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The optimum **N pulse lengths in the **C-**N rotational-
echo adiabatic-passage double-resonance (REAPDOR) NMR
experiment are determined from calculations and from exper-
iments on samples of glycine and L-alanine. The REAPDOR
experiment utilizes the adiabatic passages that **N spins make
between the **N Zeeman energy levels during the application of
a single, short **N radiofrequency pulse. Use of a short N
irradiation time of less than one-quarter of a rotor period
ensures that the number of **N spins that undergo more than
one passage is minimized. This simplifies calculations describ-
ing *3C dipolar dephasing and provides better agreement be-
tween calculations and experiments. Recovery of the **C-**N

S.» which accounts fof, decay. However, when the adiabatic-
passage pulse is applied, the populations of 1 spins
within the eigenstates are interchanged. This alters the dipol
dephasing of thé®C spins and the transverse magnetization i
no longer fully refocused, resulting in a reduced signal. The
difference signalAS,, is generated by subtracting the reduced
signal from the full signal. The heteronuclear dipolar interac-
tion can be recovered from the ratio &, andS,..
Applications of the experiment to recovéfC-**N and
3c-1’0 heteronuclear—dipolar couplings have recently bee
demonstratedl( 2). Preliminary**C—“N experimental results

dipolar couplings and **N quadrupolar coupling constants and
asymmetry parameters is described. © 1998 Academic Press
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on a sample of-alanine that had been diluted witPN nuclei

were reported in Ref.l, and the data were compared with a
theoretical REAPDOR dephasing curve. In this paper, we
provide a more detailed description of the theory and optimize
experimental conditions for the REAPDOR experiment. Cal-
culated REAPDOR dipolar dephasing curves are compared |
pgse obtained experimentally under a variety of differen

INTRODUCTION

Rotational-echo, adiabatic-passage, double-resonance Nm - X
(REAPDOR) is an experiment designed to recover the heteFand't'onS' The dependence of the REAPDOR experiment o

nuclear dipolar coupling between spin-1/2 and quadrupol%?inning speed, RF (radio frequency) power, and length of th

nuclei (L, 2. This experiment combines the attractive feature dmpauc—passage pulse is explored fqr samples of glycine ar
of the rotational-echo, double-resonance NMR (REDO anine. Finally, the REAPD_OR experiment is used to deter
(3, 4 and the transfer-of-populations, double-resonance N ine the quadrup_olar coupl_mg constants and the asymmet
(TRAPDOR) experiments5¢7). The C—4N REAPDOR Parameters for spin-1 nuclei.

pulse sequence is shown in Fig. 1. A pulse trainrgiulses is
applied to the spin-1/2 nuclefC) during the dipolar evolution
period of N, rotor cycles, and a single, short RF “adiabatic- ) o
passage pulse” of lengthis applied to the quadrupolar nuclei The quadrupolar interaction is time dependent under MAS
(**N) in the middle of the dipolar evolution period. The spacing"d changes sign two or four times per rotor period, dependin
between adjacent pulses is one-half of a rotor period; np 0N the relative orientation of the quadrupolar principal axes an
pulse is applied at the midpoint of the experiment so that te axis of sample rotation. Although the eigenvalues of the
13C chemical shift anisotropy is refocused at the beginning 8#adrupolar nuclei change as the sample rotates, the eige
data acquisition. Thig-pulse train causes dipolar dephasing oftates remain unchanged. Application of a close-to-on-res
13C spins coupled t3°N spins to occur during the first half of hance RF field to the quadrupolar nuclei during the sampl
the evolution period. When the adiabatic-passage pu|Sesp§'nning, however, may result in population interconversion:
omitted, the average dipolar dephasing for the two halves Rgfween the eigenstates at every change in the sign of t
the dipolar evolution period are opposite in sign, and tf@drupolar splittingQ (i.e., a zero-crossing d).

dipolar interaction is refocused; this produces the full signal, The gffects of the™N zero Cfossings on thé*N spin
populations can be seen by plotting tH& eigenvalues as a

function of Q/w, (Fig. 2). Three different ratios of the fre-

ADIABATIC PASSAGES
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'H CP decoupling

mediate conditions, significant spin populations are transferre
to a linear combination of wavefunctions and the system ma
not necessarily return to its initial condition after a complete

Xy xy o xyxy@o rotor cycle. An adiabaticity parameter,= wi/wer, has been
Poo e o) | | | | | | : acquisition defined for a powder, whene is the sample rotation frequency
I andwg = 3QCC/[A (21 — 1)]is the quadrupolar frequenc)(
. The adiabaticity parameter provides an estimate of how clos
e I_I the passages between eigenstates are to being adiabatic. A
abatic passages are predicted do¥ 1. In practice, however,
rotor [ L0
0 Tr 3Tr 6Tr a

FIG. 1. The *C/*“N REAPDOR pulse sequence fdf, = 6 (6 rotor
periods).*H to **C cross-polarization is immediately followed by the dipolar o 1>+ 11>
evolution period of\, rotor cycles. Two sets of strings of XY#pulses are %
applied to the'*C channel during this time. Each string of XY-4 pulses is E
followed by a pulse of phasep (the phase of the transver$¥C magneti- g
zation at the end of the spin-locking pulse), that is,Nit ¢ 1)T,/2 and (2\, s
— 1)T,/2. Signal acquisition immediately follows the dipolar evolution period. o
The experiment is then repeated omitting #8 pulse (the control experi- w
ment).
guency offset of the applied irradiatiod, to the RF amplitude,
w4, are shown which correspond to on-resonance, close-to-on-
resonance, and off-resonance conditions, respectiGgFor b
the 6/w, = 0 condition, the |peigenstate and the mixed state 8 -

