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An electron paramagnetic resonance (EPR) setup for line nar-
rowing experiments with fast sample spinning at variable angles
between the rotation axis and the static magnetic field is described
and applied in the magic-angle sample spinning (MAS) EPR
experiment at X-band frequencies (9.5 GHz). Sample spinning
speeds up to 17 kHz at temperatures down to 200 K can be
achieved with rotors of 4-mm outer and 2.5-mm inner diameter
without severe losses in microwave amplitude compared to stan-
dard pulse EPR probeheads. A phase cycle is introduced that
provides pure absorption MAS EPR spectra and allows one to
distinguish between positive and negative frequency offsets (pseudo-
quadrature detection). Possible broadening mechanisms in MAS
EPR spectra are discussed. It is demonstrated both by theory and
by experiment that the MAS EPR experiment requires excitation
bandwidths that are comparable to the total spectral width, since
otherwise destructive interference between contributions of spins
with similar resonance offsets suppresses the signal. Experimental
observations on the E*1 center in g-irradiated silica glass and on the

O3
2 radical in g-irradiated sulfamic acid are reported. © 2000

Academic Press

Key Words: pulse EPR; MAS; high resolution; solid state;
esonator.

INTRODUCTION

Magnetic resonance spectra of species in the solid state
slowly tumbling molecules are often strongly broadened du
the anisotropy of magnetic interactions. The magic-angle
ple spinning (MAS) technique (1, 2) has become the mo

idespread approach for obtaining high-resolution NMR s
ra in such situations. In its most popular form the experim
s based on observing a train of rotational echoes whose
litudes are modulated only by isotropic interactions. Fou

ransformation (FT) of the echo train yields a spectrum
isting of the isotropic lines and, if the anisotropy is larger
he rotation frequency, of sidebands that are offset by in
ultiples of the rotation frequency (3). Unfortunately, thi
pproach requires rotation frequencies that are larger or a
omparable with the width of the spectrum (4). As electron

paramagnetic resonance (EPR) spectra typically cover te
megahertz or even more, application of this MAS experim
in EPR is impossible. On the other hand, state-of-the-art
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ple spinning systems achieve rotation frequencies of up
kHz which are comparable to 1/T1 for electron spins in man
systems. Averaging of anisotropic interactions on the
scale of longitudinal relaxation has been applied in NMR in
magic-angle hopping (5) and magic-angle turning (6) experi-
ments for correlating the isotropic spectrum to the static s
trum. This offers a route for artificial narrowing of EPR lin
through MAS. We have recently shown that the magic-a
turning experiment can be adapted to EPR spectroscop7),
applying 15 to 20-kHz MAS to yield narrowed isotropic lin
In this work we describe the MAS EPR probehead and in
duce an improved version of the experiment that provides
absorption spectra. Furthermore, technical limitations o
experiment are considered that may lead to spectral broad
or a decrease in sensitivity. It is shown that the experim
depends critically on the ratio between excitation bandw
and anisotropy. Experimental spectra are presented foE91
centers ing-irradiated silica glass and SO3

2 radicals ing-irra-
diated sulfamic acid.

INSTRUMENTATION

Combination of the Stator–Rotor System with a Microwa
Resonator

At least two-thirds of a sample rotation must be compl
on the time scale ofT1 to make the magic-angle turni
experiment feasible (see Theory below). This requires rot
frequencies above 10 kHz as they are available with cu
high-speed MAS NMR rotor/stator systems. Two comme
systems (Bruker, Rheinstetten, Germany) with rotors of o
diameter of 4 and 2.5 mm and maximum rotation frequen
nrot of 17 and 35 kHz were tested. To keep dielectric loss
the rotor material (zircon dioxide ceramics) to a minimum,
stator was fitted with a dielectric resonator (see Fig. 1a).
sapphire dielectric ring (outer diameter 8 mm, inner diame
mm, length 9 mm), which can be supplemented with
ENDOR coil, is contained in a Teflon shell that in turn fits i
the outer resonator made of brass (see Fig. 1b). This w
structure fits into the commercial stator instead of the N
coil. The bottom of the cylindrical outer resonator (TE011, inner
1090-7807/00 $35.00
Copyright © 2000 by Academic Press
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218 HESSINGER ET AL.
diameter and length 9 mm) is made of a removable gri
brass wires. A metal part with a bearing gas outlet on
bottom of the commercial MAS stator had to be replaced
a similarly shaped rexolite part to improve resonator qua
The bearing outlet was also decreased in size to faci
rotation in a horizontal position. In addition, this part featu
an opening for optical detection of the rotation frequency.
top brass plate is removable for insertion of the rotor and
a center hole for rotor repositioning during the start of rota
(see below). The distance of this plate to the rotor cap ca
adjusted by 2–3 mm to obtain the desired resonance frequ

