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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

ple spinning systems achieve rotation frequencies of up to .
kHz which are comparable to T{ for electron spins in many
systems. Averaging of anisotropic interactions on the tim
scale of longitudinal relaxation has been applied in NMR in th
magic-angle hopping5j and magic-angle turnings) experi-
ments for correlating the isotropic spectrum to the static spe
trum. This offers a route for artificial narrowing of EPR lines
through MAS. We have recently shown that the magic-ang
turning experiment can be adapted to EPR spectroscopy (
applying 15 to 20-kHz MAS to yield narrowed isotropic lines.
In this work we describe the MAS EPR probehead and intrc
duce an improved version of the experiment that provides pu
absorption spectra. Furthermore, technical limitations of tt
experiment are considered that may lead to spectral broaden
or a decrease in sensitivity. It is shown that the experime
depends critically on the ratio between excitation bandwid!

observations on the E] center in y-irradiated silica glass and on the
SO; radical in y-irradiated sulfamic acid are reported. © 2000
Academic Press
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and anisotropy. Experimental spectra are presentedefor
centers iny-irradiated silica glass and SQradicals iny-irra-
diated sulfamic acid.

INSTRUMENTATION
INTRODUCTION Combination of the Stator—Rotor System with a Microwave

: L . Resonator
Magnetic resonance spectra of species in the solid state or of

slowly tumbling molecules are often strongly broadened due toAt least two-thirds of a sample rotation must be complete
the anisotropy of magnetic interactions. The magic-angle saon the time scale ofl, to make the magic-angle turning
ple spinning (MAS) techniquel(2) has become the mostexperiment feasible (see Theory below). This requires rotatic
widespread approach for obtaining high-resolution NMR speftequencies above 10 kHz as they are available with curre
tra in such situations. In its most popular form the experimehigh-speed MAS NMR rotor/stator systems. Two commerci
is based on observing a train of rotational echoes whose asgstems (Bruker, Rheinstetten, Germany) with rotors of out
plitudes are modulated only by isotropic interactions. Fourieiameter of 4 and 2.5 mm and maximum rotation frequencie
transformation (FT) of the echo train yields a spectrum com;, of 17 and 35 kHz were tested. To keep dielectric losses
sisting of the isotropic lines and, if the anisotropy is larger thahe rotor material (zircon dioxide ceramics) to a minimum, th
the rotation frequency, of sidebands that are offset by integatator was fitted with a dielectric resonator (see Fig. 1a). Tt
multiples of the rotation frequency3). Unfortunately, this sapphire dielectric ring (outer diameter 8 mm, inner diameter
approach requires rotation frequencies that are larger or at laast, length 9 mm), which can be supplemented with a
comparable with the width of the spectrum).(As electron ENDOR coil, is contained in a Teflon shell that in turn fits intc
paramagnetic resonance (EPR) spectra typically cover tendh®# outer resonator made of brass (see Fig. 1b). This whc
megahertz or even more, application of this MAS experimestructure fits into the commercial stator instead of the NMI
in EPR is impossible. On the other hand, state-of-the-art saowil. The bottom of the cylindrical outer resonator @I Einner
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FIG. 1. Probehead for fast sample spinning at variable angles with respect to the magnetic field. (a) Combination of the resonator block with a con
MAS NMR stator/rotor system (Bruker). (b) Dielectric resonator with brass outer resonator and optional ENDOR coil. (c) View of the completedprobe

diameter and length 9 mm) is made of a removable grid appears like another dielectric ring resonator; which must |
brass wires. A metal part with a bearing gas outlet on tlwnsidered when adjusting the resonance frequency. Desy
bottom of the commercial MAS stator had to be replaced withe compromises in resonator design that had to be made,
a similarly shaped rexolite part to improve resonator qualitpbtain a maximun®_ of 660 which is more than sufficient for
The bearing outlet was also decreased in size to facilitgialse EPR. The optimum quality factor for pulse EPR i
rotation in a horizontal position. In addition, this part featuredetermined by a compromise between the decrease in the r
an opening for optical detection of the rotation frequency. Thild strengthB, at given incident mw power and the increase
top brass plate is removable for insertion of the rotor and hasresonator bandwidth with decreasiqy (8). For the mw
a center hole for rotor repositioning during the start of rotatigmower currently available on our spectrometer we estimate tt
(see below). The distance of this plate to the rotor cap can te optimumQ@Q, is close to 200. The quality factor is not
adjusted by 2—3 mm to obtain the desired resonance frequergignificantly influenced by the sample material inside the roto
In the case of 4-mm rotors, the dimensions are similar teence the coupling can be adjusted once and for all duri
dielectric resonators for conventional EPR tubes, except for thebehead design. The 2.5-mm rotors are not so well suited
thicker walls of the rotor (inner diameter 2.5 mm) compared %-band frequencies. In this case we obtain ofly < 100,
an EPR tube. Note that to the microwave (mw), the rotor itsedhich is less than optimum.
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Sample Rotation and Rotation Axis Adjustment THEORY