{|+21) + |-1)} are connected, and avoided level crossings are
observed at the zero crossing @f Transfer of populations
between the |[Oeigenstate and the double-quantum coherence
results. For off-resonance irradiation, the avoided level cross-
ings occur af) = +=25. However, when the irradiation is close
to on-resonanced(w, ~ 1), these are very close to the zero
crossings inQ. Since the width of these crossings is of the 1>
order of w,, two separate avoided level crossings cannot be
distinguished, and the eigenstated), |0), and |-1) continu- | I | | I : !
ously evolve into their connected eigenstates werhanges 20 -15 10 -5 0 5 10 15 20
sign 6). Mixed states are observed at the zero crossing3. of Qv
In contrast, when the RF irradiation frequency is applied fur-
ther from resonance such thé&t> o, (e.g.,6/w; = 5), two c T T \ . \ ; T
separate avoided level crossings can now be discern@d=at 10> v, =5
+28. When Q passes through the conditidd = —28, the
eigenstates jaand }+1) are converted toH{1) and |0, respec-
tively, whereas wherQ passes through the second avoided
level crossing (afQ = +28), the eigenstates)j@nd |-1) are
converted into+1) and |0, respectively. Thus, the conversion
of the 1) eigenstate to the-{1) eigenstate (for-Q to +Q)
occurs via two separate single-quantum avoided level cross-
ings, the eigenstate)|@xisting as an intermediate for values of 8L i
Q close to zero (i.e., close to the zero crossing®)n —
Under conditions of a weak RF field, fast sample rotation, or 20 5 -0 5 0 5 10 15 20
for a very large quadrupolar coupling constant (QCC) (i.e., Qfv,
when the passages are far from adiabatic), the system will bEIG. 2. The change in = 1 eigenvalues with quadrupole splitting, for

unaffected by the crossings and the spin populations Will, = o (a), 1 (b), and 5 (c). The eigenstates at large valu&/af, and for
remain in the same eigenstates after the crossings. For intgk= 0 in (c), are indicated.
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significant population transfers between eigenstates have been 4 no crossings
observed for values o& noticeably less than 17(11, 12. g Z"';gl'je
These avoided level crossings of the eigenstates of quadrupolar 1 44—+ x  triple
nuclei, and their effect on spin-locking, cross-polarization dy-g, k n=00 : quadruple

namics, and double resonance experiments, have been ee- o3 -
scribed in detail fol = 1, 3/2 and 5/2 nuclei5-11). I
Population transfers are used in both the TRAPDGR7Y
and REAPDOR 1, 2) experiments to recover the dipolar in- I
teraction between spin-1/2 nuclei and quadrupolar nuclei und& o4 [
conditions of MAS. Since the quadrupolar nuclei are irradiatecg i
during the whole dipolar-evolution period in the TRAPDORS , |
experiment, the RF irradiation must be applied for multiple§ r
rotor periods if a weak heteronuclear dipolar coupling is to bé- 2 \
detected. Hence, a large number of zero crossings will occur. 0 0.2 0.4 0.6 0.8 1
Even under conditions of slow MAS and high RF field
strengths, the passages may not be adiabatic for all of the spinsb 1
in the sample, and it becomes very difficult to predict and®, K
calculate the effect of multiple nonadiabatic passages. Thi§ ¢35 [
problem increases geometrically as the number of passag@ i
attempts increases. The extent of population transfer afté&? . [
nonadiabatic passages has been calculated numerically aﬁd
semiempirically for a two-level spin systen?,(10. Those N
calculations have been used to calculate the population tran%
fers forl = 5/2 spin systems whe& > v, (7). However, one 2
problem that still remains to be adequately addressed is how t§
determine the effect of the non-spin-locked coherences (i.e%
the linear combinations of wavefunctions) on the subsequent
passages. Although a numerical calculation for one spin with
one orientation in the powder is straightforward, a calculation
for the whole powder, while feasibld ), is computer inten-
sive. Thus, in calculations of the dephasing in the TRAPDOR
experiment, the non-spin-locked coherences have either been
assumed to be so rapidly oscillating under the quadrupolar
Hamiltonian that they do not contribute to the dephasing of the
dipolar-coupledS spin, or these coherences decay rapidly so
that any possible refocusing of these coherences is ign@jed (
One of the major advantages of the REAPDOR experiment is
that the number of passages any spin attempts is very limited;
consequently, the effect of the adiabatic-passage pulse on the
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dipolar dephasing should be simpler to calculate. 2
The fraction of spins, in a powder sample, that make zero 0 02 04 0.6 0.8 |
crossings during the adiabatic-passage pulse has been calcu- Rotor Eraction

lated numerically as a function of the rotor fraction of tl G 3 The caleulated fracti ¢ soins that h J

RF irradiation (i.e., the adiabatic-passage pulse length). Thesg®: 3. The calculated fractions of spins that have undergone zero cross
. . . . ings, as a function of th&N irradiation time. The fractions of spins that have

results are shown in Fig. 3, where the fraction of spins tha?

dergone no, single, double, triple, quadruple, and an odd number of ze
make no, single, double, triple, quadruple, and an odd numkejssings are plotted for values gf= (a) 0.0, (b) 0.54, and (c) 1.0.