In the case of 4-mm rotors, the dimensions are simila
dielectric resonators for conventional EPR tubes, except fo
thicker walls of the rotor (inner diameter 2.5 mm) compare
an EPR tube. Note that to the microwave (mw), the rotor i

FIG. 1. Probehead for fast sample spinning at variable angles with r
MAS NMR stator/rotor system (Bruker). (b) Dielectric resonator with br
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appears like another dielectric ring resonator; which mus
considered when adjusting the resonance frequency. D
the compromises in resonator design that had to be mad
obtain a maximumQL of 660 which is more than sufficient f
pulse EPR. The optimum quality factor for pulse EPR
determined by a compromise between the decrease in th
field strengthB1 at given incident mw power and the incre
in resonator bandwidth with decreasingQL (8). For the mw
power currently available on our spectrometer we estimate
the optimumQL is close to 200. The quality factor is n
significantly influenced by the sample material inside the r
hence the coupling can be adjusted once and for all d
probehead design. The 2.5-mm rotors are not so well suit
X-band frequencies. In this case we obtain onlyQL , 100,
which is less than optimum.

ect to the magnetic field. (a) Combination of the resonator block with a
outer resonator and optional ENDOR coil. (c) View of the complete prd.
esp
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219MAS EPR
Sample Rotation and Rotation Axis Adjustment

Fast sample rotation in EPR is needed not only for
MAS experiment, but also for the application of exp
ments like anisotropy-resolved EPR (9, 10) to organic rad
cals. As such experiments are most efficient and most e
nalyzed for right-angle rotation, it is desirable to hav
robehead with an adjustable angle between the rot
xis and the axis of the static field. This can be convenie
ealized for a horizontal rotation axis, because the s
eld is also horizontal in standard EPR spectrometers.
ngle between the rotation axis and static field can the
aried simply by turning the whole probehead about
ertical long axis (see Fig. 1c). A micrometer screw allo
or fine adjustment. The circular top plate of the probeh
an be mounted on the cryostat of the Bruker ESP 3
pectrometer (Oxford). A semi-rigid cable is used to con
he mw bridge to the waveguide (brass) which is filled w
exolite (Goodfellow). Because of the higher dielectric c
tant (e ; 2.5) compared to air, this reduces the size of

waveguide to Ku-band dimensions (15.83 7.9 mm)
Thereby enough space inside the cryostat is retained fo
glass tubing for the drive and bearing gas of the r
system.

We found that the horizontal position of the rotor someti
led to instabilities during the start of rotation resulting
ejection of the rotor from the stator. This problem can
overcome by shooting the rotor back into the stator with a s
pulse of pressured air. This can be achieved in the presen
moderate bearing and drive pressure, so that the rotor is
lized by the rotation. Thin Teflon tubing (inner diameter
mm) is used to provide the pressured air to an inlet in the
brass plate of the resonator.