Fast sample rotation in EPR is needed not only for tHgasics of MAS EPR

MAS experiment, but also for the application of experi- consider first an anisotropic interaction whose orientatio
ments like anisotropy-resolved EPR, (L) to organic rad- dependence can be described by a second-rank t&nsdth
icals. As such experiments are most efficient and most easpiincipal valuesG,,, G,,, andG,,. Note that such a treatment
analyzed for right-angle rotation, it is desirable to have @n be applied to any line of a hyperfine multiplet w@heing
probehead with an adjustable angle between the rotatiansum of the tensor which describes the electron Zeem
axis and the axis of the static field. This can be convenientiyteraction and of the hyperfine tensors multiplied by th
realized for a horizontal rotation axis, because the sta@ppropriate nuclear magnetic quantum numbers. Expansion
field is also horizontal in standard EPR spectrometers. Ttiee tensoiG into irreducible spherical tensor operators reveal
angle between the rotation axis and static field can then th&t a rotation of the sample with angular frequengyabout
varied simply by turning the whole probehead about i®&n arbitrary axis leads to a time-dependent interaction fr
vertical long axis (see Fig. 1c). A micrometer screw allowguency (secular part)

for fine adjustment. The circular top plate of the probehead

can be mounted on the cryostat of the Bruker ESP 380E wg(t) = Co(a, B, 0) + Cy(a, B, 6)codw,t + )

spectrometer (Oxford). A semi-rigid cable is used to connect + Sy, B, 0)sin(w,t + )

the mw bridge to the waveguide (brass) which is filled with

rexolite (Goodfellow). Because of the higher dielectric con- + Cyla, B, 6)cod2w,t + 2v)

stant € ~ 2.5) compared to air, this reduces the size of the + Sy(a, B, 0)sin(2w,t + 27), [1]

waveguide to Ku-band dimensions (15.8 7.9 mm).

Thereby enough space inside the cryostat is retained for {jgereq, B, andy are Euler angles that characterize the relativ
glass tubing for the drive and bearing gas of the rot@jientation of the rotor fixed frame to the principal axis syster
system. of G, and@ is the angle between the rotation axis and the stat

We found that the horizontal position of the rotor sometiméfeld direction (L1, 19. In particular, with the isotropic part
led to instabilities during the start of rotation resulting in
ejection of the rotor from the stator. This problem can be 1
overcome by shooting the rotor back into the stator with a short Giso = 3 (G + Gyy + Gy, (2]
pulse of pressured air. This can be achieved in the presence of
moderate bearing and drive pressure, so that the rotor is staRjs anisotropy
lized by the rotation. Thin Teflon tubing (inner diameter 0.5
mm) is used to provide the pressured air to an inlet in the top Ag=G,,— G, [3]
brass plate of the resonator.

Even organic radicals and point defects in crystals oftfyq the asymmetry
have relaxation times at ambient temperature that would
lead to substantial signal loss during the 20-¢&required G,y — Gy
for the MAS experiment atv,, = 17-30 kHz. Sample Me= " A [4]
cooling often leads to a significant increase Th. We ¢
achlevgd §tab|e rotation for sample tgmperatures 'down &Pthe interaction, the time-independent part is expressed b
200 K if nitrogen was used as the drive and bearing gas.
Pressure control for drive and bearing as well as the variable

temperature unit was adapted from commercial hardware for  C;= G, + Ag ?>cc)s:22701