of zero crossings are plotted. The position of each zero cross-

ing in the rotor period was determined by solving, with

MATHEMATICA, the equationQ(t) = 0 (from (14)) for shown specifically since it is the measured asymmetry paran
explicit values ofw, B8, andy (the Euler angles describing theeter for glycine {4). For very short irradiation times, only the
relative orientations of the quadrupolar, rotor, and static mafyaction of spins making single zero crossings is significant, the
netic field frames). Calculations were performed for the poviractions of double, triple, and quadruple zero crossings in
der by averaging over all, B, andvy in steps of 2° forn = 0 creasing at longer irradiation times. The fraction of spins
and in steps of 6° fon = 0.54 and 1.0. The) = 0.54 value is making a single adiabatic passage increases until it reaches
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maximum at one-third of a rotor period. At the end of one rotor  a

period, the fractions of single and triple zero crossings haveyg 98 ¢ T & =00
returned to zero while the fractions of double and quadruple « o7 © ° m=034
zero crossings have reached their maximum values. The frac:S | o2 e, o n=10
tion of odd numbers of zero crossings are symmetric abgat §’ ot gA ‘g ]
for all values ofx. £ 05 o® s E
Although the fraction of-*N spins making odd numbers & o4 | 08 o E
of zero crossings is independent gf the fraction of single F 3 5 on 5 E
crossings is not. The fractions of single and odd crossingsg 03 5 o A ]
remain extremely close for all values of up to approxi- % 02 o EA E
mately 0.2—0.25,, differing by only 1% forn = 1.0 and by § o1 b "o 2 EA E
less than 0.01% at 0.2F,. Thereafter, the curves start to & e
diverge more significantly, as the number of triple crossings 0 B} -
. . . . . -1000 -500 0 500 1000
starts to increase steadily. The onset of significant diver- Offset (kHz)
gence occurs at the earliest time for larger valueg.ofhe
calculations suggest that for short pulse lengths<(T,/4), - 08 I & T=00
the fraction of single zero crossings is very nearly indepen- ‘: : o m=054
dent of the asymmetry parameter and it is not necessary toe  °7 8B, o =10
know the value ofy in order to determine the fraction of ‘g, 06 F 2 8 3
spins making single zero-crossings for pulse lengths in this 8 _ © f ?AD E
range. Furthermore, the fraction of spins making multiple 'y i g .
adiabatic passages is very small and can almost be ignored§ %4 g aP E
For example, the fraction of spins making two zero cross- 8 o3 - g 400 —f
ings is 0.02 forr = T,/5 andy = 0.54. s b 2 s o ]
For conditions of close to on-resonance, the avoided level s ‘ & a OO o ]
crossings occur at times very close to the zero crossings, andg 0! - g 6 o o
numbers of passages are well described by the curves shown inF 0 Loma x \ BanOpe
Fig. 3. However, a$ increases, this will no longer be the case -1000 -500 0 500 1000
and two sets of passages are observed for off-resonance irra- Offset (kHz)

diation atQ = *+25. The number of spins that pass through FIG. 4. The calculation of the offset dependence of the fraction of spins
these crossings will decrease, as the irradiation frequengyt undergo single crossings at @) = +26 and (b) —25, for an N
offset increases, and eventually drop to zero when the offsetrisdiation time of 1/3 rotor periody, = 2000 kHz, and three different
greater than the static width of the= 1 powder pattern. The values of 0.0, 0.54, and 1.0.

fraction of spins undergoing single passages for an adiabatic-

passage pulse df,/3 andvgy = 2 MHz is plotted for three amplitude of the maximum and minimum values@fre not
differentn values as a function @ (Fig. 4). The curves shown equal and are given by, and —vo(1 + m)/2, respectively.

in (a) indicate the fraction of spins that pass once through tfius, the maximum value o] is larger for+Q than for—Q.
avoided level crossing & = +28, which interconverts the JO This is clearly seen in the example shown in Fig. 5, where
and |-1) eigenstates, and the-1) and |0 eigenstates. The is plotted for the Euler angles = 120,38 = 60 andy = 60°
curves plotted in (b) show the fraction of spins which undergas a function of the rotor phaset for n = 0.0, 0.5, and 1.0.

a single passage through the avoided level crossings that fulfillThe asymmetries of Fig. 4 have a major effect on the
the second conditiol® = —28 and interconvert the J0and population transfers. For moderate offsets, when crossing
|[+1) eigenstates and the 1) and |( eigenstates. The fractionfulfilling both conditionsQ = —25 andQ = +28 occur during

of singleQ = +26§ crossings declines with increased positivéhe adiabatic pulse, spin populations will be converted betwee
irradiation offsets as expected, reaching zeré at vy/2 (i.e., |0 and {1), [+1) and |-1), and |-1) and |Q. For large

1 MHz). In contrast, the fraction of crossings also decreasgssitive offsets § > —v5(1 + m)/4), however, when the
with increasing negative offset, but now this fraction stronglfraction of spins undergoing passagefat —26 is zero, the
depends on the asymmetry parameigrmiropping to zero ab  spin populations will only be converted betweend@d |-1),

= —vg(1 + m)/4. The curves for th@ = —25 condition (Fig. and |-1) and |Q. Hence, the REAPDOR fraction, measured as
4b) are mirror images of th® = 28 curves abou$, the strong a function of frequency offset, is expected to show a discon
dependence om being observed for positive offsets. Theinuity atd = —vq(1 + m)/4 and drop to zero a = —vg/2.
asymmetry in the curves witly < 1 can be understood by This should, in theory, allow us to measure both the asymmetr
plotting Q as a function of time during MAS. Although theparameter and QCC for spin-1 nuclei. A plot of the total
time-averaged value @ over a whole rotor period is zero, thenumbers of passages as a function of offset (from negative f
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so00 DT T I TS that are coupled td*N spins for all possible changes in spin
1500 E states{™) to Jm{®) are obtained from\® = N.T,/2 (08’ +
: o). The explicit phase accumulations for the six possible
1000 ; eigenstate changes are
< 500 f
T . .
2 of Ad, = +N.T,4\2D sin28 sina for|[1) —|-1)  [3]
G 500 ¢ . A®,= —N,T,4,2D sin28 sina for [-1) —[1)  [4]
41000 L =
1500 E Ady= —N,T,2,2D sin 28 sina for [0) — |1) [5]
2000 £ | | ’ ' o 4 r Ad,= +N.T,2,2D sin 28 sina for |1) — |0) [6]
O 50 100 150 200 250 300 350 Adg= —N,T,2,2D sin 28 sina for [-1) —[0)  [7]

vt (degrees) Adg = +N,T,2,2D sin 28 sina for [0) >|—1). [8]

