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Abstract

A recent article by Yang and Hoffman [T.-C. Yang, B.M. Hoffman, J. Magn. Reson., 181 (2006) 280] presents a ‘Davies/Hahn
ENDOR multi-sequence’ in which the o and [ peaks of an electron-nuclear double resonance (ENDOR) spectrum can be distinguished.
This represents one instance of a family of ENDOR sequences which have no initial microwave inversion pulse, and which can reveal
information about nuclear relaxation rates and the signs of hyperfine coupling constants. Here we discuss the more general set of such
sequences, which we refer to as Saturated Pulsed ENDOR, and show how signal sensitivity can be optimised within the context of this
new technique. Through simulations, we compare its performance to other techniques based on Davies ENDOR, and experimentally
illustrate its properties using the non-heme Fe enzyme anthranilate dioxygenase AntDO. Finally, we suggest a protocol for extracting
both the magnitude and sign of the hyperfine tensor using a combination of ENDOR techniques.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Electron-nuclear double resonance (ENDOR) repre-
sents a family of techniques in which a combination of
radiofrequency (rf) and microwave (mw) excitation is used
to study nuclear spins which are coupled to a paramagnetic
species [1,2]. A recent paper by Yang and Hoffman [3] dis-
cusses the effects of rapidly repeating an ENDOR sequence
at a rate commensurate with the relevant spin relaxation
times, building on the work of Epel et al. [4]. It is shown
how a steady-state ENDOR signal is obtained by repeating
a sequence which is similar to the Davies ENDOR method
but without the preparatory 1 mw pulse.

A typical ENDOR spectrum representing a nucleus with
spin I = 1/2 coupled to an electron spin § = 1/2 consists of
a pair of peaks with equal intensity at frequencies v, and vg,
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associated with the mg = +1/2 (o) and mg = —1/2 (B) elec-
tron spin projections. The main advantage of the approach
of Yang and Hoffman is the distinguishability of these o
and B ENDOR peaks, as their method yields intensities
of different magnitude or of different sign. A prerequisite
for asymmetry is that the temperature, 7, must be around
or below the Zeeman temperature Avy,, /kp (e.g. 1.7 K for a
spectrometer frequency of vy, = 35 GHz), along with the
condition of a suitable combination of relaxation rates of
the electron and nuclear spin. The observation of asymme-
try in peak intensity permits the determination of the sign
of the hyperfine coupling constant and the simplification
of a potentially busy spectrum. Furthermore, the intensity
difference of the two peaks diminishes as the repetition time
is increased, providing a way to measure nuclear spin relax-
ation processes.

Under similar, but less general, circumstances, the stan-
dard Davies ENDOR experiment also yields peaks of
unequal intensity, giving access to the sign of the hyperfine
coupling constant and to nuclear spin relaxation times [5].
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An alternative method for measuring nuclear spin relaxa-
tion via another modified Davies ENDOR sequence is
described in [6].

In this work, we compare the method proposed by Yang
and Hoffman to other Davies ENDOR variants with
respect to their ability to yield asymmetric spectra. The first
section summarises the underlying theory. In the following
sections, simulations are discussed and an experimental
comparison is given. Finally, we draw conclusions about
the benefits of the various techniques.

2. Theory

The standard Davies ENDOR sequence is shown in
Fig. 1A. It consists of a selective mw and a selective 1f =
pulse followed by a non-selective two-pulse echo sequence.
In the sequence in Fig. 1B, an additional selective rf 7 pulse
is added after the echo detection ([6]). This essentially
undoes the nuclear spin polarisation created by the first
rf pulse and increases the overall intensity of the ENDOR
spectrum compared to the standard sequence, thus allow-
ing higher repetition rates. We shall denote this the Tidy
Davies sequence. In the sequence in Fig. 1C, the initial
preparation 7 pulse is removed, and instead the sequence
is repeated sufficiently rapidly so as to drive the electron
spin into saturation. This sequence is a generalisation of
the one used by Yang and Hoffman (where ., = 0) ([3]).
As they first noted, the mw =© pulse is not necessary to
observe an ENDOR effect, since the subsequent two-pulse
sequence can act both as an electron polarisation detector
and generator. We shall denote this the Saturated Pulsed
ENDOR sequence, or SP-ENDOR. In contrast to the stan-
dard and Tidy sequences, the mw n/2 pulse in SP-ENDOR

