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A universal function is proposed to describe REAPDOR dephas-
ing curves of an observed spin-1/2 nucleus dipole-recoupled to a
spin-1 quadrupolar nucleus (*H or N). Previous work had shown
that, in contrast to REDOR, the shape of the dephasing curve de-
pends on a large number of parameters including the quadrupo-
lar coupling constant and asymmetry parameter, the sample rota-
tion speed, the RF amplitude, and the relative orientations of the
quadrupole tensor and the internuclear vector. Here we demonstrate
by numerical simulations that the actual dispersion of REAPDOR
dephasing curves is quite small, provided the rotation speed and
the RF amplitude applied to the quadrupolar nucleus satisfy an
adiabaticity condition. The condition is easily met for ?H and is
also practically achievable for virtually any “N-containing com-
pound. This allows the REAPDOR curves to be approximated by a
simple universal gaussian-type function, comparison of which with
experimental data yields internuclear distances with less than 4%
error. The spin dynamics of the recoupling mechanism is discussed.
The critical importance of a stable spinning speed for optimizing the
signal-to-noise ratio of the 13C echoes is demonstrated and practical
suggestions for achieving high stability are presented. Examples of
applications of the universal curve are given for *H/**C and "“N/3C
REAPDOR in alanine. © 2002 Elsevier Science (USA)

INTRODUCTION

Measuring dipolar couplings by solid-state NMR has pro-
vided important structural information for a wide variety of ma-
terials. There are many MAS NMR dipolar recoupling tech-
niques available and most of these have found use in measuring
internuclear distances between pairs of spin-1/2 nuclei such as
the homonuclear spin pair '3C—-13C (I-17) and the heteronuclear
spin pair 3C-1°N (18-22). Rotational-echo, double-resonance
NMR (REDOR) (/8-20) is an attractive experiment for mea-
suring heteronuclear dipolar couplings between spin-1/2 nuclei
because of its simplicity and ease of data analysis. A particularly
useful feature of REDOR is that the dipolar dephasing is char-
acterized by a universal dipolar dephasing curve which depends
only on the dipolar interaction for coupled spin-1/2 nuclei.

Only under certain circumstances can REDOR be used in a
straightforward manner as a quantitative tool when the heteronu-
clear spin pair consists of a spin-1/2 nucleus and a quadrupolar
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nucleus. Fernandez et al. demonstrated an >’ Al-*'P multiple-
quantum REDOR (MQ-REDOR) experiment based on obser-
vation of the central transition of the >’ Al under high-resolution
conditions (23). The MQ-REDOR experiment works well since
the dipolar recoupling pulses are applied to the much easier to
manipulate 3'P nuclei. At first glance, it might be tempting to
perform the REDOR experiment with the observe nucleus be-
ing 3'P and applying a train of 7 pulses to the central transition
27 Al. This would be beneficial because of the high sensitivity of
3IP. Unfortunately, it has been shown that such an experiment
is not practical since the REDOR recoupling pulses affect the
different transitions of the quadrupolar nucleus with unequal
efficiencies. Good progress has been made for the case of *C-
observe REDOR experiments involving 2D (24-29). The use
of phase-modulated D pulses has provided a means to extract
13C-2D dipolar couplings (26, 27), and a more recent report
shows that the '*C—>D REDOR experiment can be described by
a universal dipolar dephasing curve when a D composite pulse
is used (29).

Aside from the special cases mentioned above, it is difficult
to determine dipolar couplings between spin-1/2 and quadrupo-
lar nuclei. TRAPDOR (30-33), REAPDOR (34-36), DEAR
(37), and RIDER (38) are dipolar recoupling experiments de-
signed specifically torecover the dipolar interaction for such spin
systems with the observe nucleus being spin-1/2. The DEAR
and RIDER experiments take advantage of 7| relaxation of the
quadrupolar nucleus and have the advantages that an RF chan-
nel is not necessary for the quadrupolar species and that it is
not necessary to know the quadrupolar coupling constant. A
disadvantage of DEAR and RIDER is that data analysis re-
quires knowledge of the single-quantum and double-quantum
relaxation times. Dipolar recoupling with the TRAPDOR and
REAPDOR experiments occurs through the action of an
adiabatic-passage pulse applied to the quadrupolar nucleus.