FIG. 5. A plot of the change i, for n = 0.0, 0.5, and 1.0, as a function

of rotor phase ¢, t) for the Euler anglesx = 120, 8 = 60, andy = 60° ()5 ~ Since the adiabatic-passage pulse occupies a very small fre

= 2000 kHz). tion of the dipolar evolution time, all passages are approxi
mated to occur instantaneously at the midpoint of the dipola

= 0. Hence, the REAP- evolutiqn period. This simplifies the calculation of dipolar

DOR fraction, measured as a function of offset frequency, wiePhasing tremendously. For a powder sample,réuiced

also be symmetric abowt= 0. Note that for small resonances'gn"_’“ intensity 3, a}t the end of the dipolar evolution period is

frequency offsets, very little change in the number of passadid@ined by summing over all values @fand . Thereduced

is observed, and the value calculated for on-resonance irradn@! is

ation provides an accurate estimate of the number of avoided

level crossings. 1 (2= m2q ©
S=5-| da & > cosAd;sinpdpB,  [9]
DIPOLAR DEPHASING 0 0 i=1

positive) will be symmetric aboud

The REAPDOR pulse sequence was shown in Fig. 1. Durighere the value 1/6 represents the equally weighted probabili
the first half of the dipolar evolution period, tHéC w—pulse that a N Spin makes one of the transitions given in Egs.
train causes a dipolar dephasing of thi€ spins that are [3]-[8]. As in the REDOR experiment, the signal intensity at
coupled to**N nuclei. For a particulat*C—“N spin pair, the the end of the dipolar evolution period for a particll3€ spin
average dipolar dephasing frequen@3’, during this time is is given by cosf®). Only the cosine projection is required

since the net dipolar evolution develops symmetrically abou
®y = m®4./2D sin 28 sina, [1] the inspection axis in this model. The ratio of tiference
signal, AS to thefull signal,S,, provides a convenient mea-
wherea and g are the polar angles that define the orientaticsurement of the dipolar coupling and is
of the *C-*N internuclear vector with respect to the rotor

axis, D is the dipolar coupling constant, amf® is the 1N 1 [ w2 6
magnetic quantum number during the first half of the dipolas/s, = 1 — ZJ doa J 5 > cosAd;sinBdB. [10]
evolution period. After the adiabatic-passage pulse, changes in m o o i-1

the N spin states may occur. The average dipolar dephasing
frequency,&f5’, of the *C spin during the second half of the Implicit in Eq. [10] is the assumption thatl *“N spins make

dipolar evolution period is an odd number of adiabatic passages and that év€rgpin is
coupled to asingle**N spin. Equation [10] is for the ideal case,
®f = mP4,/2D sin 28 sina, [2] which does not exist experimentally but is useful for compu-

tational purposes. Figure 3 shows that even in the adiabat
wherem® is the 1*N magnetic quantum number during thdimit, only a fraction of the*“N spins undergoes an odd number
second half of the dipolar evolution period. Dipolar dephasiraf zero crossings. Thus, only a fraction of th€ spins will
occurs only ifm® # m®. The changes in th&N spin states dephase. The experimentally measured ratio of the lo&¥in
following the zero crossing are dependent on the sigth@ét intensity, AS,,/S,, can be related taASS, in Eq. [10] as
at the crossing and on the original spin states before tfwlows. Only a fraction, of “N spins make an odd number
crossing (see Fig. 2). The nEIC dephasing for thé®C spins of zero crossings and, in the adiabatic limit, only that fractior
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of *3C spins are dephased by th€—“N dipolar coupling. In A B I
addition, only the fraction of*C spins coupled t6*N spins,p, 0.8 - s o ]
may dephase. Thus, the experimentally measured ASgS,, i 8 _ o8 3z2880,,
is related toAS/S, by AS,./S,, = 1/ép AS,/S,. In theory,& can g 06 8 4 & ° -
be obtained from Fig. 3, anglis calculable and depends on the QE L = o
level of **C and**N isotopic abundance. @ o4l o .
The orientations of the dipolar and quadrupolar principal s s o —d3KHZ 1
axis systems, with respect to the rotor axis, are treated as being o2 [ . ! h
independent in our model. This is clearly an approximation oL © ©=33kHz 7
since the particular spins in the powder that undergo the level I L ‘f ‘”F%“HZ ‘
crossings are determined by the orientation of the quadrupolar 0 0 0.2 0.4 0.6 0.8 ]

tensor with respect to the rotor frame. The subset of the powder
that undergoes these crossings is unlikely to represent a uni- _
form distribution of all possible orientations of the dipolar FIG- 6. The experimental dependence of the REAPDOR/S,, values

. . the length of thé“N irradiation pulse, for three differedtN RF fields of
tensor with respect to the rotor frame. The time-averaged va , 33, and 23 kHz. Values dfS,/S,, were obtained for the carboxyl carbon

of the dipolar coupling in the REAPDOR sequence may NQJs [1-13C, 99%] glycine forN, = 10, a spinning speed of 1.5 kHz, and 4N
therefore, be the same as that obtained for calculations invalyadiation offset of 14.5 kHz.