MAS NMR experiments (Bruker). Typical working pres-

sures are 3 bar for the bearing and 2.4 bar for the drive gas 3cosB—1 mg .

at v, = 17 kHz. X|—% =% cos(Za)smzﬁ]. [5]

The whole setup with 4-mm rotors provides rotation fre-

quencies up to 17 kHz at temperatures down to 200 K and ngwr the magic angleg,, = arccos/1/3 ~ 54.7°, one finds
w/2 pulse lengths down to,, = 24 ns, which is 1.5 times C, = G, so that a highly resolved isotropic spectrum can b
longer than mw/2 pulses in a commercial dielectric resonatasbtained by averaging the time-dependent parts. To achie
overcoupled to the sam®@, value. The setup with 2.5 mmrthis, it is sufficient to measure at three rotor positions
achievesy,, = 30 kHz andt,,, = 64 ns. This setup was only spaced by two 120° intervals, as was first realized by &a!.
tested at ambient temperature. (5). This can be easily checked by substitutipng y, + 120°,
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andwy, + 240° fory in Eq. [1] and computing the average of TABLE 1
the three values fows. This experiment was first done in Phase Cycle for Constructing a Quadrature Phase-Modulated
NMR with jump reorientation of the sample (magic-angle Signal in the MAS EPR Experiment (see Fig. 3)
hopping), which could not be_ realized at sufficiently fast tlmg2 P, P, P, Detection Part
scales for EPR. A later version by Ga) (used “ultraslow”
rotation for the sample reorientation. This so-called magiex —-X +y +x +x Real
angle turning experiment is based on the fact that for mosY -y Ty X X Real

. . + —X +X +y +X Real
samples the time required for a frequency measurement_cﬁ‘ +y i +y x Real
sufficient precision is so short that the rotation frequency can, —x +y +x +X Imaginary
be chosen low enough for reorientation effects to be negligible -y +y +x +X Imaginary
during the frequency measurements at the three sample posi- X X Ty X Imaginary
tions +y -y +x +y +X Imaginary

The MAS EPR experiment introduced by Hubriehal. (7) Note. The pulses not contained in the table have phase To avoid
adapts this idea to the usual experimental situation in pulditortions by an echo crossing, signals of the same experiments with inver
EPR where uniform excitation of the whole spectrum is usualBase €x) of the first mw pulseR.) have to be subtracted.
impossible because of excitation bandwidth restrictions and
free induction decays are unobservable because of instrumental t t
dead timet, (Fig. 2). The experiment starts by generation of ®iso= ¢1+ ¢2+ 3= wa(vo) 3+ welyo + 120°) 5
electron coherence at rotor phageby an mw/2 pulse. The
coherence evolves freely for tinté3 with frequencywgs(y,) + wg(yo + 240°) t = Gt 6]
and is then stored as polarization by the secondm/®vpulse. 3
Half of the magnetization is lost at this point, because coher-
ence with the same phase as the mw pulse is unaffected #igotation at the magic angle. To observe this phase variatit
decays with relaxation time,. The polarization remains aparti" the echo amplitude on varying tinteit is not sufficient to
from decaying with relaxation tim&,, i.e., most of it survives store only coherence along one axis of the rotating frame wi
a reorientation by 120°. After the tim& required for this 1€ second and fourthr/2 pulse. A phase cycle has to be

reorientation, the polarization is again transferred to coherer%%v'sed that com_blnes the sines and cosines of the pkiases
by an mw/2 pulse and evolves for timg3 with frequency "> and¢, to obtain the expressions for cgs(+ . + ¢s) and

o .. sin + + for the real and imaginary part of a
@g(yo + 120). .Stora_ge of the magnetlzatl_on as p0|arlzauogor(nd::)llex—vilzued (figr%e-domain signal respgectiv)él)? Trigonc
and sample reorientation are repeated, again half of the reMail¥iric relations reveal that four phase cycle steps are necess

