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Electron-Zeeman (EZ) resolved electron paramagnetic reso-
nance (EPR) spectroscopy is introduced. In this two-dimensional
pulse EPR technique a sinusoidal external field ABg(t) of variable
amplitude is applied during the pulse sequence, resulting in a field-
swept EPR spectrum that is spread into a second dimension, repre-
senting the g values of the paramagnetic species. The method can be
used to improve the resolution of polycrystalline and single-crystal
EPR spectra. For polycrystalline systems, simplified EPR spectra
are obtained for fixed g values. For axial symmetry, these spectra al-
low direct access to coupling constants, also at orientations that dif-
fer from the principal axes orientations. Furthermore, overlapping
resonances can be disentangled, extra-absorption peaks identified
and unresolved hyperfine splittings observed. The sum projection
onto the g-value axis corresponds in a g-value spectrum, which is

dimension, representing tigesalues. The nuclear-Zeeman (NZ)
interaction leads in first order only to a shift of the energy levels
which is independent of the magnetic quantum nunthegiof

the electron spin. Nuclear-Zeeman frequencies do not therefo
manifest in the allowed transitions of an EPR spectrum.

The first EZ-EPR experiments were based on a hole-burnin
scheme combined with a field jump of a fixed amplitude and ¢
variable evolution timeX3), an approach which has proven to
be technically rather inconvenient. Despite of the multiplex ad-
vantage of Fourier spectroscopy in the hole-burning experimen
the signal amplitude in an echo-detected approach is expect
to be considerably higher, since the frequency range excited k
an echo sequence is usually much larger than the width of th

free of hyperfine interactions. A detailed theoretical description of
the EZ-EPR experiment is given. Several model calculations for sys-
tems with different symmetry of the magnetic interaction tensors
are presented, and the versatility of EZ-EPR is demonstrated for dif-
ferent paramagnetic systems with g anisotropy. © 2001 Academic Press

hole created by a selective pulse. First promising results hav
been obtained with the echo approach by using a primary ect
and replacing the field step by a sinusoidal field modulation o
variable amplitudeX(4). If the amplitude of the field modulation
is changed instead of the evolution time, the EZ-EPR spectra a
free of relaxational decays.

In general, technical shortcomings that appear when magnet
field jumps are applied can be overcome by using a field modt

In recent years, a variety of continuous-wave (cw) and pu|Laetion. Thesg are t.heT re.lativerIy Iong_times required.to switch or
electron paramagnetic resonance (EPR) techniques have & off the field, limitations in the field homogeneity, and sta-
developed, in order to enhance the spectral resolution of EPHLY during and shortly after the magnetic field pulse, as well
spectra or to disentangle overlapping spectral featdy@.(The  8S the limited r_ep_rodu<3|b|I|ty of the shap_e of the field pulses.
methods are based, for example, on the difference in relaxatiorf* €ONCept similar to EZ-EPR is used in nuclear-Zeeman re
times of paramagnetic specié@$), the selective driving of for- Solved ESEEM 16), which is based on a three-pulse ESEEM
bidden transitionsd), the orientation dependence of anisotropiecheme. In this experiment a field jump is applied during the fre
systemsT, ), or the dependence of the nutation frequency &yolution of.r?uclear coherence, allowing the coherence to accl
the transition probability of a particular transitic®, (L0). mulate a_ddmonal phase. In NZ-ESEEM the nuclear transitior

To unravel overlapping EPR spectra of paramagnetic Specﬁgquenc!es are therefore correlated with the nuclear Zeeme
based on the differences in thealues, the common approach iréquencies. o
to go to high magnetic fields, because the electron-Zeeman (Ezf\Part from EPR, pulsed magnetic fields have been usec
interaction increases linearly with the fieltil( 19. Electron- fOr €xample, in Zeeman-perturbed NQR7J, where the ex-
Zeeman resolved EPR (EZ-EPR)3(15) offers an alternative ternal field is switched on only during the evolution period of

approach, exploiting that the only EPR relevagtfield depen- @ guadrupolar spin—echo sequence. Problems associated w
dent term in the spin Hamiltonian is the EZ interaction. Thi'e T2 decay are eliminated by replacing the increasing evolv

field-swept EPR spectrum can then be spread inteeond "9 time by an increasing magnetic field. The same technique |
applied to Zeeman-incremented multiple quantum NMR exper

