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Harmonic inversion of electron spin echo envelope (ESEEM)
ime-domain signals by filter diagonalization is investigated as an
lternative to Fourier transformation. It is demonstrated that this
ethod features enhanced resolution compared to Fourier-trans-

orm magnitude spectra, since it can eliminate dispersive contri-
utions to the line shape, even if no linear phase correction is
ossible. Furthermore, instrumental artifacts can be easily re-
oved from the spectra if they are narrow either in time or

requency domain. This applies to echo crossings that are only
ncompletely eliminated by phase cycling and to spurious spec-
rometer frequencies, respectively. The method is computationally
fficient and numerically stable and does not require extensive
arameter adjustments or advance knowledge of the number of
pectral lines. Experiments on g-irradiated methyl-a-D-glucopyr-
noside show that more information can be obtained from typical
SEEM time-domain signals by filter-diagonalization than by
ourier transformation. © 1999 Academic Press

Key Words: pulse EPR; ESEEM; high resolution; filter-diago-
alization method; linear prediction.

INTRODUCTION

Electron spin echo envelope modulation (ESEEM) spec
opy (1–3) is widely applied for structural characterization
aramagnetic centers in biological systems and mate
4, 5), as it surpasses electron paramagnetic resonance
pectroscopy in resolution for hyperfine-coupled nuclei.
btain the spectrum from time-domain ESEEM signals, a
uency analysis must be performed. This analysis is us
one by Fourier transformation (FT) followed by calculation
magnitude spectrum, thereby broadening spectral lines d
n admixture of dispersive line shape components. Recen
as also been demonstrated that magnitude ESEEM s
eature tremendous line shape distortions for the cas
trongly overlapping lines (6). The calculation of better re
olved pure absorption spectra, e.g., by phase correction,
ver, leads to intolerable baseline distortions for the u
ituation of many spectral lines and relatively large dead ti
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ethods based on FT-based backprediction (7), linear predic
ion (8, 9), or FT-based iterative extraction of damped s
oids from the time-domain signal (10, 11) have been propose
o overcome this problem. None of these approaches how
eems to be sufficiently fast, reliable, and convenient for
ine application.

Recently, a new method for high-resolution analysis
iscrete time data was introduced (12, 13) that is based on th
riginal filter diagonalization method (FDM) (14). Unlike the
iscrete FT, this method need not introduce any additiona
roadening, even when the signal is measured for on

raction of its decay time. That is, the usual boxcar mult
ation in the time domain, and associated sinc function br
ning in the frequency domain, properties well known in
pectroscopy, need not apply to FDM analysis. Similarly to
T, however, FDM features locality; i.e., it restricts spec
nalysis to any desired small frequency domain. Becau

his property the computational effort scales quasi-linearly
he number of data points as does the computational effo
T. In contrast, the computational effort of linear predic
ith, e.g., singular value decomposition (LPSVD) (8) scales
ith the third power of the number of points (or at least
umber of assumed spectral features) and the latter meth
lso less computationally stable. Even when computation o
oefficients is made efficient, the overall algorithm is
nacceptably slow for large numbers of spectral features15).
urthermore, in contrast to LP, no initial estimate of the n
er of frequency components in the spectrum is require
DM analysis. FDM can also be implemented in multiple t
imensions where the high resolution obtained for a small
indow is of particular importance (16). Its potential for high

esolution analysis of 2D NMR data has been describe
ently (17, 18).
In the present context, it is of particular interest that F

eliably and with few computational effort yields a list
requencies, line widths, amplitudes, and phases. This lis
e postprocessed using any additional information avai
bout the system under study. In this work we demonstrate

his allows one to obtain pure absorption two-pulse (1, 2),om.
1090-7807/99 $30.00
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222 JESCHKE, MANDELSHTAM, AND SHAKA
hree-pulse (2), and four-pulse (19–21) ESEEM spectra tha
re significantly better resolved than magnitude spectr
ddition, artifacts due to spurious spectrometer frequencie

ncompletely removed echo crossings can be easily elimin
rom the spectra in most cases. The performance of FD
ompared to FT magnitude spectra for simulated data an
oth a single crystal and powder sample ofg-irradiated methyl
-D-glucopyranoside (22).

GENERAL CONSIDERATIONS

eatures of ESEEM Time-Domain Signals

For a system consisting of an electron spinS 5 1
2 and N

uclear spinsI i 5 1
2 with anisotropic hyperfine couplings, t

ependence of the two-pulse ESEEM signal on the interp
elayt disregarding relaxation is given by Mims’ formula2)

V0~t! 5 P
l

N H1 2
kl

4
@2 2 2 cos~v lat! 2 2 cos~v lbt!