ing magnetization is lost. At the third position, the polarizatio%r each of the two signal components. The necessary ph:
is again transferred to coherence by an mi2 pulse and . qjing of the fifthm/2 pulse corresponds to another loss of ha
evolves freely for a time > t,, after which a refocusing MW (ne magnetization, hence only 12.5% of the thermal equilit
7 pulse is applied to overcome the inevitable dead time of thym magnetization contributes to the observed signal. Th
receiver. Echoes are observed at times t/3 andr + t/3 |os5 is not specific to the EPR case; it also occurs in tf
aftel’ the7T pu|Se. Because eVOIUtion during the interVaIS qf']agic_angle turning NMR experimerﬁ)( The Comp|ete phase
length 7 is rephased by ther pulse, this amounts to a netcycle is given in Table 1. To avoid echo crossings, it has to
evolution for another interval of lengtt'3 with frequency combined with a phase cycletx, —x] of the first pulse and

wg(yo + 240) for the second echo. subtraction of the corresponding signals to give a 16-ste
The phase gained by the evolution at all three rotor positiongcle. Such cycling of the first pulse does not lead to furthe
is given by signal loss. FT of the time-domain signal with respectt to

yields the isotropic EPR spectrum. Acquisition of a comple
time-domain data set ensures that positive and negative f
quency offsets from the excitation position can be distir

no, P poop P, P, | detecton guished in this spectrun‘ll._, 19). This also holds true for cases
15[ mEEm 1 . L '3 where the EPR frequencies are determined by several ani
2 2 e[ K tropic interactions as long as only secular terms in the Ham

tonian need to be considered.

Tl 20° TI 200
-

— -t

Broadening Mechanisms and Sensitivity

FIG. 2. Pulse sequence for the MAS EPR experiment. The variation of the . . . . . . .
amplitude of the second echo is observed as a function of tirfide phase In the idealized experiment described above, linewidths |

cycle is given in Table 1. MAS EPR spectra are determined by transverse relaxati
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(T,). Additional broadening is expected if the reorientation adll three rotor positions during the experiment. If this i
the sample during the intervals of lengtl3 can no longer be achieved only for a small part of all initial orientations, the
neglected for the maximumn For utmost resolutioty,,, > 3T, signal amplitude is reduced, but narrow EPR spectra are s
should be used, which may be long enough for such broadexpected, because the averaging of anisotropic interactions
ing to be observable at typicdl, of about 1us. In practice, complete even for a single initial orientation. Incomplete ex
lines in an ideal isotropic EPR spectrum may, however, lo#ation is, however, expected to lead to substantial sensitivi
significantly broader than suggested By because of unre loss if the spectral width exceeds the excitation bandwidth |
solved isotropic hyperfine couplings, and, especially in disaa- factor of 5 or more, because the fraction of contributin
dered systems like polymers, glasses, and frozen solutionsnitial orientations then becomes very small. It is also nc
distribution of isotropicg values and hyperfine couplingg ( immediately clear from the EPR spectrum where the optimu
and hyperfine strain). MAS is also unable to completely r@osition for excitation is, so that in this situation MAS EPR
move anisotropic broadening in cases where the secular apist be performed at several observer fields. Nevertheless
proximation breaks down, as is, for instance, the case for mastyould still be possible to apply MAS EPR to a substantic
guadrupole nuclei in NMR1(3). This situation is often met in number of organic radicals and point defects.
EPR for hyperfine couplings with protons or nitrogen nuclei. This simplified view, unfortunately, does not include inter-
Our model calculations show that it is significant only rathderence effects due to the phase dispersion of the magnetizat
close to the exact cancellation condition where twice the ntivat is excited off resonance. Indeed, in our experiments we c
clear Zeeman frequency matches the hyperfine coupling, as,ifiot obtain MAS EPR spectra for a number of radicals fo
instance, fora- and B-protons in aliphatic organic radicalswhich estimates suggested that the fraction of contributir
(data not shown). Finally, broadening may be due to a misrientations was still substantial and for which we had obtaine
match of the angle between the rotation axis and static fieddrotational echo after a 360° reorientation. To clarify thi
direction. In this case, part of the anisotropy contribute€go point, we further analyzed the experiment for nonideal pulse
(Eg. [1]) and is not averaged. with the rotating-frame Hamiltonian