A Standard Davies ENDOR

echo
| [ S A
EEEE Vi T it I A ™
1/
__________________________ >
L t: 1n
B Tidy Davies ENDOR
echo
[ S i B
| —
__________________________ >
L t: 5
C Saturated Pulsed ENDOR
echo
T >|_| T |_| T m bt
I B N WA o
T t 1,

Fig. 1. Davies ENDOR sequence and modifications. (A) Standard Davies
sequence, (B) Tidy Davies ENDOR: rf © pulse applied after the echo, (C)
Saturated Pulsed ENDOR sequence: initial mw = pulse omitted. # is the
number of repetitions of the sequence in brackets before the radiofre-
quency is changed.

must be a selective pulse, as it assumes in addition the func-
tion of the selective 7 pulse used in the other variants. This
distinction is, of course, unimportant when a single micro-
wave channel is employed, as the preparation n-pulse of a
Davies ENDOR sequence must be selective.

For all sequences, the mixing time #,;, denotes the free-
evolution time before the two-pulse echo sequence, and the
wait time #y,; indicates the free-evolution time after the
two-pulse sequence. The sequence in square brackets is
repeated n times. All other inter-pulse delays and all pulses
are assumed to be of negligible duration compared to #;,
and f.,;. The repetition time fr ~ fmix + fwair 1S the elapsed
time between the first pulse in one sequence and the first
pulse in the subsequent one.

An ENDOR spectrum of an 7 = 1/2 nucleus coupled to
an S = 1/2 electron spin consists of two lines with frequen-
cies v, and vz and intensities /, and /g. For an isotropic
hyperfine coupling a;,, the frequencies are

Va :‘ V1+aiso/2|; VB :| vI_aiso/2|a (1)

where v;(= —g, B, Bo/h) is the nuclear Larmor frequency.
The intensities are determined by several factors. The
nuclear transition matrix elements for the two lines are
identical, and the factor mainly responsible for asymmetry
is the difference in polarisations of the two nuclear transi-
tions. Effects like the hyperfine enhancement and experi-
mental imperfections of the rf excitation can also render
the two intensities unequal. However, these effects are often
negligible in high-field ENDOR.

To best describe the intensity features of an ENDOR
experiment for our purpose, we introduce two parameters.
The first describes the intensity of the strongest peak in the
spectrum

IT=max (|1, |,|1]). (2)

The second one quantifies the asymmetry of the ENDOR
spectrum

I,—1Iy
A= . 3
57 (3)

For symmetric spectra, the asymmetry parameter gives
A =0. 4 >0 means that the o peak is stronger, whereas
A < 0 indicates a stronger B peak. The greatest asymmetry
is represented by 4 = £1.

I, and I depend on the initial equilibrium polarisation,
which in turn is a function of the temperature 7 and the
spectrometer frequency vmy. In addition, /7, and /5 depend
on ty,; and f,; as well as on the electron and nuclear spin—
lattice relaxation rates 7, and T, and the electron-
nuclear cross relaxation rate 7. In paramagnetic systems,
nuclei usually relax via coupling to the local electron spin,
or else to neighbouring electron spins ([5,7]). The direct
nuclear spin—lattice relaxation rate can thus be neglected,
so that we can assume T = 0.