170 whom correspondence should be addressed. E-mail: schweigef@EMNS 0-8)'7 where again the' EXtem.al field is Va”ed.'r‘Stead _Of
phys.chem.ethz.ch. incrementing the free evolution period. Such experiments givi

1. INTRODUCTION
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rise to simplified spectra in the multiple quantum domain, whicl  (a)

are free fromrl, decays. Also in Zeeman-switched optical free- /\

induction decay (OFID) spectroscopy9j, the transition fre-

quency is changed by a pulsed magnetic field. The resultir /\

frequency shift produces a heterodyne signal due to the interft (b)

ence with the radiation from coherence that is prepared with

small-frequency cw laser. /\ /\
In this work, we first outline the principle of EZ-EPR and give '

' ; ’ . 280 B [mT]

analytical expressions for the theoretical description of the E: 0 \\

EPR experiment. Inthe following section, numerical simulation

ofanumber of model systems serveto illustrate different featur: (c)

of EZ-EPR spectra. The experimental section comprises bot

a short description of the additional setup for EZ-EPR and

discussion of the limitations related to this new method. In th

final section, experimental results are given to demonstrate t

potential and versatility of EZ-EPR spectroscopy.

=

350

2. THEORETICAL DESCRIPTION OF THE
EZ-EPR EXPERIMENT

We describe the principle of EZ-EPR by considering ai
isotropic spin system with electron sp= % and one nuclear
spinl. The resonance frequencies are then given by

9Be
wWres = —— Bo + M) ajso, [1] [mT]
h 350
. . FIG. 1. Schematic illustration of electron Z -resolved EPR f
with the nuclear magnetic quantum numiper = —1,..., | chematic Fustration o eleciion seeman-resolve o
. . . L two paramagnetic centers wit=3, | =35, vmy=9.0 GHz, gx=20,
and the isotropic hyperfine splittings,. The resonance fre- Lak =500 MHz, andg =2.1, ;- al_, =350 MHz. (a) EPR spectra of the

quency of two transitions of two different specleandl with g  single components. (b) EPR spectrum of both components. (c) Spin—echo ¢

valuesgg andg;, hyperfine Spli'[til’1ga1-kSO andai'so, and magnetic cillations caused by incrementing the modulation field amplitadgg. (d) 2D

guantum numberm‘r andmll are the same if representation of the EZ-EPR spectrum with separated spectra of the two col
pounds along thg-value dimension.

Ag=g—g = (m) alg, — miag,). 2]

Be Bo
) echo sequence with the electron coherence evolving under tl
A change in theBy field by ABy changes theg-value spe- magnetic field
cific resonance frequencies 9 = (gkBeABp)/hand =
(01 BeABp)/ h. The separation Bo(t) = Bo - A Bo sin(n—t), n
T

A
AQy = Q — Q) = 9fe

ABo [3] wherer denotes the pulse spacing in the echo sequence (Fig. 2:

Thus, the first free evolution time has the length of the first hal
of the two transitions along the electron Zeeman axis is thgsa period of the sine modulation, and the second free evolutio
proportional to the difference in thg values and to the field time has the length of the second half of a period of the sin.
changeA By. This is shown schematically in Fig. 1 for tvig= % modulation.
| = % spin systems with differerg values and different hyper- We now give an analytical description of the experiment anc
fine couplings. Two lines, one from each system, overlap in tderive a formula for the accumulated phase of the electron cc
conventional EPR spectrum but are separated in a 2D EZ-ER&ence by applying the density operator formalism to two spi
experiment according to thegrvalue difference. systemsk and| with S:% and g valuesgk # g. Nonselec-

EZ-EPR experiments can be carried out either with a poldive pulses and an inhomogeneously broadened EPR line a
ization transfer scheme or a scheme where phase of electagsumed. A visualization of the motion of the transverse mag
coherence is accumulated. In this work, we concentrate onregtization in the rotating frame for the times indicated in Fig. 2z
EZ-EPR approach which consists of a primary electron spiis-given in Fig. 2b.
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FIG. 2. Primary echo based EZ-EPR of &3 % system. (a) Pulse sequence with a sinusoidal magnetic field modulation. (b) Visualization of the motior
the transverse magnetization in the rotating frame for two different spkaasd! with differentg values, corresponding to the points in time indicated in (a).
Tight gray areas: speciésdark gray areas: species

