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In traditional spin echo double resonance (SEDOR), the echo
amplitude M is decreased when the observed spins S are flipped by
7 together with the 7 refocusing pulse on the observed spins I; the
dependence on 7 is then determined. In the new version of SE-
DOR, the echo amplitude is measured as a function of the S spin
flip angle @ at a constant pulse spacing 7. The analysis is simple
and powerful for long 7, where the strong collision limit applies.
There, the variation of M with 6 can be fit, yielding the number n
of spins S to which each spin | is coupled. Data from amorphous
silicon with *H and 2D show the described effect. A MAS version
of the new method is used on multiply labeled alanine and urea,
with results in good agreement with the predictions for n = 2, as
expected. By Fourier transforming M with respect to the flip angle
0, a stick spectrum results; the largest numbered non-vanishing
stick yields the number n of spins S coupled to each spin I.
Simulations are presented for an n = 2 system. The present
technique is compared to the multiple-quantum spin-counting
method. © 1998 Academic Press

Key Words: double resonance; SEDOR; solid-state NMR; unlike
spins; spin echo.

INTRODUCTION

linewidth. Because it is a ratio quantity, thepin T, damping

is removed. A rapidS spin T, and/or rapidS spin flip-flops
driven by S-S interactions may lead to a motional narrowing
(like the AgF effect, ref7) in R,,,, complicating the analysis.
NeverthelessR,,, is nearly thel-SFID and can be fit in the
time or frequency domains. In the case of a sifgjt®upled to
eachl, the dipole interaction strength deduced from the Pak
pattern , 8) allows thel-Sdistance to be calculated, assuming
a purely dipolar interaction (as appropriate for low- and mod
estZ nuclear spins).

One circumstance in which ther 2Zlependence of the SE-
DOR ratio will be of little value is that in which each spin
(assumed to be relatively isolated from othgis coupled to
several f)) spinsS. This circumstance is not rare in many kinds
of solids. Provided none of thie-S couplings is overwhelm-
ingly larger than the others, central limit theorem reasonifig (
leads one to expe&,,, to be nearly Gaussian (likewise for its
Fourier transform). Since the Gaussian is characterized by
single width parameter (i.e., tHeS second moment), there is
little useful information content. Specifically, neither the sep
arate values of the-Sdistances nor even the number of spins
S coupled tol can be separately determined. The weaknes

Conventional spin echo double resonance (SEDOR; sdescribed here is of course present in dipolar lineshapes whe
pulse sequence of Fig. 1a) is a robust technique for charactvrer there are many interacting spif.

izing unobserved nuclear spiBshat may be near the observed The new version of SEDOR presented here is able to dete
spinsl (1, 2). The basic idea is thatS spin—spin interactions mine the numben of spinsS coupled to each. Thus, it will
(usually dipolar) are bilinear ih,andS,. Thus, when th&-spin  be most useful precisely when the traditional SEDOR is not
ar pulse is omitted (Fig. 1a), tHeSinteraction is refocused and
the echo has its full amplitudevi{35°". With the S-spin 7
pulse, thel-Sinteraction is unchanged by the simultanedus
andS m pulses, so the echo amplitutf" is diminished by _ _
the I-Sinteraction. The pulse sequence for the new version of SEDOR is prt

At its simplest, SEDOR allows a yes/no determination of tieeNted in Fig. 1a. This is the same as the traditional SEDOR (
presence ofS spins near each spin. Furthermore, the time 2)» €xCept that théspin pulse flip angl@ is varied from 0 to

evolution of thel—S interaction 8—6) can be measured from 27 With the pulse spacing held constant. The spin echo
the SEDOR ratioR,,) = M\(t\éit?/M\(/\éit;mut. The ratioR,, is amplitudeM is recorded as a function @ Any spinSwhich
within certain limitations, the free induction decay (FID) signdf fliPped (change imm, quantum number describing operator

that would obtain if thd—Sinteraction were the only source of>) Py the RF pulse causes a shift in the frequency of the sp
| to which it is coupled. As a result, the echo amplitudds