In an ENDOR experiment where the objective is to mea-
sure principal values and tilt angles of hyperfine and quad-
rupole tensors, I should be maximised and 4 minimised. In
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contrast, if o/p peak assignment is of interest, a significant
asymmetry 4 must be achieved without excessive reduction
in the overall intensity /. The dependence of the asymmetry
ON tyix OT tyaie can also be used to provide insight into relax-
ation processes. In all cases, the repetition time fg
(= tmix + twair) should be as short as possible to maximise
signal/time.

3. Simulations

The variation of the overall intensity / and the asymme-
try A for the various sequences as a function of #,;, and #.;
depends on how fast the nuclei relax compared to the elec-
trons and compared to the time scale of #,,;, and #,,;. Three
physical regimes can be distinguished: (i) 7ix > T, (ii)
Ty~ T and (i) Ty < Tj.. The last one is seldom
encountered (requiring high electron spin concentrations)
and furthermore, Ty, and T, are difficult to distinguish
in inversion and saturation recovery experiments. How-
ever, by using the ENDOR sequences described here with
different delay times, it may be possible to separate the two.

Analytical expressions for the steady-state signals
obtained by these ENDOR sequences are rather lengthy,
so numerical simulations are better suited to illustrate their
dependence on the delay times ¢,;x and fy,;. Sample simu-
lations are shown in Figs. 2 and 3. For simplicity, we plot
the cases where one of ft,ix Or fywai: 1S Set to zero while the
other is varied, each corresponding to a potential one-
dimensional relaxation experiment [4,5]. The procedure
used in simulating the signals is based on Ref. [4], and
the details are summarised in Appendix A.

As a general observation, the simulated intensities and
asymmetries are multiexponentials with decay constants
on the order of 7! and T, both along #yx and t.;. The
initial rise in intensity from zero is on the scale of
T+ T;!. Analytical expressions of the relevant decay
constants are given at the end of Appendix A.

Tidy Davies ENDOR gives the strongest overall
ENDOR intensity in experiments where #,x = 0 and #ya;
is varied (see Fig. 2A), for all T',/T). regimes. On the other
hand, SP-ENDOR yields the greatest intensities in experi-
ments with #y,; = 0 and ¢, variable (see Fig. 2B). It is
apparent from Fig. 2 that, for a given repetition time, stan-
dard and Tidy Davies ENDOR are best performed with
tmix = 0, as their intensities for #,,; = 0 are very small.

The obtainable asymmetry depends strongly on the
sequence and on the ratio 7T;/T.. Except for standard
Davies with #,;, = 0, the asymmetry is always negative,
i.e. the B peak intensity is less negative/more positive than
the o peak intensity. For all 7\,/T, spectra acquired with
the Tidy sequence are essentially symmetric for #,; =0,
but their asymmetry for f,; = 0 and long #,,;, is unexpect-
edly similar to the ones obtained by the other sequences.
The asymmetry of spectra from the standard Davies and
SP-ENDOR sequences is very sensitive to the 7'/ T. ratio:
the slower the cross relaxation, the stronger the asymmetry.
SP-ENDOR asymmetry does not vary much as a function
of tyai 1f tmix = 0, whereas the asymmetry decreases for
increasing fy,;; in standard Davies. With ¢, = 0, standard
Davies and SP-ENDOR are similar in asymmetry.

Yang and Hoffman originally proposed to use the SP-
ENDOR sequence with #,;, = 0 and a substantial fy,; in
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Fig. 2. Dependence of ENDOR intensity (see Eq. (2)) on #y,x and #,.; for the Davies ENDOR sequence and its modifications, given different ratios of 7'
and Te. (A) tmix = 0 and ty,; is varied; (B) #y.i = 0 and #,,;, 1s varied. Simulation parameters: vy, = 35 GHz, T=2K, T}, = 00, 4 > 0.
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Fig. 3. Dependence of ENDOR asymmetry (see Eq. (3)) on #,;x and #y,; for the Davies ENDOR sequence and its modifications, given different ratios of
Tix and Te. (A) tmix = 0 and fyy; is varied; (B) ty. = 0 and 7, is varied. Simulation parameters: vy, = 35 GHz, T=2K, T}, =00, 4 > 0.