At Boltzmann equilibrium, the magnetization is oriente@re retarded. During this process, magnetization vectors wit
alongByg different g values accumulate different phase angles. During
the evolution period the time-dependent Hamiltonian depend
Ot—ty =—S. [5] onlyonS,. Thus, for any time§ #t; the terms in the Hamilto-
nian commute, so that during the free evolution period the time
The 5 pulse along thex-axis rotates the longitudinal mag-dependent Hamiltonian can be replaced by a time-independe
netization into the transverse plane and creates electiQamiltonian, with an integral frequency offs@t + Qe,
coherence

S 6] HEP = (Qs + 2e9)S. [7]

During the following free evolution period the spin packets d vhere the frequency offset is split into a time-independent par

phase because of the inhomogeneity of the EPR line. In addj- hich time- i hich
tion, due to the magnetic field modulation, the spins prece&ér\)’(\;nﬁs g;pg&?)s Svﬁstc)hi?]i?olmﬁlgependen Pate;, whic

in the xy-plane with theirg-value specific Larmor frequency.
Between the timef andt, the modulation amplitude By in-
creases so that the precession is accelerated, whereas between gpe / ’

. ’ . . ABp(t)) = AB dt f(t 8
t, andt; the amplitudeA By decreases and the precessing spins vez (A Bolt)) h 0 0 ® (8]
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the integral EZ offsef2¢, can be calculated to Figure 3 shows different situations for anisotropie- % spin
systems at X-bandvgy =9 GHz). In these plots the horizon-
Yoz 40Be tal axis represents thg, field, and the vertical axis represents
$2e7= ™ ABo. O the g-value dimension. Figure 3a shows an EZ-EPR spectrur

without hyperfine interaction. The spectrum consists of a singl
ridge, extended from the minimum resonance fiB|dto the
maximum fieldB, , and from the maximung value g, =2.2
to the minimumg value g, =2.0. Figure 3b iIIustrates the
_ ) — effect of anisotropic hyperfine coupling of an = 3 nucleus
Ot=t, = Sy COS[(€2s + Qe 7] — Scsin[(S2s + Qez)7].  [10]  with L aso= 100 MHz on the EZ-EPR spectrum! ‘A ridge for
each of the two values of the nuclear magnetic quantum nun
The refocusingr pulse along inverts the magnetization ber m; is observed. A slice at any fixed value results in
an EPR spectrum with two peaks split Iﬁy In Fig. 3c, the
=~ . — hyperfme tensor is assumed to bBISOtI‘OpIC with principal
Ozt = =Sy COS[2s + Qeg)7] — Scsinl(2s + Qedt]. [L1] - ay4e5 1 A =500 MHz and2 A, = 100 MHz, and coaxial
with the g tensor. In Fig. 3d, an additional hyperfine coupling
During the second free evolution period of timethe field of an| =1 nucleus with%ai50=4o MHz is introduced, re-
modulation is opposite in sign which leads to the opposite Es{ilting in a splitting of the two ridges into triplets. Slices for
offset fixed g values facilitate the monitoring of such a hyperfine
structure at any orientation, which is not possible in conven
HS) = (Qs — 2e)S [12] tional field-swept EPR, where the hyperfine structure can onl
be observed at canonical orlentat|ons. In Fig. 3e, the EZ-EP
spectrum of a spin system Wlﬂh_ , orthorhombic symme-
at t”ﬂ’?/ and coaxialg and hyperfine tensors is depicted, with prin-

Thus, the first free evolution period of timdeads to the density
operator

During refocusing again phase is accumulated. Finally,

of echo formation we find cipal valuegg, = 2.00,g, = 2.05,g, = 2.20, £ A, =500 MHz,
_ - 21 Ay =50MHz, and— A;=200MHz. A pronounced increase
Ot—ty = — Sy COS(ZX2e,T) — S SIN(X2e,7). [13] in resolutlon is achieved for a slice@y, providing the pured,

hyperfine structure together with hyperfine couplings of othe
The frequency offsetf2s are thus refocused to a primaryerientations. Finally, in Fig. 3f, the axigland hyperfine tensors
echo are assumed to be noncoaxial with an ardgte60° betweery;
and A,. Slices for a fixedg value show cross sections of the
ridges which are broadened due to the noncoaxiality. They are
S(t = te) = expl¢e2) [14] measure for the distribution of the hyperfine couplings at a give
orientation.
with the phase In all these spectra the sum projection of the EZ-EPR plo
onto theBy-field axis results in the conventional field-swept EPR
9Be spectra and onto thg-value axis in the correspondinggvalue
Boz, [15]  spectra, which are free of hyperfine splittings.
A model calculation for a polycrystalline sample wii:= %