Figure 1 shows the REAPDOR experiment in its simplest
form. It consists of an initial /2 pulse generating transverse
magnetization of the observed I =1/2 nucleus, a train of &
pulses applied to I, and a single dipolar recoupling pulse ap-
plied to the quadrupolar nucleus S at the midpoint of the pulse
sequence. The spacing between adjacent w pulses is Tr/2, Tr
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FIG. 1. Pulse sequence for the REAPDOR experiment. The /, magnetiza-

tion at =0 may be generated by cross-polarization instead of the /2 pulse
shown in the figure. The string of pulses in the observe channel are 7 pulses.
The length 7, of the recoupling pulse is one-third of the rotor period.

being the rotor period, but there is no / pulse located at the mid-
point of the dipolar evolution period t. The single S-spin recou-
pling pulse serves the same function as the 7w pulses applied to the
nonobserved channel in traditional REDOR experiments in that
it changes the z-component of the magnetization of the S spins.
REAPDOR is also similar to REDOR in that it is performed as
a difference experiment. A control experiment is performed to
produce the full signal, Sy(7), by omitting the S-channel recou-
pling pulse. The control experiment is used to account for T,
decay of the I magnetization during the dipolar evolution pe-
riod. The experiment is repeated to produce the reduced signal,
S(7), by applying the S-spin recoupling pulse. The ratio of the
difference signal (full signal minus the reduced signal) to the
full signal is the REAPDOR fraction (So(t) — S(7))/So(7).

Unlike REDOR, however, the REAPDOR fraction is not a
simple function of the dipolar coupling constant because the
S-spin flips are more complex than a simple inversion of their
z-component. Ideally, the transitions behave as adiabatic pas-
sages, which occur when the time modulated quadrupole split-
ting crosses through zero during the pulse. But the transitions
are not always adiabatic and even when they are, the S-spin
RF irradiation induces partial transitions among the magnetic
spin states m of the quadrupolar nuclei, rather than affecting
a uniform 180° inversion. Consequently, the exact description
of the t dependence of (Sy — S)/So depends on many param-
eters. In principle, data analysis for these experiments requires
quantum mechanical calculations which need the quadrupolar
coupling constant, the asymmetry parameter of the quadrupolar
tensor, the chemical shift anisotropies, the dipolar interaction,
the relative orientations between the coupling tensors, the RF
field strengths, and the spinning speed as input parameters.

In this paper, we show that the internuclear distance of an
I =1/2and S = 1 spin system can be determined by REAPDOR
using a REDOR-like universal dipolar dephasing curve. A sim-
ple REAPDOR calculation described by Gullion (34) and Ba
et al. (39) already avoided the use of full quantum mechani-
cal calculation by using idealized descriptions of the adiabatic
inversions. This approach led to a theoretical universal dipolar
dephasing curve that closely matched experimental REAPDOR
dephasing curves for S =1, I = 1/2 spin pairs after application
of an adjustable multiplication factor. Their results suggested
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that knowledge of all the aforementioned spin parameters might
not be needed in order to obtain quantitative results. We set out to
substantiate this concept by performing full quantum mechanical
simulations of REAPDOR curves over wide ranges of relevant
parameters. The numerical results of this analysis are surveyed
in this paper. They allow us to conclude that under broad, exper-
imentally feasible conditions the theoretical REAPDOR curves
of I =1/2, S =1 spin pairs do not deviate substantially from a
simple universal function given by

(So — 8)/So=0.6(1 — exp[—(1.47D7)*]). (1]

The dipolar coupling constant, D, is expressed in Hz and given
by

D =vysyih/Qnrd), [2]

where r is the internuclear distance. The universal curve is plot-
ted in Fig. 2a. Comparison of experimental data with Eq. [1]
gives r with a £4% accuracy in powder samples provided
the following three conditions are met. (a) The values of the
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FIG. 2.

(a) The universal REAPDOR curve for recoupling of S =1 spins
given by Eq. [1]. (b) The shaded area indicates the ranges of values of the rotation
speed vg and the RF amplitude v; for which the universal REAPDOR curve can
be used to obtain internuclear distances with +4% accuracy from experimental
REAPDOR fractions. vy and vg are normalized to the quadrupole frequency
vo =(3/2)x. The connected symbols are the boundary points resulting from
the numerical analysis presented in this paper. The broken line represents the
boundary corresponding to the adiabaticity condition vlz /vovr >0.25.
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TABLE 1

Lower Limits of / /vy Ratios for Which the Universal
READOR Curve Is Applicable at a Given vg /v, Ratio
for a +13% Accuracy of the Dipolar Coupling Constant

