sufficiently strong mw fields. How-
ever, since a typical maximum mw field is around
w1 /21 = 50 MHz, complete decoupling is not possible
with currently available commercial spectrometers.
Therefore, new hyperfine decoupling schemes have to be
used to eliminate residual hyperfine couplings.

3. Methods
3.1. Pulse sequences

Among the recently proposed hyperfine decoupling
schemes [5,6], hyperfine-decoupled DEFENCE is the
most promising approach. This scheme is based on the
DEFENCE sequence [18], a 1D four-pulse ESEEM ex-
periment which makes use of the sequence nt/2—7—m/2—#—
n—t-1/2-1-echo with a constant time #; and a variable
time z. In the DEFENCE experiment, NC is created by the
sub-sequence 1/2-1-n/2 and a NC-transfer echo is ob-
served at about ¢ = #. In the hyperfine-decoupled DE-
FENCE experiment, the third ©t/2 pulse is replaced by a
decoupling pulse of variable length Ty, (Fig. 3A). This
introduces a second dimension along which the hyperfine-
decoupled frequencies can be obtained. In the original
1D-DEFENCE experiment, #; has to be long compared to
T in order to separate the wanted NC-transfer echo from
the unwanted FID and electron spin echoes. However, in
the current decoupling experiment a choice of very long ¢
may result in a loss of sensitivity due to relaxation effects
during the additional decoupling pulse. Nevertheless, the
optimization of ¢ (by means of increase the ESEEM
signal intensity) can be done by a trial and error variation
of #; in the standard 1D DEFENCE experiment [18].
For the case of an S =1/2, I =1/2 spin system, the
2D decoupling experiment correlates the two nuclear

frequencies , = 1/ (w; +A4/2)* + (B/2)* and wp =
\/ (w; — A/2)* + (B/2)* with the corresponding decou-

pled frequency wge. =~ wy, so that the nuclear frequency of
different types of nuclei can be separated from each other.

a

A

/2 7?2
T t1 t Tdec T
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<

T 7—dec t1 t Tdec T

Fig. 3. Pulse sequences for hyperfine-decoupled ESEEM. (A) Hyper-
fine-decoupled DEFENCE. (B) New hyperfine-decoupled DEFENCE
sequence.

The information from this 2D experiment is even
more in demand for the S = 1/2, I = 1 case, where the
six nuclear frequencies wsqi(xp), ©sQ2(xp)> aNd OpPQ(u,p)
will be correlated with the corresponding decoupled
frequencies given by Eq. (6), so that a direct determi-
nation of the nuclear quadrupole interaction becomes
possible. However, the residual hyperfine splitting can
still make the estimation of the decoupled frequencies
difficult or even impossible. This is particularly true for
I =1 systems where, according to Eq. (8), even for
resonant spin packets (s = 0) a non-zero secular term
contributes to the residual hyperfine spitting of the sin-
gle-quantum nuclear spin transitions. In addition, the
residual hyperfine splitting of the double-quantum
transitions is two times larger than the one of the single-
quantum transitions of the 7 =1/2 system. The esti-
mation of the decoupled frequencies for / = 1 systems is
therefore more difficult than for the 7 = 1/2 case.

The residual splitting can be eliminated with the
pulse sequence shown in Fig. 3B. In this 2D experi-
ment which is based on the hyperfine-decoupled
DEFENCE pulse sequence, the second m/2 pulse is
replaced by a decoupling pulse of length Ty... Again,
the free evolution period #; is kept constant whereas
the free evolution period ¢ and the length Tg.. of the
two decoupling pulses are varied. In contrast to the
previous pulse sequence, the nuclear coherence during
the decoupling pulses evolves now in both electron
spin manifolds. It is then expected, in analogy to the
combination peak experiment [18] that also the fre-
quencies §* = | + 0| will appear in the de-
coupling dimension of the spectrum.