Even organic radicals and point defects in crystals o
have relaxation times at ambient temperature that w
lead to substantial signal loss during the 20 – 40ms required
for the MAS experiment atn rot 5 17–30 kHz. Sampl
ooling often leads to a significant increase inT1. We
chieved stable rotation for sample temperatures dow
00 K if nitrogen was used as the drive and bearing
ressure control for drive and bearing as well as the var

emperature unit was adapted from commercial hardwar
AS NMR experiments (Bruker). Typical working pre

ures are 3 bar for the bearing and 2.4 bar for the drive
t n rot 5 17 kHz.
The whole setup with 4-mm rotors provides rotation

uencies up to 17 kHz at temperatures down to 200 K and
p/2 pulse lengths down totp/ 2 5 24 ns, which is 1.5 time
longer than mwp/2 pulses in a commercial dielectric resona
overcoupled to the sameQL value. The setup with 2.5 m

chievesnrot # 30 kHz andtp/ 2 $ 64 ns. This setup was on
tested at ambient temperature.
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THEORY

Basics of MAS EPR

Consider first an anisotropic interaction whose orienta
dependence can be described by a second-rank tensorG with
principal valuesGxx, Gyy, andGzz. Note that such a treatme
can be applied to any line of a hyperfine multiplet withG being
a sum of the tensor which describes the electron Zee
interaction and of the hyperfine tensors multiplied by
appropriate nuclear magnetic quantum numbers. Expans
the tensorG into irreducible spherical tensor operators rev
that a rotation of the sample with angular frequencyvr abou
an arbitrary axis leads to a time-dependent interaction
quency (secular part)

vG~t! 5 C0~a, b, u ! 1 C1~a, b, u !cos~v r t 1 g!

1 S1~a, b, u !sin~v r t 1 g!

1 C2~a, b, u !cos~2v r t 1 2g!

1 S2~a, b, u !sin~2v r t 1 2g!, [1]

herea, b, andg are Euler angles that characterize the rela
orientation of the rotor fixed frame to the principal axis sys
of G, andu is the angle between the rotation axis and the s
field direction (11, 12). In particular, with the isotropic part

Giso 5
1

3
~Gxx 1 Gyy 1 Gzz!, [2]

he anisotropy

DG 5 Gzz 2 Giso, [3]

and the asymmetry

hG 5
Gyy 2 Gxx

DG
[4]

of the interaction, the time-independent part is expressed

C0 5 Giso 1 DG

3 cos2u 2 1

2

3 F3 cosb 2 1

2
2

hG

2
cos~2a!sin2bG . [5]

For the magic angle,um 5 arccos=1/3 ' 54.7°, one find
0 5 G iso, so that a highly resolved isotropic spectrum ca

obtained by averaging the time-dependent parts. To ac
this, it is sufficient to measurevG at three rotor position
spaced by two 120° intervals, as was first realized by Baxet al.
(5). This can be easily checked by substitutingg0, g0 1 120°,
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220 HESSINGER ET AL.
andg0 1 240° for g in Eq. [1] and computing the average
he three values forvG. This experiment was first done
NMR with jump reorientation of the sample (magic-an
hopping), which could not be realized at sufficiently fast t
scales for EPR. A later version by Gan (6) used “ultraslow
rotation for the sample reorientation. This so-called ma
angle turning experiment is based on the fact that for
samples the time required for a frequency measureme
sufficient precision is so short that the rotation frequency
be chosen low enough for reorientation effects to be negli
during the frequency measurements at the three sample
tions.

The MAS EPR experiment introduced by Hubrichet al. (7)
adapts this idea to the usual experimental situation in p
EPR where uniform excitation of the whole spectrum is usu
impossible because of excitation bandwidth restrictions
free induction decays are unobservable because of instrum
dead timet d (Fig. 2). The experiment starts by generation
electron coherence at rotor phaseg0 by an mwp/2 pulse. The
coherence evolves freely for timet/3 with frequencyvG(g 0)
and is then stored as polarization by the second mwp/2 pulse
Half of the magnetization is lost at this point, because co
ence with the same phase as the mw pulse is unaffecte
decays with relaxation timeT2. The polarization remains ap
rom decaying with relaxation timeT1, i.e., most of it survive
a reorientation by 120°. After the timeT required for this
reorientation, the polarization is again transferred to coher
by an mwp/2 pulse and evolves for timet/3 with frequency
vG(g 0 1 1208). Storage of the magnetization as polariza
and sample reorientation are repeated; again half of the re
ing magnetization is lost. At the third position, the polariza
is again transferred to coherence by an mwp/2 pulse an
evolves freely for a timet . t d, after which a refocusing m
p pulse is applied to overcome the inevitable dead time o
receiver. Echoes are observed at timest 2 t/3 andt 1 t/3
after thep pulse. Because evolution during the intervals
length t is rephased by thep pulse, this amounts to a n
evolution for another interval of lengtht/3 with frequency
vG(g 0 1 2408) for the second echo.