1 cos~v l1t! 1 cos~v l2t!#J , [1]

herekl is the modulation depth factor,v la and v lb are the
uclear frequencies in the electron spina and b manifold,
espectively, andv l1 andv l2 are their sums and difference
espectively. For electron spinsS . 1

2 a signal of the sam
eneral form is obtained for each of the observer transit
nly the calculation of thekl and frequencies is slightly di

erent (23). For nuclear spinsI . 1
2, the factors in the produ

re more complicated and no analytical formula can be g
or a general case with significant nuclear quadrupole coup
ote, however, that the factors still have the form of a sum
osine functions with different amplitudes and signs.
Obviously, the spectrum of the time-domain signal

cribed by Eq. [1] consists of lines in positive (v la, v lb) and
egative (v l1, v l2) absorption with no dispersive part. Unfo

unately, the signal cannot be measured for smallt because o
receiver dead timet d after the second pulse of about 100
ith typical ESEEM frequencies in the range from 0 to
Hz, the phases of the single frequency components
sually distributed over the whole range from 0 to 2p after t d.
he simplest way to process such a signal is to redefin

ime argument byt9 5 t 2 t d and to obtain a spectrumS0(v)
y discrete complex FT ofV0(t9). A pure absorption spectru
90(v) can then be calculated by

S90~v! 5 exp~ivtd!S0~v!. [2]

However, the situation changes if relaxation is taken
In
nd
ed
is
or

se

s,

n
g.
f

-

.

re

he

o

ccount. In a good approximation, the time-domain sign
iven by

V~t9! 5 expF2 2~t9 1 td!

Tm
GV0~t9!, [3]

hereTm is the phase memory time of the electron spins
an be determined separately by a fit of the echo decay,
suallykl ! 1 for all l . In fact, this unmodulated part of t
cho decay is removed before FT, since it would give rise
ery intense line at zero frequency otherwise. The effec
elaxation is a broadening of the spectral lines, while the p
t timet d of thewhole line with frequencyv x is still given by
x 5 v xt d. The phase correction described by Eq. [2] is n
ertainly wrong for the “wings” of the line and thus works w
nly for isolated and sufficiently narrow lines and for sh
ead times. With typical values ofTm andt d being in the orde
f 1 ms and 100 ns, respectively, lines often overlap and
phase-corrected” spectra are heavily distorted. This pro
s usually dealt with by computing the absolute value

agnitude) spectrum from the result of the complex FT
ddition to broadening the lines by admixture of disper
arts, this method still leads to distortions for overlapp

ines, as has been demonstrated convincingly by Van Doo
t al. (6).
In principle, however, the correct spectrum can still

econstructed from the time-domain data. After evaluating
roduct, Eq. [1] can be written in the form

V~t! 5 O
l

K

dlcos~v lt!expS2 t

Tlm
D , [4]

hich is a special case of the harmonic inversion problem
orresponds to a fitting of a complex time signal by a sum
inusoids. We can write

V~t! 5 O
l

K

dlexp~2itwl!, [5]

ith the unknown complex frequencieswl and generally com
lex amplitudesdl . The frequencies are then given by

wl 5 v l 2
i

Tlm
. [6]

heoretically, if the number of data points in the signalV(t) is
reater than the number of unknowns, all unknowns ca
etermined by FDM and the original spectrum can thu
econstructed perfectly. Equation [5] is a valid descriptio
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223PURE ABSORPTION ESEEM SPECTRA
he signal even ift is replaced byt9 5 t 2 t d. Thewl remain
he same while thedl are replaced byd9l , which are no longe
urely real. For a known or empirically determined dead t

d, the original coefficientsdl can be recovered from thed9l (13)
y

dl 5 exp~iwltd!d9l. [7]

f the Lorentzian assumption of Eq. [5] is accurate, then Eq
rovides an exact phase correction, even ift d is not small
urthermore, it also corrects for the signal decay during
ead time.
These considerations can also be applied to other me

hat accurately decompose the spectrum according to Eq
ote that the FT slicing algorithm introduced by Astashkiet
l. fails to achieve such an accurate decomposition in the
f poorly resolved spectra, since the extracted damped
oids then feature systematic phase and damping errors10).
n the other hand, LPSVD (8, 9) can yield the required lin

ists, but is stable and sufficiently fast only ifK is small and
nown. For unknownK, LPSVD is feasible only if all ampli
udes have the same order of magnitude and are much
han the noise level. In this case, a good guess forK can be
btained automatically or at least semi-automatically (9). Un-

ortunately, amplitude dynamics is usually large in ESEEM
he kl vary strongly. FDM, in contrast, does not require p
iminary knowledge ofK and can also be applied ifK is large.
f the number of poles (frequency–amplitude pairs) determ
rom the discrete time signal is larger than the numbe
pectral lines, the excessive solutions feature very small
lly zero) amplitudesdl . Spurious poles with significant am
litude are distinguished by either their large width or dep
ence on parameters of the FDM algorithm (12). They can
ften be easily rejected.
For three-pulse ESEEM with fixed interpulse delayt be-

ween the first two pulses and variable interpulse delaT
etween the second and third pulse, the time-domain s

ncluding relaxation is given by (2, 24)