ing the whole powder. This will introduce a scaling in the
measured dipolar coupling constant, which may introduce an
error. However, one of our motivations was to develop @as also used in some experiments {fid dilution). Values
simple model which could be readily used to fit the experfor the QCC,, the intramolecular internuclear distance, and
mental data. We will show in a later section that a reasonaliife *3C—“N dipolar coupling of 1.18 MHz, 0.54, 2.49 A, and
fit between experimental and theoretical calculations can p&1 Hz have been determined for glycine, respectivésy.
obtained, even with this simple model. The NMR experiments were performed with two spectrom-
In order to assess the size of the errors associated Wifars. The system used for the alanine experiments consists
ignoring the relative orientation of the dipolar and quadrupol@ar homebuilt triple-channel spectrometer equipped with a Tec
tensors, we performed a number of numerical simulationgag Libra pulse programmer and a 3.55 T magnet (i.e.,
using code written by S. Vega and A. Goldbourt. These coms0-MHz system). The homebuilt triple-channel MAS probe
puter simulations were performed by evaluating the timgsed a Chemagnetics 7.5-mm spinning head and the transm
tlllfp%gdent matrix elements of the evolution operator of tRgn-line design of McKay. The spinning speed was set to 312
C—""N pairs during the pulse sequence. The Hamiltoniadz and stabilized to within 2 Hz by a homebuilt spinning speec
contained the quadrupolar, chemical shift, and dipole—dipaigntroller. Adiabatic-passage pulses were applied 50 kHz off
interactions and, during the pulses, RF terms were added to fegonance (referenced to tH#® resonance of alanine in solu-
Hamiltonian. A stepwise numerical integration and calculatiofon) with RF field strengths ranging from 18 to 50 kHz. The
of the expectation value of the transverse magnetization W& RF field strength of 33.8 kHz was used for the cross:
performed. More details of the simulations will be presentgsblarization and them-pulse train. Proton decoupling was
elsewhere. The calculations performed using this program @i&formed with an RF field strength of 110 kHz. A CMX-360

Rotor Fraction

discussed along with the experimental results. spectrometer was used for the glycine experiments. This ir
strument is equipped with a triple resonance Chemagnetic
EXPERIMENTAL probe with 5-mm zirconia rotors. Spinning speeds of 1.5 ant

3.0 kHz were used and stabilized to within 1 and 2 Hz,

An alanine sample was prepared by recrystallizing 1 pa#spectively. Radio-frequency field strengths of 23 through 4:
[3-1°C, 99%] -alanine with 20 parts'fN, 95%]-alanine kHz (“N) and 62.5 kHz ¥3C andH) were employed.
(Cambridge Isotope Laboratories, Inc.). This sample has rela-
tively isolated intramoleculat®*C—*N spin pairs, which min- RESULTS AND DISCUSSION
imizes the effects of the intermolecufsiC—**N dipolar inter-
actions. The intramolecular internuclear distance between thé€Experiments were performed to explore the effect of'fine
labeled methyl carbon and the nitrogen is 2.46 A and corrigradiation time on the REAPDOR dipolar dephasing signals
sponds to a dipolar interaction of 146 Hz. T¥&l QCC andn  Figure 6 shows the dependence of the measured REAPDC
for L-alanine are 1.20 MHz and 0.26, respectively. KN- ratio AS,/S,, on the **N adiabatic pulse length for [3C,
diluted sample of glycine was also prepared by recrystalliziri9%)] glycine. Results for three differetfiN RF field strengths
1 part [1+°C, 99%)] glycine (Aldrich) with 20 parts'fN, 99%] v, = 23, 33, and 43 kHz are shown. The shape of the expel
glycine (Isotec, Inc.). This sample is referred to asi@; 5%; imental curves resembles the calculated odd number of ze
19N, 5%] glycine. In addition, a sample of [C, 99%)] glycine crossing curves shown in Fig. 8S,,/S,, increases rapidly with
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047 R T T deviates considerably from expectations &8l,/S,, increases
steadily with increased irradiation time, reaching a maximun
after more than half a rotor period of irradiation; thereafter,
only a small decrease iAS,,/S,, is observed. For such low
values ofa, each zero crossing results in only a small inter-
conversion of*“N populations, but the amount of the popula-
tion transfer increases with each crossing, resulting in a great
REAPDOR effect asr increases. This effect is difficult to
] guantitate and, consequently, may not be so readily utilized.
] Figure 7 shows the dependences, /S, on the'N RF
1 field strength for the alanine sample fgr= 2 kHz andr =
. 3T,/16. The value oAAS,,/S,, increases steadily with increased
02— T T RF field strengths, reaching a maximum at approximately 3!
v, (kHz) kHz, whereafter the dipolar dephasing remains constant. A
! RF field strength of 35 kHz and a spinning speed of 2 kHz
FIG. 7. The experimental dependence of the REAPDOR/S,, values corresponds to a value farof 0.36, and again, this shows that
(1)‘{1 the“l_\l RF field str(_ength (expressed in kilohertz) for{%]L-alanine. The close-to-adiabatic conditions appear to be met ¥ for
, N:RZFIIE'Zd was applied 50 kHz off resonance, for- 3T,/16:N, = 18and 5 jianatic parameters as low as 0.36. However, below a valt
' ' for a of approximately 0.26 the values &S, /S, are very
sensitive to the RF field strength.
the adiabatic pulse length and reaches a maximum/atfor Experiments were also performed on’f{G, 99%] glycine,
the higher RF powers (33 and 43 kHz). However, the curvesiofexplore the effect of*N irradiation offset on the REAPDOR
AS, /S, are not symmetric about, /2, as would be predicted signals. An RF field strength of 43 kH2J. = 10, and a
from inspection of Fig. 3b, andS,,/S,, does not zero after a spinning speed of 1.5 kHz were used in these experiment
complete rotor period of irradiation. There are two reasons fBigure 8 shows the adiabatic-passage pulse length dependet
this. First, increasing numbers of multiple zero crossings ocouir AS,,/S,, for offsets of 0.0, 14.5, and 40 kHz (measured
with a longer adiabatic pulse; hence, some of the multiple zamlative to the**N resonance of an aqueous glycine solution).
crossings fail to return the spin system to its original state if therger REAPDOR fractions are observed for the on-resonanc
adiabatic condition is not fulfilled. Second, for longer adiabaéxperiment, for short irradiation times, and for irradiation times
ic-passage pulse lengths, the approximation that all the changkese to a full rotor period in comparison to off-resonance data
in spin populations occur at the midpoint of the pulse becom@hkis is presumably due to the irradiation of the double quantun
less reasonable. In fact, for an adiabatic-passage pulse lerigahsition (L6). The **N double quantum transition of solid
equal to one rotor period, thd_rotor-cycle REAPDOR ex- glycine is shifted to higher frequencies and broadened, relativ
periment effectively becomes a one-rotor-cycle TRAPDOR the **N resonance of aqueous glycine, due to the seconc
experiment. Consequently, there should be a net dipolander quadrupolar interaction: In a magnetic field strength o
dephasing for the = T, REAPDOR experiment. The higher8.46 T, the double quantum transition powder pattern spreac
the RF power, the higher the value far and the closer the