The phase gained by the evolution at all three rotor posi
is given by

FIG. 2. Pulse sequence for the MAS EPR experiment. The variation o
amplitude of the second echo is observed as a function of timet. The phas
cycle is given in Table 1.
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f iso 5 f1 1 f2 1 f3 5 vG~g0!
t

3
1 vG~g0 1 1208!

t

3

1 vG~g0 1 2408!
t

3
5 Gisot [6]

for rotation at the magic angle. To observe this phase vari
in the echo amplitude on varying timet, it is not sufficient to
store only coherence along one axis of the rotating frame
the second and fourthp/2 pulse. A phase cycle has to
devised that combines the sines and cosines of the phasf1,
f2, andf3 to obtain the expressions for cos(f1 1 f2 1 f3) and
in(f1 1 f2 1 f3) for the real and imaginary part of

complex-valued time-domain signal, respectively. Trigo
metric relations reveal that four phase cycle steps are nece
for each of the two signal components. The necessary p
cycling of the fifthp/2 pulse corresponds to another loss of
the magnetization, hence only 12.5% of the thermal equ
rium magnetization contributes to the observed signal.
loss is not specific to the EPR case; it also occurs in
magic-angle turning NMR experiment (6). The complete phas
cycle is given in Table 1. To avoid echo crossings, it has t
combined with a phase cycle [1x, 2x] of the first pulse an
subtraction of the corresponding signals to give a 16
cycle. Such cycling of the first pulse does not lead to fur
signal loss. FT of the time-domain signal with respectt
yields the isotropic EPR spectrum. Acquisition of a comp
time-domain data set ensures that positive and negativ
quency offsets from the excitation position can be dis
guished in this spectrum (11, 12). This also holds true for cas
where the EPR frequencies are determined by several a
tropic interactions as long as only secular terms in the Ha
tonian need to be considered.

Broadening Mechanisms and Sensitivity

In the idealized experiment described above, linewidth
MAS EPR spectra are determined by transverse relax

e

TABLE 1
Phase Cycle for Constructing a Quadrature Phase-Modulated

Signal in the MAS EPR Experiment (see Fig. 3)

P2 P4 P5 P6 Detection Part

2x 2x 1y 1x 1x Real
1y 2y 1y 1x 1x Real
1y 2x 1x 1y 1x Real
2x 1y 1x 1y 1x Real
2y 2x 1y 1x 1x Imaginary
2x 2y 1y 1x 1x Imaginary
2x 2x 1x 1y 1x Imaginary
1y 2y 1x 1y 1x Imaginary

Note. The pulses not contained in the table have phase1x. To avoid
distortions by an echo crossing, signals of the same experiments with in
phase (2x) of the first mw pulse (P1) have to be subtracted.
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221MAS EPR
(T2). Additional broadening is expected if the reorientatio
the sample during the intervals of lengtht/3 can no longer b
neglected for the maximumt. For utmost resolutiontmax . 3T2

should be used, which may be long enough for such broa
ing to be observable at typicalT2 of about 1ms. In practice
ines in an ideal isotropic EPR spectrum may, however
ignificantly broader than suggested byT2 because of unre-

solved isotropic hyperfine couplings, and, especially in d
dered systems like polymers, glasses, and frozen solutio
distribution of isotropicg values and hyperfine couplingsg
and hyperfine strain). MAS is also unable to completely
move anisotropic broadening in cases where the secula
proximation breaks down, as is, for instance, the case for m
quadrupole nuclei in NMR (13). This situation is often met
EPR for hyperfine couplings with protons or nitrogen nuc
Our model calculations show that it is significant only ra
close to the exact cancellation condition where twice the
clear Zeeman frequency matches the hyperfine coupling, a
instance, fora- and b-protons in aliphatic organic radica
(data not shown). Finally, broadening may be due to a
match of the angle between the rotation axis and static
direction. In this case, part of the anisotropy contributes tC0