CONCEPT

1 Present address: Washington University, Department of Radiology, é‘?creaSEd' . .
8225, 4525 Scott Avenue, Room 2109, St. Louis, MO 63110. Fo'r 6=0or 27."'1 no spinsS change theim Valuesland the
2To whom correspondence should be addressed. amplitudeM has its largest value. Fér= 7 andS = 3, every
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a ¢ is much larger than one whenever one or more ofithpins
Sis flipped or flopped by the RF pulse.
; H ﬂ A In the strong collision limit 2), the spinsl that suffer
U’W Un ECHO mid-pulse sequence frequency changes from one or mc
] 1 | nearbySwill be so strongly dephased & 1) that they do not
0 T zn contribute to the echo. Thosk for which none of then
non-negligibly coupled spinSis flipped will contribute to the
s H echo in full. The simple result is that the echo amplitude i
Ue proportional to the probability that none of timespins S is

flipped. For a singleS spin % an RF pulse of angl® has
probability amplitude co#{2) of remaining in its initialm
state @). Thus, the probability of not being flipped [%6) =
H| cp decouple ‘ cos(6/2) = (1 + cos 6)/2. Because the spirS act indepen-
XyXyxyxyd Xyxyryxyo dently, the probability that the pulse flip@neof then spinsS
1| cpy ! l L acquire to which | is coupled is just p(6]" = [(1 + cos 0)/2]"; this
expression is also the relative echo amplitude in the lon
S ” echo 7/strong collision limit. The datd, may be compared to
[p(0)]" for variousn to determine the number of spiSsnear
each spinl. We note that a® increases, the functiorp(6)]"
becomes more sharply peakedat 0, 2, 47 . . . and becomes

FIG. 1. (a) SEDOR pulse sequence. For the traditional SEDOR!-ipéin nearly zero for angles between these values.
echo amplitudeM is compared with and without & pulse (i.e.,0 =  or 0)
on theSspins. The resulting ratiB = MYth/MWithoutis measured as a function
of 27. In the present version of SEDOR,is measured as a function of the flip
angle6 applied to theS spins. In the long limit, the interpretation oM, in . .
terms of the numben of spinsS coupled to each is particularly simple. (o) ~ SEDOR experiments were performed on amorphous silicc

REDOR pulse sequence from refl4], allowing MAS to be used with the (9) powdered samples containing approximately 8 at. % tot:
version _of SEI?OR presente_d in (a). In this sequence, only a single pUISeiﬂfdrogen (H+ D) by plasma deposition from Sj-ind D, gas.
angle6 |s'applled to theS spins. All of the sh_ort pulses applied toare 7 The sample contained approximately 50-89:2D. Protons
pulses, withxy-8 phase cycling. The rotor period T5. .

were the observed nuclei and deuterons the unobserved nuc

The stimulated echo pulse sequence was employed, with t
spinSis flipped andV will generally attain its smallest value. RF pulse to the deuterons applied between the second and tt
For intermediate pulses, a crucial conceptual element is thgtraton /2 pulses (spacing of 200@s). The relatively long
fraction of the spins S are flipped; which of the spBiip is spacings between the RF pulses (100—48Metween the first
random. two 7/2 proton pulses) produced a very strong filtering effect

In greater detail, we assume that the spare S = % Only a small fraction of the protons, presumably those mo:s

Flipping a spinScauses the frequency of the neighborirspin isolated from other protons, contributed to the stimulated ech
to change byAw, whereAw depends on-Sdistance, orienta-  Data from this system are presented in Fig. 2 (uppery fer
tion of the |I-S vector relative to the static field, and whethel00 us. The variation in echo amplitude with the pulse artjle
Am, = +1 or —1. The net precessional phase erroraisjust applied to the deuterons is nearly cosinusoidal, as one mig
AwT. We now assume that, for a given spirthe flip of any nawvely expect. The damping of the oscillation is a result of the
spin S causes either a negligible phase er®iq too distant inhomogeneous RF field; acting upon the deuterons. Upon
from 1) or a large error|Awtl > 1 (the strong collision limit). increasingr to 400 us, a remarkable sharpening of the echc
We assume there aresuch spinsS coupled non-negligibly to amplitude variation occurs, as in Fig. 2 (lower). Here the ech
eachl. (This is clearly an idealized situation—if nothing elseamplitude decreases rapidly @sncreases from zero, with a
the angular factor 3 céa — 1 in thel-Sdipole interaction is large valley of nearly zero amplitude for angles between (an
small at certain orientations.) We further assumertigipole not too close to) 0 and72 Again, H,; inhomogeneity 3D)
interactions bear no special relation to each other (like equakuses the echo @&t = 27 to be smaller than a# = 0. The
ity); generally, the angular factor in the dipole coupling presharpening of the echo amplitude variation witis exactly the
vents such *“coincidences.” This last assumption rules obehavior predicted above (concept section) for langa the
certain geometries such as those in whichl#&dipole tensors long 7, strong collision limit. However, the results obtained
are equal, like a lineaf—-S, arrangement. There, the flipthere are specific to spirg= % while deuteron isS = 1. For
(Am, = +1) of oneSspin could exactly cancel the effect bn this reason, and because amorphous silicon provides a wi
of the flop Am, = —1) of the otherS spin. In summary, the distribution of environments1Q) for the H and D, we do not
above assumptions mean that the magnitude of the phase equantitatively analyze thtH—D SEDOR data of Fig. 2. Nev-