Sensitivity of MAS EPR is limited not only by the loss of
87.5% of the thermal equilibrium magnetization in the storing
and recalling during the pulse sequence, but also by longitu-
dinal relaxation during the reorientation intervals. Two-thirds
of a sample rotation have to be completed in these intervallsy a pulse along+x, where o, is the pulse amplitude in
which requires a time between 20 and 46 at the rotation angular frequencies andcharacterizes the resonance offset a
frequencies achieved with our setup. Even at the lowest temfraction or multiple ofw,. This Hamiltonian is diagonalized
perature of 200 K for which we can perform the experimenby the unitary transformatiob) = exp{—i6,S,} with 6, =
this can still lead to significant loss of magnetization foatan¢/q) andq = V1 + r?. Straightforward application of
organic radicals and point defects in crystals. Most transitiahe product operator formalism yields for the real and imag
metal ions are not accessible to our experiment so far, becanaey part of the time-domain data obtained with the above
neither theirT, nor their T, values are long enough at suchmentioned phase cycle
temperatures. However, note that pulse EPR experiments at
temperatures as high as 200 K have been performed on several
Cr(V) complexes 14). Re(V) = Dy(ro) - Di(r120 * Ex(r240) * COL wisct)

Spectral diffusion may also cause a loss of signal. Further- — Dy(ro) - D120 * Ex(T240) - SIN(wiget), [8]
more, part of the magnetization transfer due to spectral diffu- _
sion is to spin packets with only a slightly different orientation. M(V) = D1(ro) - Di(r120) * Ea(r240) * SiN(wisct)
This may lead to incomplete refocusing of the a}nisotropy of the — Dy(ro) * Dy(F120) * Eo(Faa0) - COL wiedd), [9]
interactions and thus to some line broadening in the MAS EPR
spectra. For these reasons it is important to work at tempera-
tures where molecular reorientation on the time scale of tMédere the factor®, andD, characterize the dependence o

experiment can be neglected and, if possible, at concentrati#ihase and out-of-phase components excited and detectec
where spin diffusion is not relevant. a pair of twom/2 pulses on the resonance offset &dandE,

are analogous factors for the fina/2—m pulse pair. The
normalized resonance offsetg, r,,,, andr,,, correspond to
the three rotor positions and dependwg The off-resonance

Spectral widths usually exceed the excitation bandwidth factors are given by
pulse EPR, quite often even by a large factor. A given initial

orientation of the paramagnetic center only contributes to thep () = 34 sin2<ﬂ q) [ 1+ (2r2 + 1)C0<7T q) ] . [10]
MAS signal provided that the electron spins can be excited at aq 4 2

%-#x = wl(rsz + Sx)l [7]

Incomplete Excitation
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r ] S a
D,(r) = e sin(mrq) — 2 si 24/ [11] 1 T —T
=
1 (= ) ) T a
El(r):—Fsm >4)|r — 2r“co >4 é
%
+ (2r2 + 1)cos(7rq)], [12] ‘_é
St
and 0 . !
0 2 4
/A,
2r [T 5 ) T
Dz(r)=?sm 24 2+ r?+ 2g°co 24 b d f
+(1+ 2r2)cos(7rq)]. [13] 3 ] ]
Forr — 0, D, and E, approach unity, whileD, and E, % ,/V/\/\/\\\ WL
approach zero. After averaging over the Euler angles, the result o 0 0
-20 0 20 -10 0 10 5 [0} 5

depends only on the excitation position, the rabigA;, and I MHz v RN

slightly on the asymmetry parametgg. Similar but somewhat

more lengthy formulas can be obtained for arbitrary flip angles

of the pulses. 5

Numerical simulations show that fas,/Ag > 2, 90% or

more of the maximum intensity is obtained. For/Ag < 2, § 0

however, the absolute value of the intensity drops consider-=

ably, but an amplitude above 10% is still observed éav

A > 0.25(Fig. 3a).With decrea_\sin_g rat_imllAG we als_o find _ % 5 T 5 > = 5 s

that the phase of the magnetization in the detection period v/ MHz v/ MHz v/ MHz

varies more strongly with the offset of the observer position _ i _ _

from the isotropic frequenc (field), as can be seen in Fi .FIG. 3. Effect_s of |_ncom;_)|ete excitation on MAS EPR S|gna!s (simula-
P q . y L A : . %sons). (a) Normalized intensitl, of the MAS EPR signal for an axial tensor