Vr/VQ (v1/v0)min
0.05 0.105
0.02 0.062
0.01 0.043
0.005 0.032
0.002 0.021
0.001 0.018
0.0005 0.013

recoupling-pulse amplitude v; and the spinning speed vz meet
the boundary conditions of Table 1, which gives a lower bound
for the ratio v;/vgp for chosen ratios vg/vg. The boundary
in v;/vg, vg/vo space is graphically depicted in Fig. 2b. (b)
The frequency of the recoupling pulse does not differ from the
Larmor frequency of the quadrupolar spins by more than 5%
of vg. (¢) The duration 7, of the recoupling pulse is equal to
one-third of the rotor cycle. We chose the latter condition as a
standard pulse length in accordance with previous work, which
showed that 1/(3vg) is the optimum pulse duration for obtaining
strong dephasing (39). In practical applications we envision a
simple least-squares curve fitting of the function of Eq. [1] to
experimental (Sop — §)/Sp results, with D as the only adjustable
parameter from which the distance r can be determined using
Eq. [2]. Corresponding dipolar dephasing curves for S =3/2
and 5/2 will be presented in a forthcoming publication.

Under Theory we describe how we arrived at the applicability
of Eq. [1] using numerical integration of the two-spin density-
matrix equation. Calculated dephasing curves for wide ranges
of values for the relevant parameters are reviewed and their de-
viations from the universal curve are evaluated to establish the
necessary conditions for successful application of the universal
curve. Some aspects of the underlying spin dynamics are also
reviewed. Under Experimental, we address specific experimen-
tal requirements of the REAPDOR experiments. In particular,
we reemphasize that careful synchronization of the pulse se-
quence with the sample rotation is especially important in the
REAPDOR experiment for sensitivity reasons and practical re-
commendations for achieving stable sample spinning are given.
Under Results, experimental REAPDOR data for 2D-!3C and
1“N-13C spin pairs in alanine are presented and analyzed using
the universal curve given in Eq. [1].

THEORY

Spin Interactions

The Liouville-von Neumann equation,

(d/dt)p(t) =i[p(t), H(D)], (3]

HUGHES ET AL.

governs the evolution of the spin interactions during the REAP-
DOR experiment (40). The density matrix of an I-S two-spin
system with 7 =1/2 and S=1 is p(¢), and the Hamiltonian,
H(t),is (41, 42)

1
H(t) = S0@(S2 = (1/3)S(S + 1) + Hg (1)
+w15()Sy + w11y + d(1)1S,. [4]

The time dependence of the Hamiltonian originates from the
sample spinning at the magic angle and from the pulsed RF
fields applied to the I and S spins. The first-order quadrupole

splitting, Q(¢), is
1 2 )
Q@)= EwQG cos” g — 1 —nsin“ O cos2¢), [5]

where wp = 2mvy is the quadrupolar frequency and is related
to the quadrupole coupling constant (QCC), x =e’>g Q/ h, by

vo =3x /2528 — 1)=(3/D)x. [6]

The polar angles of the magnetic field with respect to the
quadrupole tensor principal axis system are 6y and ¢, and n is
the asymmetry parameter of the quadrupole tensor. The time de-
pendence of Q(z) is governed by the sample spinning through its
modulation of 6 and ¢ and can be written as Q(f) = wpgo(1),
where g(#) is an oscillating function of the form (43)

go(t) =gi cos(wrt + Y1) + g2 cosQagrt + Yrn).  [7]

The parameters g1, g2, V1, and v, are functions of the initial
orientation of the crystallites in the rotor frame and of the asym-
metry parameter 7. The second term in Eq. [4] represents the
second order quadrupolar interaction (41, 42). In the third term,
w1s(t) denotes the amplitude profile of the RF pulse applied
to the quadrupolar spins. It is determined by the pulse length,
7, and the RF amplitude, v;. Similarly, w,(¢) describes the 7
pulses applied to the observed spins. The last term in Eq. [4]
represents the dipolar interaction. The dipolar splitting, d(¢), is
given by (44)

d(t)=wp(1 — 3cos’ Op), (8]

where wp =2n D is the dipolar coupling constant (see Eq. [2])
and 60p is the angle between the internuclear vector and the
magnetic field. The time dependence of d(¢) is governed by the
sample spinning and can be written as d(¢) = wpgp(t), where
gp(t) is the periodic function (43)

gp(1) =g cos(wrt + ¥}) + g5 cosQart + ¥3).  [9]

The parameters of Eq. [9] are functions of the initial polar an-
gles of the internuclear vector with respect to the rotor frame.
Not represented in Eq. [4] are terms describing the differences
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between the frequencies of the RF pulses and the Larmor fre-
quencies of the S and I spins. Of particular interest would be a
term AwS, describing the offset of the recoupling pulse. For
example, large offsets lead to ineffective RF irradiation and
to reduced REAPDOR fractions. It has been shown that in
REAPDOR, as well as in the TRAPDOR experiments, mea-
surements as a function of Aw can actually be used to estimate
the size of vy (32, 39). However, in an effort to limit the large
number of parameters to be varied in the simulations, we chose
to present here only results of simulations where the frequency
offset and the chemical shifts of spins 7 and S were kept equal to
zero. Under Results, experimental evidence that the REAPDOR
fraction remains unaffected as long as Aw is less than 5% of vy
is presented, in agreement with the findings of Ba et al. (39).