rotor ISR NN NN (NN [N [N [N RN I S|
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4 T=100 s with this sample, located in the middle two-thirds of the lengtt

of the RF coil. The proton frequency was 151.4 MHz.
2\A/\ The small echo amplitude at= 180° shows that the strong
collision limit has been obtained, or nearly so. The curves i
Fig. 3a are the functiop, = [(1 + cos6)/2]", forn =1, 2,
T=400 us and 3. As expected for this molecule, the= 2 curve shows
the best agreement with the data.

Multiply labeled urea has also been examined. Hé@& is
the observed nucleus with the tWeN spins on each molecule
T 2in serving as unobserved (dephasing) spins. The labeled ut

) (from Isotec, 99%°C and**N) was diluted to 10% in natural

FIG. 2. SEDOR stimulated echo amplitutiéin hydrogenated-deuterated abundance urea. A 150 s recycle tlme_’ 1 ms cross-polarizatic
amorphous silicon as a function of the deuteron pulse afgleor bothr  f1x€d 6 rotor cycles, and 3200 Hz rotation frequency were use
values (spacing between pulses 1 and 2 on the observed proton spins), Tth€ data of Fig. 3b are the result of 48 scans (each val@é of
deuteron pulse occurs between the second and third proton pulses (spacinmiofe values off are presented here than for the alanine

2000 ps). The nearly consinusoidal variation Mfwith 6 at shortr becomes  measurements. Good agreement is found between the data .
more sharply peaked at long showing that each proton interacts with more

than one deuteron. a function

ECHO AMPLITUDE
[=)

a[(1 + cos6)/2]"+ b,
ertheless, the pronounced sharpening in Fig. 2 indicates that

each proton interacts with more than one deutero(1).  jth n = 2 and the baselink representing the signal from

The analysis of the SEDOR experiment with fixedand 5ra) abundance molecules (no dephasing ffK). Mea-
varied flip angled is simplest in the long- limit, as described g\rements at longer times (10 rotor cycles instead of 6) appe
above. However, large values ofinvite new complications yery similar, showing that the data of Fig. 3b are already in th
from S—Sspin flip-flops driven byS-S spin interactions, mak- gyrong collision limit for which the simple theory applies.

ing the simple analysis invalid. One way 10 SUPPI&S  The echo amplitud is predicted to vary as [(¥ cos 6)/
flip-flops is to use magic-angle spinning (MAS), averaging thgn i, the Jongr limit. By expansion of the product of the
S-S dipolar interactions to zero2]. To reintroduce (“Un- tarms. one obtains the expression

average”) the desired-S interactions, REDOR pulse se-
quences are used, applying pulses tol and/or S synchro-
nously with the sample rotatiorl{-13. We note that MAS
conditions offer the further benefits dfspin chemical shift
selectivity and improved/N by virtue of the smaller band-
width of the observed spins. ) ) ] ) )

One version 14) of REDOR is suitable for the presentThat is, the highest frequency term in the Fourle_r series h:
experiment, since it uses only a single RF pulse applied to figquencymequal ton, the number of spinSwith which each
Sspins. As shown in Fig. 1b, the remainder of theulses are | INteracts. Hence, the datd, of Fig. 3b (urea) have been
applied to thd spins withxy-8 phase cyclingX5). Previously, Fourier tran_sformed with respect _fb after e>_<ten5|on of the
this sequence has been applied with Syulse angley = data to the interval fromr to 27 using reflection,
with the echo amplitude measured as a function of time (i.e.,
the number of rotor cycles). Here, the number of rotor cycles Mo = M)
is held constant ané is varied.