For the weak hyperfine coupling case (2w; > 4) with
I =1/2, for every off-resonance spin packet the decou-
pled frequencies wd*, w?fc are in first order symmetrically
placed around w,;, so that the sum-combination fre-
quency, w‘ie" = 2wy, 1s free from secular residual hyperfine
contributions. Similarly, for / = 1, the six nuclear fre-
quencies are correlated with the three sum-combination
frequencies

2
dec dec B w,

D51z T O5qi(p = 20sQ1 — 4o’

Bw
dec dec _ 1
DsQ2(a) + wSQZ(/{) - ZwSQz 460% )
and
B’w
dec dec __ _ 1
DB T gy = 20DQ 20}

1

For sufficiently strong mw fields the shifting terms
containing the non-secular hyperfine coupling B can be
neglected and the sum-combination frequencies become
twice the completely decoupled frequencies given in Eq.
(7). Finally, for both nuclear spins / =1/2 and I =1,
the nuclear frequencies will also be correlated with 9,
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which is equal to the residual hyperfine splitting given in
Eqgs. (3) and (8), respectively.

For a further comparison of the efficiency of the two
hyperfine-decoupling experiments analytical formulas
are required. However, they are quite tedious and only
few insights can be gained from them. An alternative
approach, followed in this work, is to demonstrate
the basic features of the frequency correlation patterns
using numerical simulations of the corresponding
experiments.

3.2. Numerical simulations

The numerical simulations were performed in time
domain using the product operator formalism [8,11]. The
pulses were treated as ideal except the decoupling pulses.
For the decoupling pulses the propagator Rgec =
exp (—iH Tyec) was used, where H is the spin Hamiltonian
during decoupling given in Egs. (1) and (4) for the/ = 1/2
and 7 = | systems.

The calculations of the 2D time-domain spectra were
carried out with a program written in MATLAB 6.0

A 32 T T T T

28} 1

24} :

20

[MHz]

16

GINOON

)C

dec
I
|

v

12

o L
6 10

1I8
[MHz]

14
VESEEM

22

B

(The MathWorks, Natick, MA). The usual eight-step
phase cycle was applied to eliminate unwanted electron
coherences. A resonance-offset integration was per-
formed assuming a Gaussian distribution. Finally, the
calculated time-domain data were baseline corrected
with a constant, apodized with a Hamming window and
zero filled. After 2D Fourier transformation, the abso-
lute-value spectra were calculated.

The simulated frequency correlation patterns for an
S=1/2, I=1/2 spin system with v; =14.7MHz,
A/2n = 13.1 MHz, and B/2n = 2.1 MHz are shown in
Fig. 4. For the decoupled DEFENCE experiment
(Fig. 4A), the two nuclear frequencies v, = 8.2 MHz and
vg = 21.3 MHz in the ESEEM dimension are correlated
with symmetrically disposed frequencies around v; in the
decoupling dimension. This simulation demonstrates
how the effect of the residual hyperfine coupling results in
an elongation of the correlation peaks along the decou-
pling dimension and thus makes an estimation of v‘;efg SRV
uncertain. Fig. 4B shows the simulated spectrum of the
same system using the new pulse sequence. The nuclear
frequencies v, vg in the ESEEM dimension are now also

32 T T T T

2v

28} -

24} :

20 h

12f

o
©
©
©)

0 L
6 10

1I8
[MHz]

14
VESEEM

22

Fig. 4. Numerical computations of hyperfine decoupling experiments for an § = 1/2, I = 1/2 spin system. (A) Hyperfine-decoupled DEFENCE. (B)
New hyperfine-decoupled DEFENCE sequence. Parameters: nuclear Zeeman frequency, v; = 14.7 MHz; hyperfine couplings, 4/2n = 13.1 MHz and
B/2n = 2.1 MHz. Decoupling field, w;/2n = 50 MHz; t = 100ns; #; = 96ns; starting values for ¢ and Ty 16ns varied in steps of Ar = 16ns,
ATyec = 4ns (150 x 600 data points); an inhomogeneous broadening is assumed with a Gaussian line shape of (AQs)pwpy /27 = 15 MHz.
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correlated with the frequency vjf,? ~ 2v; in the decoupling
dimension. The sum-combination frequency thus results
in a remarkable reduction of the residual hyperfine split-
ting in the decoupling dimension. Moreover, low-inten-
sity correlation peaks between v, and the residual
hyperfine coupling frequencies are observed.