(Eq. [1]) and is not averaged.
Sensitivity of MAS EPR is limited not only by the loss

87.5% of the thermal equilibrium magnetization in the sto
and recalling during the pulse sequence, but also by lon
dinal relaxation during the reorientation intervals. Two-th
of a sample rotation have to be completed in these inter
which requires a time between 20 and 40ms at the rotatio
frequencies achieved with our setup. Even at the lowest
perature of 200 K for which we can perform the experim
this can still lead to significant loss of magnetization
organic radicals and point defects in crystals. Most trans
metal ions are not accessible to our experiment so far, be
neither theirT1 nor their T2 values are long enough at su
temperatures. However, note that pulse EPR experime
temperatures as high as 200 K have been performed on s
Cr(V) complexes (14).

Spectral diffusion may also cause a loss of signal. Fur
ore, part of the magnetization transfer due to spectral d

ion is to spin packets with only a slightly different orientat
his may lead to incomplete refocusing of the anisotropy o

nteractions and thus to some line broadening in the MAS
pectra. For these reasons it is important to work at tem
ures where molecular reorientation on the time scale o
xperiment can be neglected and, if possible, at concentr
here spin diffusion is not relevant.

ncomplete Excitation

Spectral widths usually exceed the excitation bandwid
ulse EPR, quite often even by a large factor. A given in
rientation of the paramagnetic center only contributes to
AS signal provided that the electron spins can be excite
f
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all three rotor positions during the experiment. If this
achieved only for a small part of all initial orientations,
signal amplitude is reduced, but narrow EPR spectra are
expected, because the averaging of anisotropic interactio
complete even for a single initial orientation. Incomplete
citation is, however, expected to lead to substantial sensi
loss if the spectral width exceeds the excitation bandwidt
a factor of 5 or more, because the fraction of contribu
initial orientations then becomes very small. It is also
immediately clear from the EPR spectrum where the optim
position for excitation is, so that in this situation MAS E
must be performed at several observer fields. Neverthele
should still be possible to apply MAS EPR to a substa
number of organic radicals and point defects.

This simplified view, unfortunately, does not include in
ference effects due to the phase dispersion of the magneti
that is excited off resonance. Indeed, in our experiments w
not obtain MAS EPR spectra for a number of radicals
which estimates suggested that the fraction of contribu
orientations was still substantial and for which we had obta
a rotational echo after a 360° reorientation. To clarify
point, we further analyzed the experiment for nonideal pu
with the rotating-frame Hamiltonian

*1x 5 v1~rSz 1 Sx!, [7]

or a pulse along1x, where v1 is the pulse amplitude
angular frequencies andr characterizes the resonance offse
a fraction or multiple ofv1. This Hamiltonian is diagonalize
by the unitary transformationU 5 exp{2iu rSy} with ur 5
atan(r /q) and q 5 =1 1 r 2. Straightforward application o
the product operator formalism yields for the real and im
nary part of the time-domain data obtained with the ab
mentioned phase cycle

Re~V! 5 D1~r 0! z D1~r 120! z E1~r 240! z cos~v isot!

2 D2~r 0! z D2~r 120! z E2~r 240! z sin~v isot!, [8]

Im~V! 5 D1~r 0! z D1~r 120! z E1~r 240! z sin~v isot!