3b-3g. As there always is a distribution of the isotropic frqs, = 0) plotted against the ratio /A  between mw amplitude and anisot

quency due to relaxational broadening, unresolved isotropiy of the interaction. (b—f) Total signal intensity and phase as a function

hyperfine couplings, and strain, this leads to destructive intde offset of the observer position from the isotropic frequency. The assume

ference. As a consequence, MAS EPR experiments may fi({“sotropyAGcorresponds to thg tensor of theE’; center iny-irradiated silica

also forw,/Ag > 0.25,depending on the natural linewidth indlass- (0. Qou/Ae = 1.851. (d, e)o./Ae = 0.926. (f, gJw/Ac = 0.463.

the isotropic spectrum. For an anisotropy for gensor as in

the E center in silica glass, the signal is expected to vanisipand frequencies)16) and the long relaxation times,

already atw,/As = 0.463 for anatural linewidth of about 1 (200 us) andT, (~24 us) (16). In our own sample obtained

c e g

N
N

(=]
o

N
o

-2

MHz, as can be seen in Fig. 3g. by y-irradiation of Suprasil glass, we observe a phase mema
timeT,, = 6.3 us because of instantaneous diffusion effects «
EXPERIMENTAL RESULTS the applied pulse lengths. The real and imaginary parts of t

) MAS EPR signal for this sample (ambient temperature) al
All MAS EPR experiments were performed on a Bruker ESEhown in Figs. 4a and 4b. The signal decays in a time that
380E spectrometer at frequencies of about 9.5 GHz with thfyificantly shorter than that suggested by the valud f
setup described in the instrumentation section. EPR spectr mplex FT with subsequent phase correction yields the a
the test samples have been measured on the Bruker ESP 3§9r'1:ation and dispersion spectrum in Figs. 4c and 4d. Tt
(X-band) and Elexsys 680 (W-band) spectrum with COMM&fzqency of the signal is in agreement with the expecte
cial standard probeheads. isotropicg value of 2.000915). The full width at half height
of the line in the pure absorption spectrum is 1.4 MHz, whic
is by a factor of 0.7 smaller than in our previous absolute-valt
The E’ center in-+y-irradiated quartz or silica glass is aspectrum 7). This is in reasonable agreement with the ex
convenient model system for time-domain EPR experimerscted narrowing factor /3 ~ 0.58. However, according to
(8) because of the small width of its spectrum (about 0.3 mT #ite phase memory time, a linewidth of only 50 kHz would b

vy-Irradiated Silica Glass
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FIG. 4. MAS EPR on theE] center invy-irradiated silica glassg, =

331.76 mT vy, = 9.285 GHz v, = 17 kHz,t,;, = 32 ns). (a) Real part and
(b) imaginary part of the time-domain signal. (c) Absorption and (d) dispersion 24ns, 85
spectrum obtained by FT of the complex time-domain signal.

16ns, 45°

R i Ve
expected. None of the broadening mechanisms discussed -5 0 5
above is expected to contribute significantly to the observed v/MHz
linewidth and some further possibilities for instrumental con- FIG. 6. Dependence of the MAS EPR spectrum of the center in
tributions have been excluded befo.(In this publication, y-irradiated silica glass qn excitation bandwic_ith and flip angle. An echc
the discrepancy was attributedgstrain in the glassy material. get(?ded EPR spectrum is shown for comparison. The labels on the tra
esignate the length and actual flip angle of the nomiria@l pulses B, ~
The echo-detected W-band EPR spectrum of the sample takgf g mt 4, = 9.2932 GHzu,, = 17 kHz). All spectra are absolute-value
at 94.2 GHz (Fig. 5a) also exhibits a strong discrepancy bectra and are referenced to the same observetue.
tween the linewidth of the singularities expected frogand
observed experimentally and thus supports our previous inter-
pretation. broadening should lead to destructive interference of the MA
According to the considerations under Theory, such strafPR signal at excitation bandwidths below the spectral widt
This was tested by deliberately reducing mw power and thi
excitation bandwidth (Fig. 6, note that absolute-value spect
are shown here). The optimum is obtained fgs = 32 ns.
Significant signal loss is observed alreadytfgs as short as 48
ns; at a pulse length of 128 ns no MAS EPR signal can
observed. This would suggest that with our present setup M/
EPR can only be applied to species with spectral widths up
about 20 MHz (0.7 mT), assuming that the relative broadenir
in the isotropic EPR spectra is similar. Such an estimate is
B/mT good agreement with our experience. Note, however, that n
— : - 7/2 pulse lengths down to 3.6 ns have been reported recen
af (17). Even allowing for an increase of the pulse length by
1 1 factor of 2 in an MAS setup, which is worse than in our case
this would extend the accessible spectral widths up to 3 m1
We also checked the possibility of extending excitatiol
2l bandwidth by using shorter pulses with smaller flip angles. F
flip angles of 65° for the nominat/2 pulses signal loss is still
tolerable, and such settings may be favorable in some cas