E3p~T! 5
1

2
expS2 2t

Tm
DHP

l

N

expS2 T

Tln
DF1 2

kl

2

3 [1 2 cos~v lat!] @1 2 cos~v lb~t 1 T!!#G
1 P

l

N

expS2 T

Tln
DF1 2

kl

2
@1 2 cos~v lbt!#

3 @1 2 cos~v la~t 1 T!!#G J , [8]
e

]

e

ds
5].
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here theTln are the phase memory times of the nuclear sp
he signal is of a similar form as the one in two-pulse ESE
nd all considerations apply analogously. Note that the d
nt frequency components are in phase at timeT 5 2t, so tha

he dead time is given byt d
3p 5 T0 1 t. Typical dead times i

hree-pulse ESEEM are therefore larger than those in two-
SEEM. The problem of line shape and baseline distor
fter FT is nevertheless somewhat diminished since only
s many frequency components appear for each nucleu
ecause theTln are considerably larger thanTm. However, a

inear phase correction still usually fails to yield a use
pectrum. The problem of large amplitude dynamics and
lose to the noise level is aggravated by the blind spot beh
escribed by the factors 12 cos(v la) and 12 cos(v lb).
Another feature of ESEEM is that time-domain data mus

ampled point-by-point. In this, the maximum dwell timed is
imited by the Nyquist criteriond , 1/(2vmax), wherevmax is
he maximum frequency expected to occur. Furthermore,
T analysis, resolution is limited by the length of the ti

race. To obtain ultimate resolution, especially in single cry
hree-pulse ESEEM, one may then be forced to sample
ands of points. The problem is aggravated by the fact tha
ust be done for severalt values to overcome blind sp
roblems. With FDM analysis, on the other hand, the h
esolution can be achieved with short time signals as lon
he number of points is sufficient to represent the frequ
omponents in the spectrum (12, 16).
So far, our discussion has assumed ideal microwave p

ince Mims’ formulas for two-pulse and three-pulse ESE
re derived for this case. This assumption is usually a poo

n pulse EPR spectroscopy and it has been demonstrate
ntensity deviations (25) as well as deviations from the produ
ule for two-pulse ESEEM (26) occur for typical experiment
ituations. Therefore, it may be suspected that also the
ependence of phase on frequency may be violated. We

his indeed in our simulations of three-pulse ESEEM
elow) and will discuss this point in more detail elsewh
ere it suffices to note that for a given line list, a p
bsorption ersatz spectrum can be calculated even if the p
f single lines are arbitrary (27). In contrast, methods that on
ackpredict time domain data like LPwithout construction o

he line list and Mims’ method (7) cannot yield a pure absor
ion spectrum in such a situation.

Note, however, that this kind of phase correction shoul
pplied with some caution. It works well if the spectrum
omposed mainly of Lorentzian lines that do not overlap
trongly. Otherwise, harmonic inversion may model the s
f a single non-Lorentzian line or of a set of overlapping li
y a number of Lorentzian lines with different phases
mplitudes. The single components do not have any phy
eaning and “correcting” their phases independently of
ther would falsify line shape and amplitude.
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224 JESCHKE, MANDELSHTAM, AND SHAKA
andling of the Noise and Artifacts

In addition to the signal from the spin system, experime
ata contain white noise and sometimes instrumental arti

n general, such data can still be described by Eq. [4] butK will
ffectively be increased and the results of the harmonic in
ion will slightly depend on the parameters of FDM. A
onverged solution, however, will rather faithfully reprod
he frequency components with the largest amplitudes, so
ne can still obtain a considerable part of the information

he spin system. The effects of noise on the solution
wofold. First, a number of poles will be obtained that serv
t the noise; second, some error will be introduced into
arameters for the poles due to the spin system. The
ffect is also present if the parameters are determined by
hape fit (deconvolution) after FT. It has been shown ea
hat the errors for the spectral parameters determined by
s very small for sufficiently narrow spectral lines with go
ignal-to-noise ratio (12). Note that very broad spectral co
onents are anyway suppressed in ESEEM, as their con

ion to the signal decays completely within the relatively la
ead time.
In the context of ESEEM spectroscopy, spectral lines