2 D2~r 0! z D2~r 120! z E2~r 240! z cos~v isot!, [9]

here the factorsD 1 and D 2 characterize the dependence
in-phase and out-of-phase components excited and detec
a pair of twop/2 pulses on the resonance offset andE1 andE2

are analogous factors for the finalp/2–p pulse pair. Th
normalized resonance offsetsr 0, r 120, and r 240 correspond t
the three rotor positions and depend onvG. The off-resonanc
factors are given by

D1~r ! 5
2

q4 sin2Sp

4
qDF1 1 ~2r 2 1 1!cosSp

2
qDG , [10]
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222 HESSINGER ET AL.
D2~r ! 5
r

q3 Fsin~pq! 2 2 sinSp

2
qDG , [11]

E1~r ! 5 2
1

q3 sinSp

2
qDF r 2 2 2r 2cosSp

2
qD

1 ~2r 2 1 1!cos~pq!G , [12]

and

D2~r ! 5
2r

q4 sin2Sp

4
qDF2 1 r 2 1 2q2cosSp

2
qD

1 ~1 1 2r 2!cos~pq!G . [13]

For r 3 0, D 1 and E1 approach unity, whileD 2 and E2

approach zero. After averaging over the Euler angles, the
depends only on the excitation position, the ratiov 1/DG, and
slightly on the asymmetry parameterhG. Similar but somewha
more lengthy formulas can be obtained for arbitrary flip an
of the pulses.

Numerical simulations show that forv 1/DG . 2, 90% or
more of the maximum intensity is obtained. Forv 1/DG , 2,
however, the absolute value of the intensity drops cons
ably, but an amplitude above 10% is still observed forv 1/
DG . 0.25(Fig. 3a).With decreasing ratiov 1/DG we also find
that the phase of the magnetization in the detection p
varies more strongly with the offset of the observer pos
from the isotropic frequency (field), as can be seen in F
3b–3g. As there always is a distribution of the isotropic
quency due to relaxational broadening, unresolved isot
hyperfine couplings, and strain, this leads to destructive i
ference. As a consequence, MAS EPR experiments ma
also forv 1/DG . 0.25,depending on the natural linewidth
he isotropic spectrum. For an anisotropy for theg tensor as i
he E91 center in silica glass, the signal is expected to va
lready atv 1/DG 5 0.463 for anatural linewidth of about
Hz, as can be seen in Fig. 3g.

EXPERIMENTAL RESULTS

All MAS EPR experiments were performed on a Bruker E
380E spectrometer at frequencies of about 9.5 GHz with
setup described in the instrumentation section. EPR spec
the test samples have been measured on the Bruker ESP
(X-band) and Elexsys 680 (W-band) spectrum with comm
cial standard probeheads.

g-Irradiated Silica Glass

The E91 center in g-irradiated quartz or silica glass is
onvenient model system for time-domain EPR experim
8) because of the small width of its spectrum (about 0.3 m
ult
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X-band frequencies) (15) and the long relaxation timesT1

(;200ms) andT2 (;24 ms) (16). In our own sample obtaine
y g-irradiation of Suprasil glass, we observe a phase me

time Tm 5 6.3 ms because of instantaneous diffusion effec
the applied pulse lengths. The real and imaginary parts o
MAS EPR signal for this sample (ambient temperature)
shown in Figs. 4a and 4b. The signal decays in a time th
significantly shorter than that suggested by the value oTm.

omplex FT with subsequent phase correction yields the
orption and dispersion spectrum in Figs. 4c and 4d.
requency of the signal is in agreement with the expe
sotropicg value of 2.0009 (15). The full width at half heigh
f the line in the pure absorption spectrum is 1.4 MHz, w

s by a factor of 0.7 smaller than in our previous absolute-v
pectrum (7). This is in reasonable agreement with the

pected narrowing factor 1/=3 ; 0.58. However, according
the phase memory time, a linewidth of only 50 kHz would

FIG. 3. Effects of incomplete excitation on MAS EPR signals (sim
tions). (a) Normalized intensityI n of the MAS EPR signal for an axial tens
hG 5 0) plotted against the ratiov 1/DG between mw amplitude and anis-

ropy of the interaction. (b–f) Total signal intensity and phase as a functi
the offsetn of the observer position from the isotropic frequency. The assu

nisotropyDG corresponds to theg tensor of theE91 center ing-irradiated silica
lass. (b, c)v 1/DG 5 1.851. (d, e)v 1/DG 5 0.926. (f, g)v 1/DG 5 0.463.
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223MAS EPR
expected. None of the broadening mechanisms disc
above is expected to contribute significantly to the obse
linewidth and some further possibilities for instrumental c
tributions have been excluded before (7). In this publication
the discrepancy was attributed tog strain in the glassy materia
The echo-detected W-band EPR spectrum of the sample
at 94.2 GHz (Fig. 5a) also exhibits a strong discrepancy
tween the linewidth of the singularities expected fromTm and
observed experimentally and thus supports our previous
pretation.