G5 EPR e of the test les. (a) Echo-detected EPR tReducing the flip angles by a factor of 2, however, leads
. 5. spectra of the test samples. (a) Echo-detecte spec - - . .

of theE’, center iny-irradiated silica glass measured at W-band (94.159 GH .rﬁua”y completg Slgnal loss in this six pU|Se sequence; st
(b) CW EPR ofy-irradiated sulfamic acid at X-band (9.7719 GHz). The stron wer traces In Flg. 6.

line in the center is due to the SGanion radical; the weaker lines belong to ) ) .

the neutral NH-SO, radical. (c) Echo-detected EPR spectrum of the; SO7y-Irradiated Sulfamic Acid

anion radical iny-irradiated sulfamic acid at X-band (9.649 GHz). (d) Echo- . . . .
detected EPR spectrum of the S@nion radical imy-irradiated sulfamic acid 10 test our proposition that species with spectral widths
at W-band (94.039 GHz). about 0.7 mT should still yield artificially narrowed MAS EPR

/é 4

intensity / a.u
o

o
w
3
3

Q

intensity / a.u.
o

345 350 3354 3356
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signals, we performed experiments on the;S&hion radical
center found iny-irradiated sulfamic acid (systematic name,
amidosulfonic acid). The echo-detected X-band EPR spectrum
of this sample is a structureless line of nearly Gaussian shape
with full width at half height of about 0.64 mT (Fig. 5¢). The
broadening is due to unresolved hyperfine couplings, as be-
comes apparent at W-band frequencies where the spectrum is
dominated by the axiay tensor (Fig. 5d). The CW EPR
spectrum at X-band (Fig. 5b) reveals further features due to
another radical (NEBQO;) with strongly anisotropic nitrogen
hyperfine couplings; see alsa§; 19.

MAS EPR experiments on this sample were performed at six
values of the static field and at a temperature of 205 K. A
typical spectrum at a single field position is shown in Fig. 7a;
the sum of all six spectra in Fig. 7b. The spectrum is substan-
tially narrowed but is not a single line. The apparent splitting
might indicate a hyperfine coupling of 5-8 MHz, but a single-
crystal proton ENDOR study of the SCzenter did not reveal
such an isotropic couplin@(). Pulse ENDOR experiments on
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our own powder sample also do not suggest such an iSotropieiG. 8. Dependence of the MAS EPR spectrum of the;Sion radical
proton coupling. Furthermore, the splitting cannot be easiin/y—irradiated sulfamic acid on the angléetween the rotation axis and static

attributed to a coupling to a nitrogen nucleus in a neighbgﬁ‘?'d direction
molecule (at a distance of about 350 pm), because a trip]

~ 9.43 GHz,B, ~ 336 mT, v« ~ 17.1 kHz,t,,, = 32
s)(. The static field was set to the value that ensured the same olpealae
cﬁ' all three measurements despite slightly different mw frequendieg, (=

would then be expected in the spectrum. Note also that the mHz). (a)9 = 54.7° (magic angle). (b) = 60.7°. (c)6 = 77°.