0.25

shape of the curve mimics that of the theoretically calculated 11— ————
curve. For short“N irradiation, conditions where singféN - j
crossings predominate, little difference is observed between 08 |- 8 o 5
the curves obtained with RF field strengths of 33 kHz and 43 . i 7 B 8 ap 8B 3 ]
kHz. However, upon reducing the RF field strength to 23 kHz, @ 06 - 2 o
a noticeable reduction inS,,/S,, is observed. Radio-frequency 2 o4 o 8 ° a0 1
field strengths of 23, 33, and 43 kHz correspond tealues of Tt °
0.2, 0.4, and 0.7, respectively, for a MAS spinning speed at 1.5 o2 [ D 5200 KH? ©
kHz. Thus, experimentallye values as low as 0.4 appear to i R 5; 145kHz 1
result in close-to-adiabatic passages. As long as sHort ol o 6=400kHz
pulses are used, the REAPDOR fractions are not strongly e
affected by changes ia, even down to relatively low values. 0 0.2 0.4 0.6 0.8 1
At longer irradiation times, where multiple passages occur, any Rotor fraction

errors due to nonadiabatic passages can accumulate, and_a

. . . . FIG. 8. The experimental dependence of the REAPDERR/S,, values of
divergence in the curves obtained with valuesdaf 0.4 and [1-13C. 99%] glycine on the“™N irradiation length, for three differertN

0.7 is seen, higher values &fS,,/S;, being observed for the oftset values of 0.0, 14.5, and 40.0 kHEL (= 10, », = 1.5 kHz, andv, (**N)
curve witha = 0.4. For the lowa = 0.2 value, the curve = 43 kHz)
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A L between isolated spin-1/2 and spin-1 nuclear pairs is illus
08 b, ] trated. Theoretical and experimental REAPDOR data for th
- “og ] 1N-diluted [13C, 5%;“N, 5%)] glycine sample are plotted as
. 08 B °5 - a function of the dimensionless parameter N_T,D in Fig.
® i © ] 10. The experimental data are plotted assuming a dipole
o 04 L °s _ coupling constantD, of 141 Hz. The theoretical values of
b i © o 1 ASS, are calculated from Eq. [10]. The measura&, /S,
0o L . b were obtained with spinning speeds of 1.5 and 3.0 kHz an
°6004, ] with an**N adiabatic-passage pulse lengthlpB applied 14.5
o L., o095 4 kHz off-resonance. Slightly larger values 48, /S,, are ob-

tained for the lower spinning speed. This is consistent with th
larger value ofa (0.7) calculated for a spinning speed of 1.5
kHz. Comparison of the experimental data with the theoretica

FIG. 9. The offset dependence of the REAPDQFS,/S, signals of dephasing curve requires corrections mentioned earlier. In pa
[1-1%C, 99%] glycine, for art*N irradiation time of 1/3 rotor periodN;, = 10, ticular,
v, = 1.5 kHz, andv; (**N) = 43 kHz.)

0 200 400 600 800 1000
§ (kHz)

AS/S = (1/pée)AS, /Sy, [11]
from +0.3 to +4 kHz, relative to aqueous glycing)( There-

fore, irradiation ats = 0 kHz will result in a partial excitation

- . . where € is now introduced as a parameter to quantify the
of this transition and a partial mixing of the-1) and |-1) c P d fy

) ffectiveness of the adiabatic passages. Perfect adiabatic p
populations. These results suggest that the offset should %es are indicated hy= 1, and deviations from 1 indicate

chos'en to §v0|d the douple gquantum transition, in order IRefficient adiabatic transfers of populations among the eiger
obtain predictable population transfers. Effects caused by IM@zi0s or other sources of errors. A value gt 0.667 was

diation of the double quantum transition will be Ie§s Signiﬁca%tbtained from Fig. 3b for an adiabatic-passage pulse of dur:

for the Iarger second-order quadrupolar broqdenlngs that ocgih T./3. The fraction of 3C—N spin pairsp, is 0.816 for this

at lower fields .and larger quadrupolar coupling constantg. sample. The experimental data can be fit to the theoretic:
Our calculations suggested that the REAPDOR experment e with values fok of 1.04 and 0.92 fow, = 1.5 and 3.0

could be used to measure t&l asymmetry parameter and thﬁ(Hz, respectively. The data are then in close agreement wit

quad'rupolarl coupling constant by measuring,/S, as a tpe predicted REAPDOR curve calculated assuming ideal ad
function of N offset. Figure 9 shows the dependence o

AS, /S, on the'N RF offset for [13°C, 99%)] glycine obtained
by using an**N irradiation time ofT,/3. For glycine, the"’N . Theo

QCC is 1.18 MHz andy is 0.54; thus, discontinuities in the e o =3r?/0 KHz
AS,/S,, profile are predicted to occur &= *681 kHz and '

+885 kHz. A clear discontinuity is observed at 65050 Hz ¢ o=15k

and AS,/S,, falls below 0.1 between 850 and 900 Hz. The ©  Scaled, o, =3.0kHz
sudden decrease i¥S,,/S,, between 850 and 900 Hz is repro- ST o Scaled, o = 1.5 kHz
ducible and is most likely a consequence of the singularity in 1L Bea, ]

the **N powder pattern. A value foig, of 875 = 25 kHz is f o T
determined from these data. The experimental results and thg 08 - gﬁ ]
theoretical predictions are in reasonable agreement. Thus, the 0.6 b . 1
offset-dependent REAPDOR experiment provides an indirecé " | y e o o 1

method of measuring the coupling constants and asymmetry o.4 [ Df ¢ ® R
parameters fot = 1 quadrupolar nuclei. However, a small i + 1
REAPDOR fraction €0.05) is observed out to an offsetof 1~ 02 [ e ]