and a nucleus with =§ is shown in Fig. 4, with parame-

ters typical for a planar copper complay &2.18,9, =2.02,
L A =-600 MHz,- AL = —50 MHz) and a microwave (mw)
quency ofumw_9 1 GHz. Because of the largg and A
anisotropy, the EPR spectrum shown in Fig. 4a is difficult tc
interpret, in particular in the high-field region. In the corre-
sponding EZ-EPR spectrum (Fig. 4b) one ridge for each valu
3. NUMERICAL SIMULATIONS OF TWO-DIMENSIONAL  Of m; is observed. In this plot, the extra-absorption pex of
EZ-EPR SPECTRA them, = % ridge, which is often observed in spin systems with
strongly anisotropig and hyperfine tensors, becomes evident
EZ-EPR spectra manifest in a very different way compared koresults from regions on the resonance surface w%ﬁ@e: 0,
conventional EPR spectra, which particularly holds for spectvehich do not coincide with one of the canonical orientations of
of disordered systems. To become more familiar with the afite g and hyperfine tensors.
pearance of 2D EZ-EPR spectra of polycrystalline samples, aor an axially symmetric spin system, a slice at a figedlue
number of numerical computations will be presented. represents the EPR spectrum of species for whictBgageld

Pez= 2§ezT =

which is proportional to the field modulation amplitud®, and
the corresponding value. The variable phases of thesealue
specific spin echoes in they-plane cause the component of the?re
net spin echo along thg-axis to oscillate as a function of the
modulation amplitude\ By (Fig. 1c).
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FIG. 3. Numerical simulations of 2D powder EZ-EPR spectra, together with the corresponding projectionsByrfitld andg-value axes. In (d—f) also
a slice forg = const. is shown. (a$= 1, | =0 and an axialy tensor. (b)S= 3, | = 3, axial g tensor and isotropic hyperfine coupling. @)= 3, | = 5 and
axial g and hyperfine tensors. (§= % | = % axial g and hyperfine tensors, and additional isotropic hyperfine coupling MtHi. (e) S= % | = % and
orthorhombicg and hyperfine tensors. (§= % | = % and axial but noncoaxia and hyperfine tensors.
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FIG. 4. Numerical simulation of a powder EZ-EPR spectrum typical for a copper complex. (a) Conventional EPR spectrum. (b) 2D EZ-EPR spectrun
stack plots for the hyperfine splitting and indicated principal valye® ., Aj, andA,. (c) Slice atg = 2.15, corresponding to a polar angle= 26.1° with
indicated hyperfine splittind\. (d) g-value spectrum with indicated principal valugsandg; .

vectors lie on a cone with axis alomg and an opening angle for the field modulation. A schematic representation is given ir

Fig. 5.
P — 2 1/2 The magnetic field modulation was generated with &
ezarcsin( 5 ”2) [16] Helmholtz coil placed around a dielectric ring resonator op:
-0 erating in the Tlg1 mode. The orientation of the field modu-

lation should coincide with that of the static field within about

Thus, hyperfine couplings for such an angle can easily be det¢t°. The sine modulation was generated by the AFG with ¢

mined from slices witlg = const. As an example the spectruntomputer controlled amplitude, triggered by the mw pulse se

for g=2.15 corresponding t6 = 24° and a hyperfine coupling quence. To obtain sufficiently high modulation amplitudes ar

of %AQZM = —527 MHz, is depicted in Fig. 4c. LC resonance circuit consisting of the Helmholtz modulatior
The sum projection onto thg-value axis gives thg-value coil (L =1658 H) and a tunable capacito€(variable from 8

spectrum free of hyperfine interactions, as shown in Fig. 4ol to 1 nF) was used. The modulation amplitude was optimize

which allows for an accurate determinationggfandg; . by matching the impedance of the resonance circuit to the rfan
plifier. The linearity of the rf amplifier is of major importance,
4. EXPERIMENTAL in order to achieve small linewidths in tlgevalue dimension.