oise poles can often be distinguished on physical grou
irst, the dynamics of the spin system is purely dissipative
o frequency component should feature a negative width
esponding to an increase of modulation amplitude with t
econd, poles from the spin system with large widths
ecay almost completely within the dead time. These
onditions alone usually suffice to reject most of the n
oles. In some cases, the range of possible widths is lim
ven further. For instance in two-pulse ESEEM, the line w
f all signal components that arise from the spin system
esponds toTm. Even if one allows for a generous error, o
ew noise poles match this condition for the line width. Eve
hree-pulse ESEEM, one can usually make a good guess f
easonable range of theTln. Furthermore, if a linear pha
orrection succeeds, noise poles can also be recogniz
heir arbitrary phase. This is another reason why linear p
orrection should be preferred to phasing each frequency
onent separately whenever the former is possible.
These techniques for eliminating frequency components

o not arise from the spin system are not restricted to w
oise. For instance, spurious frequencies introduced b
pectrometer itself also have arbitrary phase and do not d
t all. Another often encountered artifact in three-p
SEEM and experiments with even more pulses are
rossings. Theoretically, echo crossings can be eliminate
hase cycling (28), but even with a well-adjusted spectrome

heir suppression is not complete. As modulation depths
sually only in the order of a few percent of an echo sig
ven small residual echo crossings may influence the out
f an FT analysis. With FDM, echo crossings result in unph
l
ts.
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ally broad spurious lines, since they are confined to a na
ime interval typically much shorter thant d. These artifacts ca
hus be eliminated from the line list before reconstructio
he spectrum.

Our discussion so far assumes that each spectral comp
rom the spin system is represented by one pole in the F
ine list. For regions where lines overlap strongly or for s
ificant deviations from Lorentzian lineshape, this may

onger be true. In such situations, one should consider care
o which extent “unphysical” poles can be eliminated with
alsifying lineshapes. Finally it should be noted that exten
limination of noise poles from line lists can lead to appare
oiseless spectra. As one has come to expect that noise i
epresented in spectra, some care should be taken in th
entation of results to not mislead the casual observe
referred, the original noise can be restored for displa
escribed earlier (13).

isordered Systems

Much ESEEM work is done on disordered systems
hich frequencies are distributed due to the anisotrop
yperfine and nuclear quadrupole couplings. In principle,
pectra must be described by an infinite number of frequ
omponents, so that FDM analysis seems not to be feasib
ractice, dead time and noise prevent a faithful reproductio

he original spectrum byanymethod, since contributions to t
ignal by broad regions of the powder line shape are inevi
ost. The observed modulations are due to the narrow co
ents of the original spectrum, i.e., line shape singularitie

ransitions with only weak orientation dependence of the
uencies. In two-pulse ESEEM, the latter situation applie

he sum combinationsv l1 that are usually close to twice t
uclear Zeeman frequenciesv lI . In three-pulse ESEEM, su
ombinations do not occur, but they can be introduced
xtending the experiment. In the so-called four-pulse ESE
xperiment introduced by Schweiger, ap pulse is inserted i

he middle between the second and third pulse of a stimu
cho sequence, and the identical interpulse delaysT between

he p pulse and its neighboringp/2 pulses are increment
19, 20). The formula for the echo modulation has been g
y Tyryshkinet al. (21). Here it may suffice to note that it
f a similar general form as Eq. [1] and features blind spots
epend on bothv la and v lb. Again, the situation for da
nalysis is analogous to two-pulse ESEEM with the dead

or four-pulse ESEEM beingt d
4p 5 T0 1 t / 2.

In any ESEEM experiment on a disordered system,
umber of narrow frequency components surviving dead

s on the order ofN like in ESEEM experiments on sing
rystals. In particular for sum peaks, the time domain si
ay be quite closely approximated by Eq. [4] as relaxatio
ften the dominating broadening mechanism. For survi
ingularities of other lines, model simulations show that
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an also be rather well approximated by a small numbe
orentzian lines. For these reasons, harmonic inversio
DM may also be suitable for the analysis of ESEEM d

rom disordered systems as will be demonstrated below
xperimental examples.

NUMERICAL SIMULATIONS

To test the general considerations, we have first perfo
umerical simulations based on both analytical ESEEM
ulas and an implementation of density matrix formalism
ATLAB ( 29). In contrast to experiments, this approach

ows us to control the degree of nonideality. As a model sys
e choose two protons with identical isotropic hyperfine c
lings a iso 5 21 MHz both at a distance of 2.5 Å from t
trictly localized electron spin. The two electron–proton a
nclude angles of 30 and 70° with the direction of the st
eld B0, respectively (see inset in Fig. 1a). For the static fi
e assumedB0 5 3500 Gcorresponding to X-band freque
ies and for the phase memory timeTm 5 2 ms. Before FT
nalysis, time-domain data were apodized by a Hamm
indow and zero-filled to twice their original size through

his paper. FDM analysis was performed in one step for
hole region of interest (0 to 35 or 0 to 40 MHz). T
omputation time for FDM on a DEC Alpha workstati
anged from 5 to 30 s depending on the number of data p
n the ESEEM trace.