A sample of (racemic)L-alanine with 99%°N enrichment The resulting stick spectrum appears in Fig. 3c. As predicte
and **C enrichment of the methyl and carboxyl carbons wanvanishing amplitudes appear for frequencies 0, 1 and 2, k
obtained from Cambridge Isotope Laboratories. It was diluted higher frequencies only noise appears.
to 5% in natural abundanam-alanine so that intermolecular It is easy to show that the absence of frequency componer
spin interactions were less important. The REDOR pulse seith frequencies greater thanapplies generally, not just in the
quence of Fig. 1b was used with a 1s recycle time, 2 nsgrong collision limit. The behavior of any splnwill be deter-
cross-polarization interval, fixed 22 rotor cycles, and rotanined by which of itsn spinsSwas flipped by the RF pulse of
frequency of 1000 Hz. Th&N spins were observed with theanglef. A spinl may be characterized byrebit binary number,
13C spins functioning as the unobserved nuclei and with tmepresenting whether each simas flipped or not. Clearly, there
protons decoupled. Data are presented from 18,000 averagesr?' such subsets of spihsbased on the™ossible fates of the
Fig. 3a; the agreement of th&N echo amplitude fot*C pulse n spinsS. The echo amplitude contribution from each subse
anglesf = 0 and 360° shows the excellent Homogeneity depends on two terms: the relative probability of the subset (whic

n
Mg = >, A,cogme).

m=0
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FIG. 3. | spin echo amplitude as a function®8pin pulse anglé. (a) For multiply labeled alanine, with orféN(= 1) and two**C(= S) on each molecule.
The data are in good agreement with the predictions of the strong collision limit theony=fo2. (b) For multiply labeled urea, with orf€C(= I) and two
5N(= 9. The data are well described by a fitiio= 2 with a constant baseline representing the natural abundance urea (no dephasing). (c) Stick spe
resulting from Fourier transform of urea data from (b). Note that the highest frequency stick with nontrivial amplitude is at frequency 2, corresponding
number of spinsS coupled tol.

depends in turn on the pulse andgleand precessional factorsn. Thus, identification of the number of spir8 with the
involving the dipolar distances and angles and the pulse spacinfrequency of the highest frequency nonvanishing spectral cor
This last factor is independent éffor a given subset. Thus, theponent is valid in general. However, the spectral amplitude
total echo amplitude, the sum over the subsets, has a dependeteg differ widely from the strong collision case.

on 6 at fixed 7 which is simply a weighted sum of the relative Numerical simulations were performed for the REDOR echt
probabilities of the various subsets (the weights are the abau@plitudeM, averaging over 4000 angular orientations of the
precessional factors). For a subset in whithpecific spinSSare  molecule relative to the field. A single spinwas dipolar
not flipped anch — m specific spins are flipped by the pulse, thgoupled to two spinsS (1,S, coupling terms), with a linear

probability is S-S, geometry. Thel-S distances were varied indepen-
dently. The REDOR fractionM, — M))/M(q, is plotted in
(1 + cose) ”‘(1 - cosO) e Fig. 4 for 8 = @/2 and 7. In the strong collision limit, the
2 2 ' REDOR fractions are expected to g)and 1 for6 = #/2 and

r, respectively. By definition, the REDOR fraction is Otat
The highest power term of césin the product is cd¥, 0. We note that these three values are sufficient to determil
demonstrating that the highest frequency (i.e., frequency cdhe amplitudes of all the frequency components (conjugate |
jugate to6) in the probabilities and hence M(6) is equal to 6; m = 0, 1 and 2) for the case at hamil= 2.
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can use either the more or less Gaussian distribution of cohe
ence amplitude vs quantum order or the fact thapinsl give
rise to a highest order coherence with ordein this way, the
present SEDOR and REDOR methods seem similar to tt
multiple quantum approach. Conceptually, the present meth
is much simpler, involving only longitudinal changes in tBe
spins (i.e., no precessing coherences). Thus, in the pres
method the Fourier amplitudes can easily be computed for tt
long 7 limit by expanding [(1+ cos6)/2]", but the amplitudes
of the multiple-quantum coherences appear to depend on t