The EZ sequence is programmed in a way that the center of tt

All experiments presented in this work were carried out onraw pulses occur at exact zero-crossings of the field modulatiot
home-built X-band pulse EPR spectromett)(with a home- whereas the position of the spin echo is delayed in timig
built dielectric ring resonatorld) at a temperature of 15 K. which is due to the width of the EPR line being broader than th
A two-pulse sequence with pulse lengthstgE 20 ns, pulse frequency range excited with the mw puls2g)(
spacings oft =980 ns, and a field modulation of frequency With this setup, a maximum field strength at the sample posi
vez =500 kHz was applied. The supplementary equipment réen of ABy =20 mT was obtained. The measuring time varies
quired for the EZ-EPR experiment will be described in detdiletween about 2 h for a single-crystal spectrum to approximate!
elsewhere. The setup for the field modulation consists of 4@ h for a powder spectrum and strongly depends upon the cor
arbitrary function generator (AFG, LeCroy 9100), a radio freplexity of the system concerning the desigedlalue resolution
quency (rf) amplifier (AR 100A500A), and a Helmholtz coiland the signal-to-noise ratio.
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FIG.5. Schematic representation of the additional setup for EZ-EPR experiments.

The attainable resolution in tlgevalue dimension is limited  (c) Influence of finite pulse lengths: In real experiments the
by different contributions. pulses and the echo are of finite length so that the modulatio
field changes during the mw pulses and the detection of the ech
Mherefore we have to compromise between the pulse lengths al
;Re finite times for zero crossings AfBy(t). The change By of

he modulation field during the application of an mw pulse of

and as a consequence the rangg @hlues, which is excited by
the mw pulses, is determined by the width of the pulses.
short pulse leads to narrow lines in tgevalue dimension, if lenatht. can be exoressed as
the width of an EPR spectrum is mainly caused by hyperfine or gty P
fine-structure anisotropy. On the other hand, broad lines in the
g-value spectrum are expected for pronoungethisotropy.

An upper limit can be given for the linewidth in tigevalue di-
mension, neglecting instrumental imperfections. The excitation
bandwidth of a two-pulse echo sequence with pulses of length .
tp is approximately% (2), so that the resolution for a system Or - e, =500 kHz, and typical vqlues dfp:_20 ns af‘d

. . P ABy=10 mT, the resulting change in modulation field is on
with pureg anisotropy is given by the order of @~ 10~2 mT, which can be neglected. The same
consideration holds for the influence of the field change on the

t
dBy = 2A By sin(w). [18]
4

Ag= 2h . [17] echo formation.
BeBotp
For typical experimental values the upper limit for the resolution 5. RESULTS

interactions cause the anisotropy, this value is expected to'oooetentlal of the method, several EZ-EPR experiments were ca

smaller ried out. The spectral analysis consisted of four steps (i) Baselir

(b) Instrumental imperfections: A prerequisite for Smaﬁorrection, (i) Zero-filling to 256 data points, (iii) Apodization

linewidths in theg-value dimension is a high spatial homo_With a Gaussian window (if necessary), and (iv) Fourier tranfor-

geneity of the modulation field over the sample volume. Thrgatlon with respect ta Bo.
dephaslng .Of coherence dug to an mhomogeneny of the mo%ue_paration of the Overlapping Spectra of Two Sites
lation field is not refocused in this experiment, and thus causes Single Crystal
a faster decay of the spin echo that results in a line broadening
in the g-value dimension. EZ-EPR can be used to disentangle overlapping single-cryst:
Furthermore, the field modulation may induce eddy currerdgpectra originating from magnetically nonequivalent sites in ¢
in any metallic surface which in turn cause an additional fielctystal lattice, provided thgvalues of the sites differ sufficiently
inhomogeneity. To reduce the eddy currents, closed metafifom each other. Thisis demonstrated on a copper-doped glycir
surfaces have been avoided in the vicinity of the sample asithgle crystal 23, 24 with spectra of the two sites that overlap
even in the cryostat. for all orientations. Each spectrum consists of four copper transi
In addition, imperfections of the modulation amplifier, suckions split into a quintet due to the hyperfine interaction with two
as nonlinearities and phase instabilities relative to the pulse sgagnetically equivalent nitrogen nuclei. The echo-detected X
guence, may cause modulation effects on the spin echo resulti@gd EPR spectrum for an arbitrary crystal orientation is show

in a further broadening of the lines. in Fig. 6a. In the EZ-EPR contour plot in Fig. 6b, the spectra of
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FIG. 6. EPR spectra of a copper-doped glycine single crystal, Cu(giyyv frequencymw = 9.15 GHz, temperaturé = 15 K; measuring time- 2 h. (a)
Two-pulse echo-detected EPR spectrum,; pulse lerigihs-t, = 20 ns, interpulse delay= 980 ns. (b) 2D EZ-EPR spectrum. (c) Echo-oscillation trace recordec
at Bp =318 mT (arrow in (b)). (d, e) Slices at tlgevalues of the two sites.

the two sites are fully separated. In this experiment, the mody-anisotropy causes a fast decay of the spin—echo oscillatio
lation amplitudeA By was varied from 0 to 20 mT in steps of Therefore the influence of instrumental imperfections on the
0.25 mT. linewidth are only moderate.