According to the considerations under Theory, such s

FIG. 4. MAS EPR on theE91 center ing-irradiated silica glass (B0 5
331.76 mT,nmw 5 9.285 GHz,nrot 5 17 kHz,tp/ 2 5 32 ns). (a) Real part an
(b) imaginary part of the time-domain signal. (c) Absorption and (d) dispe
spectrum obtained by FT of the complex time-domain signal.

FIG. 5. EPR spectra of the test samples. (a) Echo-detected EPR sp
of theE91 center ing-irradiated silica glass measured at W-band (94.159 G
(b) CW EPR ofg-irradiated sulfamic acid at X-band (9.7719 GHz). The str
line in the center is due to the SO3

2 anion radical; the weaker lines belong
the neutral NH2-SO3 radical. (c) Echo-detected EPR spectrum of the3

2

anion radical ing-irradiated sulfamic acid at X-band (9.649 GHz). (d) Ec
etected EPR spectrum of the SO3

2 anion radical ing-irradiated sulfamic aci
t W-band (94.039 GHz).
ed
d
-

en
e-

r-

in
broadening should lead to destructive interference of the
EPR signal at excitation bandwidths below the spectral w
This was tested by deliberately reducing mw power and
excitation bandwidth (Fig. 6, note that absolute-value sp
are shown here). The optimum is obtained fortp/ 2 5 32 ns
Significant signal loss is observed already fortp/ 2 as short as 4
ns; at a pulse length of 128 ns no MAS EPR signal ca
observed. This would suggest that with our present setup
EPR can only be applied to species with spectral widths u
about 20 MHz (0.7 mT), assuming that the relative broade
in the isotropic EPR spectra is similar. Such an estimate
good agreement with our experience. Note, however, tha
p/2 pulse lengths down to 3.6 ns have been reported rec
(17). Even allowing for an increase of the pulse length b
actor of 2 in an MAS setup, which is worse than in our c
his would extend the accessible spectral widths up to 3

We also checked the possibility of extending excita
andwidth by using shorter pulses with smaller flip angles
ip angles of 65° for the nominalp/2 pulses signal loss is st

tolerable, and such settings may be favorable in some c
Reducing the flip angles by a factor of 2, however, lead
virtually complete signal loss in this six-pulse sequence
lower traces in Fig. 6.

g-Irradiated Sulfamic Acid

To test our proposition that species with spectral width
about 0.7 mT should still yield artificially narrowed MAS EP

n

um
).

FIG. 6. Dependence of the MAS EPR spectrum of theE91 center in
g-irradiated silica glass on excitation bandwidth and flip angle. An e
detected EPR spectrum is shown for comparison. The labels on the
designate the length and actual flip angle of the nominalp/2 pulses (B0 ;

31.9 mT,nmw 5 9.2932 GHz,nrot 5 17 kHz). All spectra are absolute-va
pectra and are referenced to the same observerg value.
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224 HESSINGER ET AL.
signals, we performed experiments on the SO3
2 anion radica

center found ing-irradiated sulfamic acid (systematic nam
amidosulfonic acid). The echo-detected X-band EPR spec
of this sample is a structureless line of nearly Gaussian s
with full width at half height of about 0.64 mT (Fig. 5c). T
broadening is due to unresolved hyperfine couplings, a
comes apparent at W-band frequencies where the spect
dominated by the axialg tensor (Fig. 5d). The CW EP
spectrum at X-band (Fig. 5b) reveals further features du
another radical (NH2SO3) with strongly anisotropic nitroge
hyperfine couplings; see also (18, 19).