The corresponding numerical simulations for an
S =1/2,1 =1 spin system were carried out assuming an
axially symmetric hyperfine interaction with the param-
eters vy =4.19MHz, a;,/2n=—-6.70MHz, T/2n=
0.65MHz, K/2n = 0.62 MHz, and 5 = 0.88, where a;so
and 7T are the isotropic and anisotropic part of the hy-
perfine coupling. The orientations of the principal axes
systems of the hyperfine and nuclear quadrupole tensors
with respect to the static magnetic field By are defined by
the Euler angles (o = 0°, iy = 35.4°, and yy = 0°) and
(0q = 0% By = 34.6° and 74 = 0°). For this specific ori-
entations, the secular and pseudo-secular parts of the
hyperfine coupling are A/2n = —6.05MHz and B/2n =
—0.92MHz, whereas the P. element of the nuclear
quadrupole tensor is P, /21 = 0.82 MHz. The above pa-
rameters reproduce the basic features of the correlation
pattern obtained for VO(acac),/pyridine at Q-band (see
Section 5). The numerical diagonalization of H, with
these parameters results in the six nuclear frequencies
VSQI(oc) =6.22 MHZ, VSQZ(@() = 8.40 MHZ, VDQ(oc) = 14.62
MHZ, and VSQI([)’) =0.63 MHZ, VSQ2([3) =2.66 MHZ,
vpQ(p) = 3.29 MHz. The simulation of the decoupled

161

[MHz]

Vdec

0 4 8 12 16
Vesgem [MHZ]

[MHZ]

DEFENCE experiment is shown in Fig. SA. The dashed
lines denote the nuclear frequencies in the limit of
complete hyperfine decoupling with vgq; = 3.15 MHz,
vsq2 = 5.48 MHz, and vpg = 8.63 MHz.

The elongation of the correlation peaks in the decou-
pling dimension is again pronounced. Only the decoupled
frequencies corresponding to the double-quantum cor-
relation peaks are roughly symmetrically arranged with
respect to vpg. For the two single-quantum ESEEM fre-
quencies, vsqi(») and vsqi(p), the decoupled frequencies are
lower than vsg;. This residual hyperfine splitting, ob-
served even for on-resonance spin packets, makes an es-
timation of the decoupled frequencies uncertain for
systems with 7/ = 1, in accordance with Eq. (8).

The 2D pattern obtained with the new decoupled
DEFENCE experiment is shown in Fig. 5B. The addi-
tional correlation of the nuclear frequencies with twice
the decoupled frequencies results again in a remarkable
reduction of the residual hyperfine splitting in the de-
coupling dimension. Consequently, this new decoupling
scheme allows the direct determination of the nuclear
quadrupole interactions.

4. Experimental

The experiments were performed on polycrystalline

bis(n-benzene) vanadium(0), V(bz),, diluted into
Voag) Vba(e)
Vsoz()v Vsaz(a) {
A% A%
sat l sat l
20_([5)__' _(0()'_ ' _
IS N S P
IS : : : ]
12t S : ]
B R
>U 8':
e - %
4t
4 8 12 16
Veseem MHZ]

Fig. 5. Numerical computations of hyperfine decoupling experiments for an S = 1/2, I = 1 spin system. (A) Hyperfine-decoupled DEFENCE. (B)
New hyperfine-decoupled DEFENCE sequence. Parameters: nuclear Zeeman frequency, v = 4.19 MHz; hyperfine couplings, 4/2n = —6.05MHz
and B/2n = —0.92MHz; nuclear quadrupole coupling, P../2n = 0.82 MHz; decoupling field, w;/2n = 50 MHz; © = 170ns; #; = 160 ns; starting
values for ¢ and Ty, 16ns varied in steps of At = 16ns, ATy = 8ns (300 x 600 data points); an inhomogeneous broadening is assumed with a

Gaussian line shape of (AQs)pwyy /2T = 20 MHz.
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ferrocene, 1:100 [19] and on bis(acetylacetonato)oxova-
nadium(IV)/pyridine, VO(acac),/pyridine [20]. VO(acac),
/pyridine was prepared by dissolving VO(acac), (0.02 M)
and pyridine (0.04 M) in a mixture of CHCls/toluene
(1:1). The solution was then transferred to an EPR
tube and degassed using the usual freeze—pump-thaw
method.