A theoretical two-pulse ESEEM time trace was calcula
y means of Eqs. [1] and [3] and 0.5% white noise (w
espect to the maximum echo amplitude) was added.
heoretical spectrum shown in Fig. 1a was obtained by a c
T of the data without assuming any dead time. When as

ng a dead timet d 5 100 ns, a cosine FT leads to a stron
ephased spectrum (data not shown), and complex FT
alculation of a magnitude spectrum must be performed. I
esulting spectrum displayed in Fig. 1b, significant line bro
ning is found and some line shape distortion occurs in reg
here spectral lines overlap. Furthermore, the amplitude

nformation is lost.
If the same time domain data are analyzed with FDM

inear phase correction according to Eq. [7] can be perfor
n the line list. The resulting spectrum is shown in Fig. 1
eproduces the theoretical spectrum quite nicely. All n
oles were retained in this case, except for those that a
road that they could not have survived dead time if they w
ue to the spin system.
A three-pulse ESEEM time trace for the same system

imulated using density matrix formalism to consider the H
ltonian of the spin system during microwavep/2 pulses o
nite lengtht p 5 16 ns. For the fixed interpulse delay and

nitial value of the variable delay we choset 5 136 ns andT0

112 ns, respectively. A nuclear phase memory time ofms
as assumed for both protons. Again, a magnitude spec
of
y
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ust be computed after a complex FT to overcome pha
roblems; the result is displayed in Fig. 2a. In addition to
roadening, we find a broad baseline artifact that can be t
ack to an echo crossing that survives the four-pulse p
ycle introduced for three-pulse ESEEM by Fauthet al. (30).
e tentatively assign this crossing to coherence transfer
ays that come into play only if microwave pulse nonidea

s considered.
The spectrum obtained by FDM with subsequent lin

hase correction is shown in Fig. 2b, it is obviously
roperly phased. As closer examination reveals, this p
rror is not due to a slight change in the effectivet d caused b

he finite pulse widths. In fact, no linear phase correction
easonable values for the constant- and frequency-depe
arameters is possible. Again we attribute this to effec
ulse nonideality. A detailed treatment is beyond the scop

his paper and will be published elsewhere. Despite this p

FIG. 1. Two-pulse ESEEM spectra (simulations) of a model sys
onsisting of two protons hyperfine coupled to a localized electron spin
sotropic hyperfine couplings are both21 MHz. (a) Theoretical spectrum wi
oise added. The inset shows the geometry of the system. (b) FT mag
pectrum assuming a dead time of 100 ns. (c) FDM pure absorption spe
btained from the same time domain data as in (b). Linear phase correctio
pplied.



l d
p -
i tly
b itio
t nd
u t
4 line
o am
i ica
E ha
k
T FD
a y-
p ate
r

es in
t t a
g ran-
d rmal
d ual
d on a
u
c ulse
E d by
E

ctron
s ell and
a ng
5 hase
c

od
s us
d 16
d
s a de
t th
s

226 JESCHKE, MANDELSHTAM, AND SHAKA
em, a pure absorption ESEEM spectrum can be obtaine
hasing each of the lines separately (see also (27)). The result

ng FDM spectrum shown in Fig. 2c is again significan
etter resolved than the FT magnitude spectrum. In add

he broad baseline artifacts are eliminated as they correspo
nphysically broad contributions at the givent d. The features a
.06 and 4.39 MHz are difference combinations between
f the two protons in the same electron spin manifold. Ex

nation of the FDM peak list reveals that all the theoret
SEEM frequencies are reproduced to a precision better t
Hz, despite the fact that the time trace is only 8.192ms long.
his demonstrates again the high-resolution character of
nalysis (12) which allows one to avoid the tedious point-b
oint sampling of very long time traces to obtain ultim
esolution.