MHz, and the off-resonance RF field fér > 885 Hz still 0 T

results in a very small (but close to negligible) REAPDOR 0 0.5 1 15 2 25 3
fraction. This may result in a source of error in the measure- %= NTrD

ment of wg, of approximately 10%, if no discernible “cutoff”
can be distinguished. This error will, however, diminish for FIG. 10. Theoretical and experimental REAPDOR dipolar dephasing
larger QCCs. Furthermore, an estimate fprwill become curves for [13°C, 5%; 1N, 5%)] glycine plotted as function of, for two

difficult | | di tinuity is visible in th different spinning speeds of 3.0 and 1.5 kHz, (*N) = 43 kHz; §(**N) =
IThcult, uniess a clear discontinuity IS VisIble In the CUVG, oy, y Experimental values dfS,/S,, were scaled according to Eq. [11]

obtained as a function of offset. (see text) (open circles) to allow comparison with the calculated values o
Finally, measurement of heteronuclear dipolar couplings,/s, (crosses).
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abatic passages. Asdecreases decreases. This is consistent e Experimental Data
with theoretical predictions: Fewer spins are transferred be- Numerical Simulations
tween eigenstates when the experimental conditions are further Caleulated From (10]
from the adiabatic limit. Importantly, even for values @fas SpTTTTTTTTTTr T |
low as 0.35, the shape of the dipolar dephasing curve is very [
close to that of the theoretical one and only the magnitude of 0.8 |-
AS,/S, is affected. The experimental data can be fitted to the
ideal REAPDOR curve by employing only one variable pa-
rameter: the simple scaling facter 0
Figure 11a shows REAPDOR experimental results for tH§
14N-diluted alanine sample obtained with an adiabatic passage
pulse of half a rotor period. The experimental data, plotted
assumingD = 141 Hz, are compared with both the idealized
dephasing curvéAS'S, (solid line) and data generated from
numerical computer simulations (dashed lines) (see later dis-
cussion), where the idealized dephasing cuA®$,) obtained
from Eg. [10] has been scaled by the fraction of spins making
an odd number of passageq0.614). The experimental data
(AS,/S,,) have also been scaled by the number'#—“N

. . Minimum and Maximum Curves
spin pairsp (0.822), to account for the number of uncoupled b (From Numerical Simulations)

fffff Scaled Curve From [10]

nuclei. The experimental alanine data (solid circles) show o Experimental Data

stronger dephasing than the idealized dephasing curve of Eq. 1 ———+ ‘ :
[10] would predict. Once again, it is also possible to scale the T

idealized curve with an efficiency parameter 1.1, resulting I
in a good fit between experimental and calculated dephasing
(Fig. 11b). A value of > 1 indicates that dephasing observed I P _
experimentally is slightly larger than predicted and is presume %€ [ -* ]
ably an indication that the passages are not perfect, and su8- [ . ]
gests that the interconversion of populations between eigen- 04 - ’ 7
states is increased by multiple passages. Experiments were

repeated with a shorter adiabatic pulseTgb, and these data 02 ’ 8

(not shown) fit the idealized curve quite well with= 1.0, L ]

providing further evidence that the errors due to nonadiabatic | L2 . . ..

passages increase with increasing 0 0.5 1 15 2 2.5 3
An important observation that can be made from these A

experimental results is that short adiabatic-passage pulsSg 11 The REAPDOR dipolar dephasing curves obtained fot ¥k -
produce dipolar dephasing that is well described by Eq. [18hnine, with 4N adiabatic pulses off,/2, as a function of. (a) The
and, for modest quadrupolar interactions, is describe@ byexperimental values atS,/S,, have been scaled by /wherep = 0.822, to
= 1.0 (e.g.,e =~ 1 for the slow-spinning glycine and for theallow direct comparison with the calculated valuefafS's, (solid line) from

. -~ B ; ; (£ = 0.614). The data are plotted with together with results obtained fron
short adiabatic passage pUIse Iength alanine eXpe“mennu jerical simulations with random orientations of the CSA, quadrupolar, an

This ideal situation occurs because slow spinning makes t(!ﬂﬁolar tensors. (b) Curves representing simulated curves showing the min
adiabatic condition more likely and short pulse lengthsum and maximum amount of dephasing are shown together with the expe
nearly eliminate multiple passage attempts. Howeyeis imental data4S,/S,p), and the adjusted idealized curgeAS'S, (where the
noticeably different from unity for the, = 3.0 kHz, 7 = idealizedlgephasing curve has been scaled with the efficiency parameter,
T,/3 glycine, and for they, = 3.125 kHz,7 = T,/2 alanine 13- ¢2("N) = 40 kHz,5 = 50 kHz, andy, = 3.125 kHz.)