The experiments on V(bz), were carried out on a
Bruker Elexsys E580 spectrometer (X-band, mw fre-
quency 9.69 GHz) equipped with an EN4118 probe
head. The experiments on VO(acac),/pyridine were
performed on a home-built Q-band instrument (mw
frequency 35.3 GHz) [21]. The mw conversion factor of
the resonator was approximately 2.5G/v/W for Q fac-
tors between 100 and 300. All experiments were carried
out at a temperature of 40 K with a helium gas-flow
cryogenic system from Oxford Instruments, with a rep-
etition rate of 1kHz. During the decoupling pulses, the
mw field strength was w; /21 ~ 32 MHz. The length of
the decoupling pulses was varied in steps of ATyec = 8ns
starting from 7y = 16ns. The following experimental
conditions were used: #r/; = 16ns, t; = 16ns, At = 8ns
starting from ¢y = 96ns, t; = 160 ns, 1 = 120 ns (V(bz),),
and 170ns (VO(acac),/pyridine); an eight-step phase
cycle was used.

The data were processed with the program MATLAB
6.0 (The MathWorks, Natick, MA). The time traces
were baseline corrected with a third-order polynomial,
apodized with a Hamming window and zero filled. After

A 32 T T T T T

28t -
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vdec
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Veseem [MHZ]
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Vdec
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|
|
|
|
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|
|
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|
|

2D Fourier transformation, the absolute-value spectra
were calculated.

5. Experimental examples and discussion

The results obtained with the two hyperfine-decou-
pling sequences on V(bz), at X-band are shown in
Fig. 6. Both experiments were performed at an arbitrary
observer position (By = 344.3mT). In the hyperfine-de-
coupled DEFENCE spectrum (Fig. 6A) strong correla-
tion peaks are observed in the decoupling dimension
around the nuclear proton Larmor frequency
vy = 14.7TMHz. The broad peaks with maximum in-
tensities around 10 and 19.3 MHz along the ESEEM
dimension represent the protons of the benzene rings. In
addition, *C cross-peaks in natural abundance between
the ESEEM frequencies 3.1 and 4.9 MHz and the 13C
Larmor frequency vc = 3.7 MHz in the decoupling di-
mension are observed. The effect of the residual proton
hyperfine coupling is evident, since the correlation
frequencies in the decoupling dimension deviate
considerably from the corresponding nuclear Larmor
frequencies.

The results obtained with the new pulse sequence are
shown in Fig. 6B. The spectrum contains now additional
correlation peaks, which are very narrow along the
decoupling dimension at 2vy =294MHz and
2v¢ = 7.4 MHz. The residual hyperfine couplings are

32

281

201 1

8—m———————————-2vc

b o e e e e e e e e =

0 1 1 1 1 1

0 4 8 12 16 20 24
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Fig. 6. Hyperfine decoupling experiments on polycrystalline bis(n-benzene)vanadium(0) at X-band. Experimental parameters: arbitrary observer
position; mw field strength of decoupling pulses, w;/2n =~ 32 MHz; T = 120 ns; #; = 160 ns; starting value for ¢, #y = 96 ns varied in steps of Az = 8 ns;
starting value for Tye, To = 16 ns varied in steps of ATy = 8ns (500 x 500 data points); number of accumulations, N = 6. (A) Hyperfine-decoupled

DEFENCE. (B) New hyperfine-decoupled DEFENCE sequence.
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Fig. 7. Hyperfine decoupling experiments on bis(acetylacetonato)oxovanadium(IV)/pyridine in a frozen CHCls/toluene (1:1) solution at Q-band.
Experimental parameters: observer position, g; mw field strength of decoupling pulses, w; /2n ~ 32 MHz; t = 170 ns; ¢; = 160 ns; starting value for ¢,
to = 96 ns varied in steps of Az = 8ns; starting value for Ty, Tp = 16ns varied in steps of ATy = 8ns (512 x 512 data points); number of accu-
mulations, N = 10. (A) Hyperfine-decoupled DEFENCE. (B) New hyperfine-decoupled DEFENCE sequence; lowest contour levels: (i) 5% and (ii)

15% of the maximum peak intensity (double-quantum correlation peaks).

virtually eliminated in agreement with the simulations
shown in Section 3.2.