MAS EPR experiments on this sample were performed a
alues of the static field and at a temperature of 205 K
ypical spectrum at a single field position is shown in Fig.
he sum of all six spectra in Fig. 7b. The spectrum is sub
ially narrowed but is not a single line. The apparent split
ight indicate a hyperfine coupling of 5–8 MHz, but a sin

rystal proton ENDOR study of the SO3
2 center did not reve

such an isotropic coupling (20). Pulse ENDOR experiments
our own powder sample also do not suggest such an iso
proton coupling. Furthermore, the splitting cannot be e
attributed to a coupling to a nitrogen nucleus in a neig
molecule (at a distance of about 350 pm), because a t
would then be expected in the spectrum. Note also tha
spectrum does not exhibit the symmetry about its center
would be expected in an isotropic spectrum, although
deviation may not be significant at the given signal-to-n
ratio. At present we attribute the complex lineshape to
off-resonance effects discussed under Theory (see also F

Because of the difficulties in interpreting this spectrum

FIG. 7. MAS EPR on the SO3
2 anion radical ing-irradiated sulfamic aci

at nrot 5 17 kHz. (a) Spectrum obtained at a single observer position (B0 5
34.91 mT,nmw 5 9.388 GHz,tp/ 2 5 24 ns). (b) Sum spectrum from s

observer positions obtained by shifting the frequency scales to a co
referenceg value (g 5 2.0035) andadding the spectra.
,
m
pe

e-
is

to

ix
A
;
n-
g
-

pic
ly
r

let
he
at
e
e
e
3).
e

have conducted a number of tests to check whether the
is authentic. First, the MAS spectra at given observer posi
characterized by the apparentg valuegapp 5 hnmw/(mBB0) are
reproducible, even if the mw frequency is slightly chang
Second, the signal is suppressed if reorientation angles ar
that are significantly different from the theoretically requ
value of 120°. Third, the signal is also suppressed if the a
u between rotation axis and static field direction is chan
from the theoretically required value of 54.7° (Fig. 8).
these reasons we are quite confident that we have observ
MAS EPR spectrum of the SO3

2 center and that a spectrum
better quality could be obtained by improving the excita
bandwidth of the setup.

CONCLUSION

It has been demonstrated that sample spinning in pulse
with rotation frequencies up to 17 kHz at temperatures dow
200 K is feasible without severely compromising the
performance of the resonator. Pure absorption MAS EPR
tra can be obtained with a new phase cycle and exhibit
rower lines than the absolute-value spectra measured b
The residual line broadening in the MAS EPR spectrum o
E91 center ing-irradiated silica glass has been traced backg
train by the observation of strain broadening in a high-
PR spectrum of the same sample. Both theory and exper
how that the scope of applications for MAS EPR line narr
ng is mainly restricted by the excitation bandwidth of the
on

FIG. 8. Dependence of the MAS EPR spectrum of the SO3
2 anion radica

in g-irradiated sulfamic acid on the angleu between the rotation axis and sta
field direction (nmw ; 9.43 GHz,B0 ; 336 mT,nrot ; 17.1 kHz,tp/ 2 5 32

s). The static field was set to the value that ensured the same observerg value
or all three measurements despite slightly different mw frequencies (Dnmw #

4.1 MHz). (a)u 5 54.7° (magic angle). (b)u 5 60.7°. (c)u 5 77°.
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225MAS EPR
pulses, which must be a significant fraction of the total w
of the spectrum. With our current setup, the limit is expecte
spectral widths of about 0.7 mT, as has been checke
observing MAS EPR signals of SO3

2 radicals ing-irradiated
sulfamic acid. If the currently available shortestp/2 pulse
lengths of 3.6 ns (17) could be achieved with an MAS prob

ead, the limit could be extended to at least 3 mT. This sh
ake it possible, for example, to separate the central lin

he nitrogen hyperfine triplet of nitroxides by their isotropig
alues. While a broader application of MAS EPR thus requ
urther technological advances, current technology shou
ufficient to extend the right-angle spinning experiment
ransition metal ions by Sierra and Schweiger (9, 10) to organic
adicals by going from moderate to high rotation frequen
uch experiments outside the linear regime for the reori

ion angles are now in progress.
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