order to measure asymmetry (this so-called Davies/Hahn
multi-sequence comprises an rf pulse prior to the Hahn
detection sequence). However, it is apparent by comparing
Fig. 2A and B that when T\, > T\, slightly greater inten-
sity and significantly greater asymmetry is obtained if #y,;
is set to zero and #,;, is substantial. The resulting sequence
resembles the reverse of the Davies/Hahn multi-sequence
proposed, i.e. the rf pulse immediately follows the electron
spin echo detection instead of preceding it. Under these con-
ditions (small ¢y, finite #,;), the SP-ENDOR signal inten-
sity can substantially exceed that of the standard and Tidy
sequences. When T\, = T, the SP-ENDOR signal is sym-
metric with respect to #,; and ¢y, 1.e. neither the intensity
nor the asymmetry change if the values of 7, and #,; are
exchanged. In this regime, it does not matter whether the rf
pulse precedes or follows the two-pulse echo sequence.

With decreasing T,/ T it becomes increasingly difficult
to generate substantial asymmetry, although the overall
intensity increases for all three sequences. For 7, =~ 0,
the standard and Tidy sequences give primarily symmetric
spectra with good intensity. SP-ENDOR produces the
greatest observable asymmetry, but at the cost of reduced
overall intensity. All three sequences give only small asym-
metry for fy,; =~ 0 and ¢y, > 0.

The simulations above assume ideal pulses (precise rota-
tional angles, perfect selectivity where required, etc.), while
real experiments on inhomogeneously broadened lines with
pulses of finite length fall substantially short of such perfec-
tion. As one lowers the selectivity of the relevant pulses in
each ENDOR variant (initial inversion pulse for standard
and Tidy Davies, n/2 pulse in SP-ENDOR) the ENDOR

intensity falls accordingly, though SP-ENDOR shows a
marginally lower sensitivity to a loss of selectivity, com-
pared with the standard and Tidy sequences.

4. Experiment

In this section, we use the non-heme Fe enzyme anthra-
nilate dioxygenase, AntDO [8,9] to illustrate the properties
of the SP-ENDOR sequence described in the simulations
above. Previous ENDOR studies on this enzyme indicate
that Ty > T at 2 K, making it an appropriate spin system
for studies of asymmetry in ENDOR spectra ([3]). Experi-
ments were performed using a lab-built Q-band ENDOR
spectrometer described in Ref. [10], with a sample concen-
tration of 1 mM. The experimental ENDOR intensity is
defined in absolute terms (as opposed to a percentage of
the echo intensity), and the asymmetry as in Eq. (3).

We begin by comparing N signals from SP-ENDOR
sequences with (long #,ix, short ty.;) versus (short fnix, long
twait), as shown in Fig. 4A. The fact that (long ¢, short
twait) yields both a greater intensity and a greater asymmetry
is an immediate confirmation that 7, > T, in this system.
Fig. 4B shows simulated o and B peak intensities for the two
pulse sequences used. Comparison of these plots with the
data shown above indicates that 7', is approximately in
the range 27 < Tix < 10T.. Furthermore, the fact that
the o peak is of smaller intensity than the B peak (negative
asymmetry) indicates that the hyperfine constant here is
positive, by comparison with Fig. 3B. Fig. 4A also shows
an asymmetry in the "H ENDOR signals, and an enhance-
ment in intensity when long #,,;, with short #,; is used.
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Fig. 4. (A) Q-band ENDOR spectra for natural abundance AntDO
collected using the SP-ENDOR sequence with (bottom) #,; = 10 ps,
twair = 10 ms and (top) fyix = 10 ms, ty,i = 10 ps. Both the intensity and
asymmetry of the spectrum are enhanced by shortening #,,; and
lengthening 7. Experimental parameters: enzyme concentration 1 mM,
Vmw = 34.771 GHz, B, field = 602.1 mT, T=2K, mw ©/2 pulse length
40 ns, T = 700 ns, rf © pulse length 10 ps. (B) Simulated peak intensities for
the two pulse sequences shown in (A). Simulation parameters:
Vmw = 34.8 GHz, T=2K, T\, = 6 ms.