Figure 6¢ shows an echo oscillation trace as a functiadnigy, In Fig. 7athe two-pulse echo-detected, powder EPR spectrur
recorded aBy =318 mT (arrow in Fig. 6b). Slices representingecorded at an mw frequency af,, = 9.095 GHz, is depicted.
the spectra of the two sites (site lgat=2.17, site 2at, = 2.06) The high-field region of the spectrum is characterized by al
are depicted in Figs. 6d and 6e. overlap of many spectral components withalues betweeg;
andg, , and hyperfine splittings due to copper and nitrogen cou
plings. Because of these overlapping features, an unambiguo
determination of the magnetic parameters is not possible in th

Copper complexes often show a nearly axjaénsor with a field region, without extensive spectral simulations.
coaxial hyperfine coupling of the copper nucleus. It is usually The 2D EZ-EPR spectrum was recorded by varying the moc
straightforward to determine from a polycrystalline sample thdation amplitude from 0 to 15 mT in steps of 0.2 mT. A contour
parallel valuegy; and A; the determination of the correspond{plot of the 2D EZ-EPR spectrum is shown in Fig. 7b. The four
ing perpendicular valueg, and A, is much more difficult. ridges indicating the foum, states of the copper nucleus are
Moreover, in a conventional field-swept EPR spectrum only tlidearly visible. The obtained parameters of the spin Hamilto
principal values are accessible, because a superposition ofnian listed in Table 1, agree quite well with data found in liter-
spectra of all orientations between the principal directions magture. It was also possible to identify the extra-absorption pea
ifests in broad features without any structure. This is in contragftthem; = g manifold, at which the resonance field is larger
to the corresponding 2D EZ-EPR spectrum whgend hyper- thanB; andB, . The hyperfine coupling of the copper nucleus
fine values for all orientations can be measured. Beyond tledtarbitrary orientations could also be determined. A cross se
it is possible to identify extra-absorption peaks. We illustrateon atg=2.1 is shown in Fig. 7c. In this spectrum, the peak
this on bis(salicylaldoximat8jCu(ll), ®3Cu(sal), diluted into for the m; = 2 manifold is best resolved, because the slice i
Ni(sal), powder @5, 29. In this complex hyperfine interactionstaken along an axis perpendicular to the corresponding ridge
with the | ¢V = g copper nucleus and two magnetically equivahe 2D EZ-EPR spectrum. It reveals a structure correspondir
lentIN = 1 nitrogen nuclei can be observed. The relatively large the expected number of the nitrogen splittings (theoretice

EZ-EPR Experiment on a Polycrystalline Sample
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FIG. 7. EPR spectra of bis(salicylaldoximaf8gu(ll), ®3Cu(saly; mw frequencymw = 9.15 GHz, temperatur@ = 15 K; measuring timex 6 h. (a) Two-
pulse echo-detected EPR spectrum; pulse lerigihs=t, = 20 ns, interpulse delay= 980 ns. (b) 2D EZ-EPR spectrum. (c) Slice &p= 2.1 (arrow in (b)). (d)
Enlarged section of then, = % manifold with stack plot for the expected nitrogen hyperfine splittinggfealue spectrum.

intensitiesl : 2: 3:2: 1),indicating that two nitrogen nuclei are characteristic shape for an axially symmetgitensor is clearly
involved (Fig. 7d). This information cannot easily be obtainedsible, and the, andg, principal values can easily be extracted
from other methods, such as ENDOR. The nitrogen hyperfifrem this spectrum.

coupling was found to bgl; AN =46 MHz (Table 1), in good

agreement with values known from the literature. The enhanc8dparation of Two Powder Spectra

resolution in slices with fixeg values is due to the orientation Anal o th i f lapDi tra of dif
selection mentioned in Section 3; only orientations on a cone halogous to the separation of overiapping spectra of dit

with fixed opening angle are monitored, rather than asuperpofgtent sites in single crystals, EZ-EPR also allows the sep

tion of orientations with a wide range of angkesharacteristic aration of overlapping powder specra of compounds witt
for a polycrystalline sample. ranges ofg values that do not overlap. As an example,