FIG. 2. Three-pulse ESEEM spectra (simulations) of the same m
ystem as in Fig. 1. The corresponding time-domain data were simulated
ensity matrix formalism and assuming nonideal microwave pulses of
uration: (a) FT magnitude spectrum fort 5 136, T0 5 112 ns, (b) FDM
pectrum obtained by applying linear phase correction corresponding to
ime t d 5 t 1 T0, (c) FDM pure absorption spectrum obtained by phasing
ingle lines.
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In real systems, a much larger number of nuclei resid
he environment of an electron spin, most of them a
reater distance. To simulate this situation, we have
omly positioned 50 protons in space, assuming a no
istribution of the dipolar hyperfine couplings and an eq
istribution of orientations of the electron–nuclear axes
nit sphere. The complete list of parameters (v la, v lb, kl)
an be obtained from the authors at request. A two-p
SEEM time trace with 1024 data points was calculate
q. [1] using a dwell time of 8 ns and a dead timet d 5 T0

FIG. 3. Two-pulse ESEEM spectra of a system consisting of an ele
pin and 50 protons (simulations). The arrows and dashed lines label a w
partially resolved proton, respectively: (a) theoretical spectrum assumiTm

1 ms, (b) FT magnitude spectrum, (c) FT spectrum with linear p
orrection, (d) FDM spectrum with linear phase correction.
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136 ns; the constant part was subtracted. This
race overdetermines the 800 parameters of the basic,
nd difference frequency lines of single protons,
nderdetermines the problem including the combination
uencies between different protons. Furthermore,Tm 5 1
s was assumed. The theoretical spectrum is display
ig. 3a.
The FT magnitude spectrum shown in Fig. 3b featur

ery broad background due to dispersive parts. Compa
o Fig. 3a reveals that a deconvolution of the magnit
pectrum would yield illusory couplings in addition to n
evealing some real ones. Even the apparently well-reso
oupling of about 1.8 MHz is significantly wrong (s
ashed lines). Note also the holes in the line shape ma
y arrows, they correspond to peaks in the correct spec
he same phenomenon was observed in (23) and discusse

n some detail in (6). As is demonstrated by the spectrum
ig. 3c, this problem cannot be solved simply by apply
q. [2] to the complex result of the FT. A baseline corr

ion of this spectrum would be exceedingly difficult. FD
ith linear phase correction, on the other hand, yield
bsorption spectrum with undistorted baseline that ag
uite nicely with the theoretical one, as can be apprec

rom Fig. 3d.

FIG. 4. Experimental three-pulse ESEEM spectra ofg-irradiated meth
l-a-D-glucopyranoside witht 5 136, T0 5 360 ns. (a) FT magnitud
pectrum. The peak labeled with an asterisk is a spurious frequ
ntroduced by the spectrometer. The inset shows a fragment of the r
tructure as proposed by Madden and Bernhard (22). (b) FDM pure ab
orption spectrum obtained from the same time-domain data as i
ingle lines were phased and lines outside the line width range from
Hz to 2 MHz were rejected.
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EXPERIMENTAL RESULTS

ethyl-a-D-glucopyranoside Single Crystal

Experimental tests were performed on samples ofg-irradi-
ted methyl-a-D-glucopyranoside (a-MeGP). a-MeGP (.99%)
as obtained from Fluka, single crystals were grown by s
vaporation from water and wereg-irradiated with a dosis o
0 kGy at room temperature. This gave rise to the same

emperature stable radical that was observed by Madde
erhard after X-ray irradiation at 77 K and annealing (22). As
result of their ENDOR study, these authors propos

tructural fragment containing three protons with modera
trong hyperfine couplings. A sketch of this fragment is
layed in the inset in Fig. 4a with the three protons under s

abeled as Hb, HOH, and Hald. The principal values of th
yperfine tensors from (22) are reproduced in Table 1. No

hat the values for HOH are only estimates inferred from Ma
en and Bernhard’s Fig. 7.
Three-pulse ESEEM data for different values of the in

ulse delayt were recorded at ambient temperature, at a s
eld B0 5 3445 G, amicrowave frequencynmw 5 9.6485
Hz, and at an arbitrary orientation of the crystal. The le
f the p/2 pulses was 16 ns, and all measurements
erformed using a Bruker ESP 380E spectrometer equ
ith an EN 4118X-MD-4 ENDOR probe head. The time tra
onsist of 1024 data points with a dwell time of 8 ns. The
agnitude spectrum fort 5 136 ns andT0 5 360 ns is
isplayed in Fig. 4a. For thist value, protons with very sma
yperfine couplings are largely suppressed by a blind
evertheless, the spectrum looks unexpectedly complic
nd the resolution is rather poor, in particular in the reg
etween 7 and 15 MHz. Note also that the peak at 15.625
labeled by the asterisk) is spurious and introduced by
pectrometer (one eights of the rate of the pulse controll
Like in the three-pulse ESEEM simulation, linear ph

orrection using Eq. [7] after FDM analysis did not yield a p
bsorption spectrum. Separate phasing of all poles (27) was used

nstead, and only spectral regions where not too many
verlap too strongly are considered in the following. The F
bsorption spectrum displayed in Fig. 4b is significantly be