The decoupling experiments on VO(acac),/pyridine at
Q-band performed at the observer position
g (Bo = 1360.9mT) are shown in Fig. 7. Strong interac-
tions with the pyridine nitrogen (vy = 4.2 MHz) are ob-
served in both 2D plots. In the ESEEM dimension, the
dominating peaks at vpg(g) = 3.4 and vpq(,) = 14.7MHz
represent the double-quantum frequencies. The single-
quantum frequencies vsqi(p) = 0.7, vsqa(p) = 2.8 and
VsQl(x) = 6.2, VsQa(x) = 8.6 MHz are also observed. In the
standard decoupled DEFENCE experiment, the effect of
the residual hyperfine coupling results again in a broad-
ening of the correlation peaks along the decoupling di-
mension (Fig. 7A) and the determination of the decoupled
frequencies becomes uncertain.

The cancellation of the residual hyperfine coupling
obtained with the new decoupling experiment is dem-
onstrated in Fig. 7B. Narrow correlation peaks along
the decoupling dimension appear at the frequencies 6.2,
10.9, and 17.2 MHz. These frequencies correspond to
twice the decoupled frequencies vsg = 3.1 MHz,
vsQ2 = 5.5MHz, and vpq = 8.6 MHz. With these fre-
quencies and the expressions of Eq. (7), we find
vsQ2 — vsQ1 ~ 3P../2m = 2.4MHz, and finally a nuclear
quadrupole coupling of P../2n = 0.8 MHz, which is in
accordance with the value of 0.85 MHz estimated from
ENDOR measurements [20]. The difference between
vpQ = 8.6 MHz and 2vy =84MHz is attributed to
second- and higher-order contributions as denoted in

Eq. (7).

Note that the expressions in Eq. (7), connecting the
decoupled frequencies with the nuclear quadrupole pa-
rameters, are good approximations only when the nuclear
Zeeman term is considerably larger than the nuclear
quadrupole interaction, w; > K. However, this is not
generally the case. Consequently, a least-square fitting,
based on a comparison between the experimentally de-
termined decoupled frequencies and the exact solutions of
the spin Hamiltonian H,, = QsS. + w;I, + IPL, is by far
more useful and accurate. Such a treatment is only pos-
sible with data obtained with the new pulse sequence,
because the decoupled frequencies are free of hyperfine
couplings.

As described before, the key-point of the new method
is the symmetric position of the decoupled frequencies
with respect to the completely decoupled ones (see Fig. 2
for example). This is true for the weak coupling case,
2wy > A. For the case of strong coupling, 2w, < 4, the
sum-combination frequencies still contain residual hy-
perfine coupling terms that are expected to cause a line
broadening along the decoupling dimension. For
VO(acac),/pyridine, the hyperfine coupling of the pyri-
dine nitrogen is 4/2n =~ —6 MHz and this justifies the
particular choice of the Q-band mw frequency for the
present study (vy =4.2MHz). However, for systems
with weak or intermediate hyperfine couplings at X-
band mw frequencies, the method will also be successful.

A complete determination of the nuclear quadrupole
data, including the asymmetry parameter 1 and the
orientation of the principal axis system with respect
to the molecular frame, is only possible from
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measurements at different observer positions which is
beyond the scope of this paper. However, as is con-
cluded from the above discussion, the new hyperfine-
decoupling experiment can simplify complicated
ESEEM spectra in disordered systems and thus allows
for a more straightforward determination of nuclear
quadrupole parameters. Related studies on spin systems
with / > 1 are currently in progress.

6. Conclusions

Hyperfine decoupling was examined as a tool for
ESEEM spectra simplification, especially for systems
with 7 = 1. A theoretical study of the nuclear frequen-
cies during strong mw radiation showed that, for 7 = 1,
a non-zero residual hyperfine coupling is present even
for resonant spin packets. We therefore introduced a
new 2D pulse sequence which is based on the decoupled
DEFENCE experiment. The new experiment combines
the advantage of an undistorted spectrum along the
ESEEM dimension and a remarkable reduction of the
residual hyperfine couplings along the decoupling di-
mension. This is verified by numerical simulations and
experimental results, and allows for a more accurate
determination of the nuclear quadrupole parameters
compared to traditional ESEEM-based experiments.
Hyperfine-decoupling experiments thus open a new way
for unraveling complicated spectra of paramagnetic
species with quadrupolar nuclei.
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