Having minimised #y,;,, We now vary #,; to trace out the
behaviour predicted by the simulation in Fig. 2B. The
resulting spectra are shown in Fig. 5, with the inset com-
paring the trend of ENDOR intensity with our model.
T\, was measured separately via an inversion recovery
sequence, yielding a good mono-exponential fit with a time
constant of 7. = 6.4 ms. This value was incorporated into
the model used to fit to the data, yielding 7, = 50 ms.
Both the positive and negative o and B peak intensities
were fit to the same time parameter (7).

While the above data provide a convenient illustration
of the relaxation effects described in this work for the case
T« =~ 8T, a study of other species (with different ratios of
T\x and T4.), and a thorough two-dimensional experiment
where both #,,;x and #,; are swept are required to test the
simulations in all conditions. This is the subject of a future
work.

5. Conclusions

There is no single ENDOR sequence that is optimal
under all experimental circumstances, and the choice of

tmix SP-ENDOR, varying tmix

10 ms
—~ B 7 MHz
20 ms 2 24 ® 11.5MHz |
>
2
o
IS
x
a
40 ms )
T ]
11.5 MHz
T7 MHz
———— ——
10 20 30 40

RF Frequency (MHz)

Fig. 5. Q-band ENDOR spectra for natural abundance AntDO collected
using the SP-ENDOR sequence with fy,;; = 10 us, and at a range of
different 7,;. The inset shows integrated peak intensities for the o and
peaks (at 11.5 and 7.0 MHz, respectively). Large symbols are obtained by
integrating the five traces shown above in the range 6.54 to 8.09 MHz and
10.64 to 12.61 MHz and subtracting a baseline. Smaller symbols are
plotted on an independent y-axis, and were obtained by sitting at a
particular rf frequency and varying shot repetition time and subtracting
results obtained with an off-resonance rf pulse. Peak intensities were fit to
the model described in the text, using 7). =6.4ms and yielding
T1x =~ 50 ms (solid lines). Experimental parameters as in Fig. 4.

technique depends on precisely what information is being
sought.

If the principal values of the hyperfine and quadrupole
tensors are of interest, a maximal ENDOR intensity with
minimal asymmetry is desired, and in this case the Tidy
Davies sequence ([6]) is most effective, especially for slow
and medium cross relaxation. However, for low-tempera-
ture work, one should be conscious of the possibility of
sample heating from a second rf pulse, and assess the
advantage of Tidy Davies over the standard sequence
accordingly.

To extract signs of the hyperfine interaction it is neces-
sary to introduce an asymmetry between the o and B
ENDOR peak intensities. In general, asymmetry can only
be obtained at the cost of signal intensity. However, use
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of either SP-ENDOR or standard Davies ENDOR maxi-
mises the asymmetric signal which can be acquired in the
shortest time, when the rf pulse immediately follows the
two-pulse echo detection (fyax < fmix). A protocol for
the complete measurement of the hyperfine tensor would
therefore be:

(I) Tidy Davies ENDOR, for optimum ENDOR inten-
sity to extract principal values. ¢ can be short,
but #y.; should be 24 times T, depending on
nuclear relaxation times (shorter for shorter 7).