TABLE 1
Principal Values of the Hyperfine Tensors for Three Protons in

he Room-Temperature Stable Radical Created by g-irradiation of
ethyl-a-D-glucopyranoside (from (22))

Proton A11/MHz A22/MHz A33/MHz

Hb 37.8 26.1 24.8
HOH

a 16 6 6
Hald 6.1 3.0 2.3

a Values are estimated from Fig. 7 in (22).
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esolved than the FT magnitude spectrum, which is in ag
ent with theoretical considerations and numerical sim

ions. In particular, the site splittings of the low-frequency
f theb protons and of the aldehyde protons can be determ
ore precisely. On the other hand, the high-frequencyb proton

ine seems to exhibit more structure in the FT magni
pectrum. We attribute this to artificially enhanced resolu
y line shape distortions. However, this kind of resolu
nhancement is not reliable, as can be inferred from (6) and has
lso been discussed above in connection with Fig. 3.
By removing components outside the line width range f

00 kHz to 2 MHz, we could get rid of the spectrome
rtifact. The large number of unassigned features in the

rum is only partially due to noise. Most of the features
ctually combination lines between the lower nuclear freq
ies of theb proton and other protons. This has been es
ished by analysis of a HYSCORE (31) spectrum obtaine
nder the same conditions and with the same value oft (data
ot shown). The abundance of combination lines is due t

arge modulation depth for theb protons which feature hype
ne couplings that approximately cancel the nuclear Zee
nergy in one of the electron spin manifolds.

ethyl-a-D-glucopyranoside Powder

For single crystals, three-pulse ESEEM is superior in r
ution with respect to two-pulse ESEEM. However, this is
lways the case for disordered systems where line broad

s dominated by the anistropy of interactions. Two-pu
SEEM may then be preferable as it allows for smaller d

imes and does not feature blind spots. A theoretical two-p
SEEM spectrum ofa-MeGP has been calculated by us
qs. [1] and [3], the hyperfine tensor principal values give
able 1, and a phase memory timeTm 5 1 ms; it is displayed

n Fig. 5a. Powder averaging was performed for the si
rotonsbeforeapplying the product rule, which is not stric
orrect, but often the only way to go in practical situatio
therwise the mutual orientation of all tensors must be kn
r fitted. The spectrum is dominated by contributions of thb
roton because of its large modulation depth. Neverth
ome features from other protons can be clearly identifie
An experimental spectrum as obtained atB0 5 3445 G and

mw 5 9.6405 GHz with pulse lengths of 16 and 32 ns for
/2 andp pulse, respectively. The time trace consisted of
ata points with a dwell time of 8 ns and a dead time of 136
he situation in the experimental spectrum is somewhat
omplicated than in the theoretical one because of the a
ance of weakly coupled protons that contribute to a m

ine centered at the proton Zeeman frequencyn(1H) 5 14.67
Hz. In fact, this line dominates the FT magnitude spect
isplayed in Fig. 5b and overshadows any other features
egion from about 10 to 19 MHz. Beside the matrix line, o
he low-frequency line of theb protons can be assigned w
ny confidence in this spectrum.
e-
-

ed

e
n

r
c-

e
n-
b-

e

n

o-
t
ing
e
d

se

n

le

.
n

ss

e
2
s.
re
n-

ix

he

A pure absorption spectrum was obtained again by usin
DM method and separately phasing the lines. The validi
uch an approach is not obvious in this case, however, we
hecked that it worked well with time domain data correspo
ng to the simulated spectrum. Contributions outside a
idth range from 100 kHz to 5 MHz were eliminated. T
DM spectrum is much better resolved than the FT magn
pectrum and allows one to assign a considerably larger
er of features. The assignments were checked by subje

ime domain data corresponding to the theoretical spectru
xactly the same analysis. The spectrum obtained (dat
hown) is dominated by the low-frequency line of theb pro-
ons in the same way as the spectrum in Fig. 5a, suggestin