— ; - 1e spectrum of bis(acetylacetonato)Cu(ll), Cu(agaw)ith
The sum projection along the second dimension of the 2D E?l _2.053<g<g) = 2266 27) and of VO(acag) with g, =

EPR h inFig. 7e, gi I .Th
spectrum, showninFig. 7e, givesghealue spectrum. The 195 < g < g, =1.98, both diluted into Pd(acacpowder,

TABLE 1
Measured g Values and Hyperfine Couplings (in MHz) TABLE 2
for 8Cu(sal), Measured g Values and Hyperfine Couplings (in MHz)
c c N for Cu(acac),
Method/system gy g1 A ATY AT
Method/system g gL Aﬁ“ AU

EZ-EPR f3Cu) 220 2.03 —600 —120 46 thiswork
Cu(sal} in Ni(sal), powder EZ-EPR 2.27 2.05 -558 —65 thiswork
Frozen-solution EPR 2171 2.020-610 —137 47 g5  Cu(acaq)in Pd(acac) powder
Cu(sal} in 40% toluene Single-crystal EPR 2.266 2.053-534 -63 27
60% chloroform Cu(acac) in Pd(acac)
Single-crystal EPR 2.203 2.048-609 —110 46 06) Powder EPR 2.264 2.052 -607 —69 @9

Cu(sal} in Ni(sal) Cu(acac) in Pd(acag)
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(d)

@//k\\
(b)

(e)
(L/V\A/\/\W\

250 B, [mT] 410 250 B, [mT] 410

FIG. 8. EPR spectra of a sample consisting of bis(acetylacetonato)Cu(ll), Cufaaad)VO(acag) in Pd(acac) powder; mw frequencymy = 9.15 GHz,
temperaturel = 15 K; measuring timex 12 h. (a) Two-pulse echo-detected EPR spectrum; pulse lebgths t; =20 ns, interpulse delay =980 ns. (b, c)
Projected 1D EZ-EPR spectra of Cu(aca) and VO(acae)(c). (d) Slices ay (top) andg, (bottom) of the EZ-EPR spectrum for Cu(acadk) Slices apy
(top) andg; (bottom) of the EZ-EPR spectrum for VO(acgac)

are separated. The EPR spectra of the two species fully oventdphe VO(acac) complex are not as well resolved as the ridges
in the field dimension because of hyperfine splitting, as showhCu(acac). This is mainly due to differerg anisotropies of the

in Fig. 8a, and an unambiguous interpretation of the observiseb paramagnetic species. Whereas for Cu(athe)anisotropy
spectrum is not possible. is Ag=0.213, itis onlyAg = 0.03 for VO(acac).

For the EZ-EPR experiment, the modulation amplitudg, Projections of the individual EZ-EPR spectra onto 8¢
was varied from 0 to 15 mT in steps of 0.1 mT. The gap dield axis yield the individual spectra of the two species (Figs. 8l
Ag=0.07 between thg valuesg! andgt is sufficient for a and 8c). The projected spectra are almost identical with spect
full separation of the two individual spectra (Fig. 9). The ridgescorded with samples containing only one of the component

@ é 2.30[(p) : ©

185 g value 2.30

g value

18

® o T

23 400 Bo
FIG. 9. EZ-EPR spectra of a sample consisting of bis(acetylacetonato)Cu(ll), Cu{aand)VO(acag) in Pd(acac) powder; parameters as in Fig. 8. (a)

Surface plot. (b) Contour plot. (gjvalue spectrum.
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TABLE 3 with magnetically nonequivalent sites can be separated. EZ-EP
Measured g Values and Hyperfine Couplings (in MHz) may therefore be regarded in some respects as an alternat
for VO(acac), to high-field EPR spectroscopy. To separate overlapping EP
Method/system g o A A spectra of compounqlslv_v.ith differ_egn/glues EZ-EPR may even
go beyond the possibilities of high-field EPR, because spectr
EZ-EPR 195 198 536 216 thiswork that overlap in theBy-field dimension are separated due to an
VO(acac) in Pd(acac) powder expansion into aew g-value dependent dimension, rather than
Frozen-solution EPR 1.945 1.980 560 210 29 due to shifts of the spectra along tBg-field axis.