+'9°°°P“153 _ details of the dipolar Hamiltonian.
[ 180" pulse An interesting similarity appears for the Fourier amplitude:
O o5 1 15 2 25 3 35 1 in the present SEDOR experiment and the multiple-quantu
Aa/Nq technique. The Fourier amplitudes of [[® cos 6)/2]" are

o _ _ essentially the binomial coefficients (specifically, the coeffi
] EIG. 4, Nurr_]erlcal S|mulat|9n results for‘ REDOR fractloﬁM/M(o) fgr cients of e + b)zn, as can be demonstrated by direct compar
= m/2 and6 = = pulse applied to thé& spins. The dimensionless dipole L
coupling strength is fixed at, = 2 while A,/\, is varied. For most values of 150N for several values o). In the limit of largen, these values
M/\,, the REDOR fractions are nearly equaftand 1, the limiting values for approach a Gaussian distribution. We note that the statistic
A1 Az > 1. The effect of a weak coupling£ ~ 0) is felt atA,/A; < 1 and the approximation (binomial, becoming Gaussian at lanjjdas
effect of equal dipole tensors is importantigl; = 1. been used to describe the multiple-quantum Fourier ampl

tudes, in the long time limit16, 17).

The dipolar coupling strengths are represented by the dimen-

sionless parameters, and A,, with CONCLUSIONS
wydhT A new version of the spin echo double resonance (SEDOF
Yo experiment has been described. Instead of measuring the e

amplitudeM as a function of the pulse-spacingthe S spin
pulse flip anglef is the important variable. In general, a
random fraction of the spinS will be flipped by theS spin
pulse. At long values of the strong collision limit applies: if
any of anl-spin’s neighboringS spins is flipped by the pulse,
ig contribution to the echo will be completely dephased. Thu:
q e echo amplitude will be proportional to the probability tha
one of then spinsS coupled tol is flipped by the pulse. By

Thus, the longr limit becomesi,, A, > 1. The value of;
is fixed at 2 and the ratia,/A, is varied. As presented in Fig.
4, the REDOR fraction nearly attains the limiting valuesiof
and 1 for most values of,/A;. However, forA, < A; = 2, A,
is too small to influence the echo amplitude. Thus, the RED
fraction forA, = 0 becomes nearly 0.5 and 1.0 ¥ «/2 and

i respectively, Fhe val_ues expected for strong int_eraction wi ing the echo amplitud# ,, to the simple predictions of the
fche sole remainings spin. Also _forAZ/)‘l_ = 1, an important strong collision limit, the numbem may be determined.
interference _between the tWeSmteracthns occurs. Because Proton—deuteron SEDOR data from amorphous silicon a
the wol-S dipole tensors are parallel (lined-I-S, geome- presented that confirm the concept of the new version

try), fo'r”)\l :d)\z the flip r?f ones sfpin and flopf ?f the ?IEE@ SEDOR. A magic-angle spinning version, based on a REDO
spin will produce zero change in frequency of tfepin. Thus, pulse sequence, has been applied to multiply labeled alani

for A, = A, the REDOR fractions deviate strongly froj‘rand and urea. The results of both samples agree well with tt

1. This shows a limitation of the technique for applicationﬁredictions fom = 2. Fourier transformation d¥l with respect

W'tls S|mple Ior 'syn|1nt1.etr|c geomeltrles (S?Ch az Ilfnear)l. to 0 yields a stick spectrum. The highest numbered stick wit
umerical simulations were also performed foSa-S, nonvanishing amplitude corresponds to the nuntbef spins

molecule with nonlinear geometry but equalS distances, coupled tol. Comparison of the present technique anc
relevant to the case of urea. There the ratio of amplitudes of ta‘la:lltiple quantum spin counting is presented

m = 2 andm = 1 Fourier coefficients was examined as a
function of the dimensionless (and equal) coupling parameters
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