FIG. 5. Two-pulse ESEEM ofg-irradiated methyl-a-D-glucopyranoside
a) Theoretical spectrum simulated using Mims’ formula and the hype
ensor principal values given in Table 1. The labels assign features
rotons under study (see inset in Fig. 4a). (b) Experimental FT magn
pectrum fort d 5 t 0 5 136 ns. The proton nuclear Zeeman frequencyn(1H)

s marked. (c) FDM pure absorption spectrum obtained from the same
omain data as in (b). The single lines were phased and lines outside t
idth range from 100 kHz to 5 MHz were rejected. Assignments were che
y subjecting time-domain data corresponding to (a) to the same proce
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his line is somewhat suppressed due to pulse nonideality
xperimental spectra. Note also that surviving spectral fea
o not always correspond to maxima or minima in the orig
pectrum. For instance the high-frequency feature of the
rotons corresponds to the edge of their spectral line.
escribed way of analyzing spectra via simulation, cons
tion of dead time, and the same method of data analysis
xperimental data may thus be mandatory for two-p
SEEM.
A more direct analysis may be possible for sum comb

ions v l1 if these are properly resolved (21, 32). A simulation
f the sum peak line shapes for the three protons under
eveals that the pseudosecular contributions are within
hree-pulse ESEEM line width for the aldehyde proton and
o strong broadening (line widths of several MHz) for thb
roton. For the OH proton, the sum peak singularity is sh
y about 450 kHz with respect to 2n(1H) as can be calculate

rom the values given in Table 1 and from the express
iven by Tyryshkinet al. (21). Given the line width in the pur
bsorption three-pulse ESEEM spectra of the single crys
hould be possible to resolve this shift. To check this pr
ition, four-pulse ESEEM traces with 512 data points eachT0

304 ns and a dwell time of 8 ns have been recorded
ifferentt values from 104 to 352 ns. A four-step phase c

ike in three-pulse ESEEM was used. Otherwise the condi
ere the same as in the two-pulse ESEEM experiment.
As the four-step phase cycle is incomplete for four-p

SEEM, an echo crossing appears in the time-domain da
5 280 ns shown in Fig. 6a (see arrow). This result

remendous spectral distortions in the range from 0 to 25
n the FT magnitude spectrum displayed in Fig. 6b. Furt

ore, spurious peaks are again observed at 15.625 and
Hz (labeled by asterisks). In the FDM spectrum in Fig. 6c

he other hand, both types of artifacts are completely rem
y rejecting frequency components with line widths outside
ange from 300 kHz to 2.5 MHz. More significantly, the s
eak region (see insets in Figs. 6b and 6c) is much b
esolved in the FDM spectrum as compared to the FT ma
ude spectrum, and the sum peak of the OH protons show
t the expected frequency marked by a dashed line.
Closer examination of the whole experimental data

hows that the OH proton sum peak can also be foun
pectra at five othert values (144, 192, 200, 208, 288 n
hile it is suppressed by blind spots in the rest of the tra
or the average frequency of the feature, we findn1(HOH) 5
9.796 0.10 in excellent agreement with the theoretical va
f 29.8 MHz. In all the corresponding FT magnitude spec

he feature can at best be recognized as a hole like in the
n Fig. 6b. Sometimes it does not appear at all. Cross-
veraging as proposed for eliminating line shape distortio
agnitude spectra (6) is found to eliminate the hole but not

estore the peak. Indeed, the peak should not be resolved
ndistorted magnitude spectrum. We have also checked
he
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he feature is still unresolved in FT magnitude spectra
roper phase cycle is used or more data points are reco
nalysis of the data by calculating a 2D FT magnitude s

rum (20) reveals the feature if extensive zero filling is us
owever, the frequency determined by the latter method is
recise (29.956 0.20 MHz).

CONCLUSION

Harmonic inversion by the filter diagonalization method
everal advantages over Fourier transformation in ESEEM

FIG. 6. Four-pulse ESEEM ofg-irradiated methyl-a-D-glucopyranosid
ith t 5 280,T0 5 304 ns. (a) Time-domain data. The arrow designate
cho crossing that has not been removed since an incomplete phase cy
sed deliberately. (b) FT magnitude spectrum of the time trace from (a)
sterisks label spurious peaks introduced by the spectrometer. The inse
magnification of the sum peak region with the dashed line labelin

requency where the OH proton feature is expected. (c) FDM pure abso
pectrum of the time trace from (a) (single lines phased, lines with w
utside the range from 300 kHz to 2.5 MHz rejected). The inset again s
magnification of the sum peak region which is now much better resolve

eveals the expected feature.
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230 JESCHKE, MANDELSHTAM, AND SHAKA
nalysis. By using information on the expected line wid
rtifacts due to both incompletely removed echo crossings
purious spectrometer frequencies can be removed from
pectra. The most significant advantage, however, is a co
rable increase in resolution that is due to the eliminatio
ispersive contributions from the ESEEM spectra. Suc
DM reconstruction of pure absorption ESEEM spectra ca
one reliably for long dead times, a large number of freque
omponents, and even in cases where the dependence o
n frequency is nonlinear. FDM data analysis has the pote

or becoming a routine method since it is fast and stable
oes not require more user effort than FT data analysis
xpect that this new tool will enhance the versatility of ESE
ethods for structure determination by retrieving more in
ation from given experimental data.
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