VO(acacy in THF With our current experimental setup, the attainable resolutiol

Liquid-crystal EPR 1.945 1.979 560 207 3(f in theg-value dimension i&g~ 10-2. Hence, this resolution is
VO(acac) in nematic . . .
liquid crystal not yet sufficient for EZ-EPR spectroscopy to become applica

ble to investigate radicals in frozen solutions with anisotropie:
typically of aboutAg A 0.0052 An EZ-EPR scheme is under de-
Slices for the canonical orientatiogg andg, are depicted in velopment which allows the separationtabd overlapped spec-
Fig. 8d for Cu(acag)and in Fig. 8e for VO(acag)respectively. tra in single crystals or liquid solutions withvalues that differ
The obtained values of the spin—Hamiltonian parameters Ffy by Ag~ 1023 or less.
summarized in Tables 2 and 3. The signs of the hyperfine cou£z.EpRis of great generality, as it is applicable to any param
plings were taken from the literature. FAf" of Cu(acacj the  agnetic system with an anisotropic electron-Zeeman interactior
relatively large second-order shifts in the hyperfine splittings cgihe main advantage of this new EZ-EPR approach compared:
be nicely seen, which shift the resonance lines to higher ﬁe'ﬂ?evious developments is that the mw pulses and the spin ecl
and results in a monotonic increase in the spacing of the hypgfe set an Bo(t) =0, i.e., at on-resonance conditions, indepen-
fine splitting with increasing, field; these second-order effectgjent on the modulation amplitudeBy,. Furthermore, the mod-
being in the order of 15-30 MHz at X-band frequenci28)( y|ated spin—echo amplitude is acquired with constant evolutiol
The difference in the hyperfine splittings is further increasqfine r. The measurement of thgevalue spectrum is therefore
by the nuclear quadrupole interaction; the quadrupole effegtge of relaxational decays.
being comparable in magnitude to the effects arising from theThe method works best for systems with large anisotropy
second-order hyperfine interaction. The two types of seconthe |ess the anisotropy, the longer the modulation inAt®
order correction add for the hyperfine splitting at the high-fiel§imension lasts. Because of the experimentally limited ampli
end of the EPR spectrum, and tend to cancel for the hyperfiagle of A B"** the length of the modulation trace is also lim-
splitting at the low-field end. Therefore the best value for thgad, which may lead to truncation effects of the echo oscillatior
hyperfine coupling is obtained by considering only the low-fielgiace. Since relatively long values have to be used and the
hyperfine splitting. phase memory timd, of the electron spins is usually short,
In this example, aBo-field of more than 1 T would be re- the echo amplitude in primary echo based EZ-EPR is oftel
quired in a conventional EPR experiment for a full separation §fnall. Hence samples with long, are advantageous. A stim-
the two spectra. Even though in cases wheregthielue ranges yjated echo based approach for EZ-EPR is under developme
of two or more spectra overlap, EZ-EPR spectroscopy may stfl circumvent this loss in sensitivity. Furthermore, EZ-ESEEM
be useful, since for widg-value ranges of one of the compoexperiments with a nuclear-frequency dimension agevalue
nents there is usually still no overlap with features of the secog@nension become feasible, in order to improve the spectre
species. resolution in ESEEM spectra. Because EZ-EPR can also &
performed with commercially available components, the imple-
6. CONCLUSION AND OUTLOOK mentation of the experiment is quite straightforward and there i

i _no need to build a dedicated probehead or a specialized spect
In this work we demonstrated that EZ-EPR allows the digqeter.

entangling of EPR spectra into a secogeialue dependent di-

mension. With EZ-EPR overlapping features of polycrystalllne ACKNOWLEDGMENTS

EPR spectra can be separated and extra absorption peaks can

be identified. Moreover, the method enables us to determine hyrhis research has been supported by the Swiss National Science Foundatic
perfine couplings at orientations that differ from the canonic@he authors thank Gustavo Sierra who made the first steps in the development
orientations, and projections of EZ-EPR spectra onto the néwg method, dig Forrer for general technical assistance, and Wakenriler
dimension yield purg-value spectra. This allows the determifC" the preparation of the samples.

nation of the principal values of tligensors even in cases where

the evaluation of these parameters is made difficult orimpossible

due to extensive hyperfine couplings or zero-field splittings. - For example, for the ¥ tyrosyl radical in photosystem Il thg values are

'Furthermore, overlapping powder EPR spectra of compoungnd to beg, = 2.00782g, = 2.00450g, = 2.00232 81), and for the nitroxide
with different g-value ranges and single-crystal EPR spectradical TEMPONE they argy = 2.0104,gy = 2.0074,g, = 2.0026 @2).
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