spectrum does not exhibit the symmetry about its center that

would be expected in an isotropic spectrum, although the

deviation may not be significant at the given signal-to-noisgave conducted a number of tests to check whether the sig

ratio. At present we attribute the complex lineshape to theauthentic. First, the MAS spectra at given observer positio

off-resonance effects discussed under Theory (see also Fig.cBhracterized by the apparenwvalueg.,, = hvn/(1sB,) are
Because of the difficulties in interpreting this spectrum, V\@produciue’ even if the mw frequency is S||ght|y Change(

a T T T T
3 5¢ 1
&
=
2
e Or 7
£

-10 0 10 20

v/ MHz

b
5
o
=
‘@
e
[
£

-10 0 10 20
v/ MHz

Second, the signal is suppressed if reorientation angles are u
that are significantly different from the theoretically requirec
value of 120°. Third, the signal is also suppressed if the ang
0 between rotation axis and static field direction is change
from the theoretically required value of 54.7° (Fig. 8). Fol
these reasons we are quite confident that we have observed
MAS EPR spectrum of the SOcenter and that a spectrum of
better quality could be obtained by improving the excitatiol
bandwidth of the setup.

CONCLUSION

It has been demonstrated that sample spinning in pulse E
with rotation frequencies up to 17 kHz at temperatures down
200 K is feasible without severely compromising the mv
performance of the resonator. Pure absorption MAS EPR spe
tra can be obtained with a new phase cycle and exhibit né
rower lines than the absolute-value spectra measured beftc
The residual line broadening in the MAS EPR spectrum of tf
E’ center iny-irradiated silica glass has been traced bacg to

FIG. 7. MAS EPR on the S@ anion radical iny-irradiated sulfamic acid strain by the observation of strain broadening in a high-fiel

at v, = 17 kHz. (a) Spectrum obtained at a single observer posi&gn=
334.91 mT,v,, = 9.388 GHz,t,,, = 24 ns). (b) Sum spectrum from six

EPR spectrum of the same sample. Both theory and experim

observer positions obtained by shifting the frequency scales to a comn®AOW that the scope of applications for MAS EPR line narrow

referenceg value (g

= 2.0035) andadding the spectra.

ing is mainly restricted by the excitation bandwidth of the mv
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pulses, which must be a significant fraction of the total widtt?. I. Lowe, Phys. Rev. Lett. 2, 285 (1959).

of the spectrum. With our current setup, the limit is expected & M. M. Maricq and J. S. Waugh, J. Chem. Phys. 79, 3300 (1979).
spectral widths of about 0.7 mT, as has been checked Wy C. Filip, S. Hafner, I. Schnell, D. E. Demco, and H. W. Spiess,
observing MAS EPR signals of SOradicals iny-irradiated - €hem. Phys. 110, 423 (1999). -

sulfamic acid. If the currently available shortest2 pulse 3'9882;" N. M. Szevernyi, and G. E. Maciel, J. Magn. Reson. 52, 147
lengths of 36 ns17) could be achieved with an MAS probe- 6 7. Gan, J. Am. Chem. Soc. 114, 8307 (1992).

head, the limit could be extended to at least 3 mT. This shoul . .

. . . M. Hubrich, C. Bauer, and H. W. Spiess, Chem. Phys. Lett. 273,
make it possible, for example, to separate the central lines of ,5q (1997).

the nitrogen hyperfine triplet of nitroxides by their isotrogic g 3 p. Homak and J. H. Freed, J. Magn. Reson. 67, 501 (1986).
values. While a broader application of MAS EPR thus require§ . a. sierra and A. Schweiger, Mol. Phys. 95, 973 (1998).
further technological advances, current technology should B¢ G. A. Sierra and A. Schweiger, Rev. Sci. Instrum. 68, 1316 (1997).
sufficient to extend the right-angle spinning experiments QA. m. Mehring, “High Resolution NMR Spectroscopy in Solids,”
transition metal ions by Sierra and Schweidg®ri0 to organic Springer-Verlag, Berlin, 1983.

radicals by going from moderate to high rotation frequencies. K. Schmidt-Rohr and H. W. Spiess, “Multidimensional Solid State

Such experiments outside the linear regime for the reorienta- NMR and Polymers,” Academic Press, New York, 1994.
tion ang|es are now in progress. 13. B. F. Chmelka and J. W. Zwanziger in “NMR Basic Principles and
Progress,” Vol. 33, p. 79, Springer-Verlag, Berlin, 1994.
14. K. Nakagawa, M. B. Candelaria, W. W. C. Chik, S. S. Eaton, and
G. R. Eaton, J. Magn. Reson. 98, 81 (1992).
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