(IT) SP-ENDOR for maximum ENDOR asymmetry to
extract signs. ty,; should be kept short (a few micro-
seconds), while #,,;, should be approximately 7.
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Appendix A. The model

The model [4] used for computing the ENDOR intensi-
ties neglects all coherences generated by the pulses and uses
the populations n; of the four states i of an S=7=1/2
spin system, written as a vector

n—= (nl,ng,n3,n4)T. (A])

The levels are numbered from the lowest to the highest
in energy (1 and 2: electron B, 3 and 4: electron o). The ini-
tial normalised equilibrium populations are

(1,1,e,)" . PV
Reg 212 with € = exp 1T

(A.2)

For the experimental conditions used in this article
(vmw = 34.8 GHz, T=2K), ¢ = 0.43.

The selective mw 7 pulse exchanges populations n; and
n3. The two-pulse detection sequence, which is assumed to
be non-selective for standard and Tidy Davies ENDOR,
equalises n; and n3, and n, and ny. For SP-ENDOR, the
two-pulse sequence is chosen selective, equalising n; and
n3 while n, and ny remain unaffected. We note that the
ENDOR response is independent of the particular electron
spin transition excited, and hence the results would be the
same for pulses acting between levels 2 and 4. The selective
o (B) rf 7 pulse exchanges the populations n3 and ny (n; and
I’lz).

All time intervals except fnix and ty,; are neglected, as
they are usually very short compared to 7', and T, which
determine the intensity and asymmetry of the ENDOR
peaks. During the free evolution times fy; and ty.;, n
changes according to

gn(t) = —In(¢) (A.3)
dt
with the asymmetric relaxation matrix,
I'y+elo+ely -I, —I. —TIy
I —I, I'y+el o +el —TI —rI.
—ele —el'y In+Tle+Ty T, ’
—el’y —el, —el', I'n+T+Ty
(A4)

Here it is assumed that the relaxation times for the two for-
bidden EPR transitions (1-4 and 2-3) are identical. The
electron spin-lattice relaxation time 7., the nuclear spin—
lattice relaxation time Ty,, and the electron-nuclear cross
relaxation time T, are related to the elements in the relax-
ation matrix by

T;el = (1+6)Fe, T;I]l :2Fn, T;xl :(1+€)Fx (AS)

In paramagnetic systems, 7', is in general much larger than
Ty, and Ty.. We thus can set 7, = 0.

The echo amplitude is obtained by computing
V =n; —n3 before the application of the two-pulse
sequence (which equalises n; and n;). The intensities of
the oo and B ENDOR peaks are then obtained by

Iy =Vy—Vor Ig = Vg — Vo, (A.6)

where V', and V' are the echo amplitudes with the rf pulse
resonant on the nuclear transition in the o (B) electron
manifold, and Vg is the echo amplitude when the rf pulse
is off-resonant.

The sequence is computed z times, where in this paper
we use n = 50. The n echo amplitudes are averaged. How-
ever, the difference between this average and the last echo
amplitude is small. A steady-state is usually reached
already after a couple of repetitions.

In principle, the steady-state populations can be com-
puted analytically, but the resulting expressions are of
unmanageable length. However, the characteristic relaxa-
tion constants along #,;x and ¢y, given by the eigenvalues
of the relaxation matrix in Eq. (A.4) (with I', = 0) can be
expressed in a compact form. In terms of the relaxation
times as given in Eq. (A.5) they are

=0 Jy =T 4+ 17+ AL
1 1 1 3 2 [ lc1 lx1 ] (A7)
=Ty + Ty J=3[T!+T, — Al
where
_ \2 € R
Al = \/(Tlel + Tlxl) - 16mTlelTlxl (AS)

The relaxation rate /, is always the largest. 1; decreases
from 7! + T, to T, as € is increased from 0 (no thermal
polarisation) to 1 (complete thermal polarisation). At the
same time, /4 increases from 0 to 77.'. For our experimen-
tal case of ¢ =0.43 and T,/T. = 8, the three non-zero
decay constants are 4,/T,! = 1.125, 4;/T;! = 1.022, and
Ja/T 7, = 0.103.
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