experiments, withe = 0.92 and 1.1 for the glycine and

alanine data, respectively. A simple picture using the resulitempting a single passage do not make the transition ar
in Figs. 3 and 7 and the likely fact that we are at the edge tifese spins do not cause dipolar dephasing. Similarly,
the adiabatic condition for the fast spinning data can expldiraction of those attempting double passages do not return
the differences ine. For 7 = T,/3, spins mostly attempt their original states, either, and these will cause dipola
single passages, but some spins also attempt double pdephasing. However, since the fraction of spins attemptin
sages; forr = T,/2, in addition to the single-passage atdouble passages is small, there are not enough failed douk
tempts, a significant fraction of spins now attempt doublgassages to make up for the lack of single passages. Tht
passages. For the = T,/3 pulse, a fraction of the spinsthe fraction of spins making a single transition is less thar
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that expected ideally (i.e.e < 1) for these conditions. relative orientations of the quadrupolar, chemical shift, anc
However, forr = T,/2 it is possible that the fraction of spinsdipolar tensors. Furthermore, the simulations suggest that pe
not making the expected single passage can be compensafettie correction factoe that was included in Eq. [11] is due
by the fraction of spins not making their expected doubie part to our neglect of the effect of the relative tensor
passages, since the double passage fraction is quite laéentations in our simple model. Different orientations of
Consequently, the fraction of spins making a single passatese tensors will alter both the average dipolar coupling dur
can exceed the theoretically expected fraction. Those sping the sequencandthe part of the powder that undergoes the
that do not make a double passage cause dipolar dephaspagsages. Since the adiabaticity parameter for eachaspin
Thus, forr = T,/2 it is possible to finee > 1. which governs how efficient each passage is, varies througho
An encouraging finding is that the experimental data frothe powder, a change in subset of spins undergoing the pa
both alanine and glycine can be fit to the same simple theory sages should also result in differences in dephasing, especia
matter the value ok, allowing internuclear distances to befor values ofa (the adiabaticity parameter for the powder)
obtained. The data from glycine are for the carboxyl carboalose to, but not in, the adiabatic regime. Importantly, however
whereas the data for alanine are for the methyl carbon; ttiés dependence on relative orientation is not so strong as
orientation of the dipolar and quadrupolar tensors in these twompletely eliminate the possibility of obtaining internuclear
samples are different. Our theoretical idealized model does niidtances. Figure 11b shows curves representing the minimu
take this into account, yet the shape of the experimental cungesl maximum amount of dephasing calculated numerically
is unaffected. together with the experimental data. If either of these curves |
Numerical computer simulations of the REAPDOR exused to fit the experimental data betweer 0 and 1.5 (i.e.,
periment were performed for the alanine data acquired wibtiefore an oscillation is observed), by varying the dipolar cou
an adiabatic pulse length &f/2, in order to obtain more pling and henca, an uncertainty in the internuclear distance of
insight into the causes of the disagreement between th@ more thant5% is obtained.
curves calculated with Eq. [10], and to explore the sourcesFinally, the dephasing of the spin-1/2 signal at the end of the
of the errors. Twenty-five simulations were performed usingtor period in the TRAPDOR experimer,(6) depends on
the known the values for th&'N QCC andm, and the CSA both the relative orientation of the dipolar tensor to the rotol
of the methyl group of alanine. These simulations differealis, and the times in the rotor period where the zero crossing
only in the relative orientations of the quadrupolar, chemical Q occur. Thus, the dephasing observed in TRAPDOR ex
shift, and dipolar tensors. These orientations were chosematiment also depends on the relative orientation between tt
random. A random selection of these simulations is shovgquadrupolar coupling tensor and the heteronuclear dipolar tel
by dashed lines in Fig. 11a. One nonrandom set of orientsor, and this information is required to determine internuclea
tions was also chosen, namely one where the dipolar adidtances accurately in the TRAPDOR experiment. This infor
quadrupolar tensors are collinear. All curves calculatadation is not required in our simple model used to analyze th
from the numerical simulations lie in a thick band varyinREAPDOR data, because of the approximation that all singl
by about +0.1ASS, for A = 1.5, and the experimentalpassages occur at the midpoint of tH® pulse. This was
alanine data fall within this band. The idealized dephasirapnsidered justified because the adiabatic-passage pulse oc
curve (solid line) (from Eq. [10]) lies near the bottom of thgies such a short time in the dipolar evolution period (typically
band of the simulated data. The only curve that has signiéss than 3% of the total evolution time). The fact that there ar
icantly lower values ofAS'S, for A > 2 than those of the correlations between the spins that undergo the adiabatic pe
idealized dephasing curve results from the numerical simsages and the dipolar evolution of the couptdd spins in the
lation with collinear quadrupolar and dipolar tensors. FUREAPDOR experiment appears to be a far less serious appro
thermore, the maximum values &fYS, were obtained for imation than if this is neglected in the TRAPDOR experiment.
numerical simulations with very different orientations of th&@he good agreement between the experimental results and t
principal axes of the quadrupolar and dipolar tensors; howheoretical REAPDOR dipolar dephasing curves for both the
ever, some exceptions to this rule were noted, where tensghgine and alanine samples suggests that this information
with large relative orientations also resulted in smaller vahot necessary to allow at least approximate estimates of tt
ues of ASS,. Most noteworthy, however, is the fact that aldipolar couplings to be extracted from REAPDOR data, for
these curves are characterized by a shape which is vemgdest QCCs. The preliminary numerical simulations pre
similar to the idealized one. sented in this paper are in agreement with this and have shov
The idealized dephasing curve is calculated by making ttigat the REAPDOR experiment is relatively insensitive to the
simple assumption that the dephasing is independent of tleéative orientation between the dipolar and quadrupolar ter
relative orientation of the'>*C—“N spin pair and the'”N sors. However, some changes in the dephasing curves wi
qguadrupolar tensor. In addition, this curve assumes that different tensor orientations were apparent (Fig. 11): Withou
passages are adiabatic. We can conclude from the numeraray knowledge of the relative orientations of the tensors, th
simulations that the REAPDOR dephasing does depend on éhperimental data could be fit with an erroref+5% in the
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internuclear distance. Clearly, more numerical simulations atenors of the Petroleum Research Fund, administered by the American Che

required to explore the differences between the idealized dff] Society, for partial support of this research. Shimon Vega and Ami

. - - oldbourt are thanked for providing the computer program used for the
calculated curves not only for different orientations, but als,%merical simulations and for stimulating discussions.

for larger asymmetry parameters and larger QCCs. These sim-
ulations would help assess our ability to calculate internuclear

distances accurately for a wider range of systems. REFERENCES
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