Numerical Method

The numerical simulations were carried out with a computer
program written in a FORTRANO9O programming environment.
The program is able to simulate the results of all solid state NMR
experiments, involving a spin-half (/ = 1/2) nucleus coupled
to a spin-one (S = 1) nucleus. During the calculations of the
REAPDOR dephasing curves the initial spin density matrix p(0)
for each crystallite is set to I, + S, and propagated under the
MAS Hamiltonian of Eq. [4]. For a polycrystalline sample, a
signal S(€2, 1) =Tr(I_p(t)) is calculated for each crystallite and
a powder sum is performed.

The propagation of the density matrix according to Eq. [3]
under the time dependent Hamiltonian, H (¢), is performed in the
following manner: First the time # is divided into time domains
starting at #; and ending at#; | withi =1, 2, ..., n, chosen such
that during a single time domain the RF irradiation is either on
or off. When RF irradiation is absent during a time domain, H (¢)
is self-commuting and a propagator can be calculated

lit1
—i / H(t)dt

t

U(t;, ti+1) = exp [10]

The integral in the exponent is calculated analytically for all
first order interactions in Eq. [4]. The second order quadrupolar
interaction H®(t) is evaluated using the Simpson integration
procedure,

tit1 1
SN

/ HO(ydi =y —6T |:H(2)(ti +kT)
k=0

14

1
+4H@ (ri + <k + 5)1)

+HP + (k+ l)r)}, [11]

where the time domain is divided into small steps T =(f; —
t;+1)/n. In the presence of RF irradiation during a time domain,
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H (1) is not self-commuting and the Dyson order operator 7 must
be used to calculate the propagator. Dividing the time domains
with RF irradiation present into small steps t =(¢; — t;4+1)/n,
U(t;, t;+1) can be evaluated by using

n—1
1
Ut tiq1) = HGXP{—iH<li + (k+ §>r>r

k=0

1
+ E[H(ti + ko), H@t; + (k + 1)1)]12}. [12]

Typical values for the time steps in Eqgs. [11] and [12] were
0.5 pus. The final value of (Sp — §)/Sy was evaluated by the
appropriate summation of the expectation value of I_ atr=rt
for 300 powder orientations (45).

Numerical Results

The results of numerical simulations are now reviewed in two
stages. First we quantitate the REAPDOR uncertainty caused
by lack of knowledge of the parameters that define the relative
orientations of the quadrupolar and dipolar tensors. These pa-
rameters include the quadrupole asymmetry parameter n and the
polar angles 6 and ¢ of the internuclear vector with respect to the
quadrupolar principal axis system. Then we trace the boundaries
of a useful range of the experimental parameters v; and vg for
which the use of a universal READOR dephasing curve is valid.
Since only the relative values of vy, vg, and vy are of relevance,
the results are reported in terms of the ratios vi /vy and vg/vg.

Figure 3 displays two sets of calculated REAPDOR curves.
Each set shows the results for all 17 distinct combinations of
three 7 values (0, 0.5, 1), three 6 values (0, 45°, 90°), and three
¢ values (0,45°,90°). Two sets of constant vy, v, and v param-
eters were chosen for these calculations (see figure caption). The
simulations were done for a constant dipolar parameter, D, and
the resulting curves were plotted as a function of Dt. Curve fit-
tings to the universal curve yield apparent dipolar coupling con-
stants Dy, that deviate from the actual D value used in the simula-
tionby —8% to +10% in Fig. 3a (—8% forn =0,6 =90°; +10%
for n=0.5,6 =90°, ¢ =45°) and by —13% to +13% in Fig. 3b
(—13% for n=1, 6 =90°, ¢ =45°; +13% for n=0, 6 =0°).
From these and many other (not shown) examples we conclude
that, provided v; and vg fall in the allowed region indicated in
Fig. 2b, a comparison with the universal curve yields a Dy that
never deviates more than =13% from the actual D. Hence, the
inherent uncertainty in the internuclear distance r is £4%.

In choosing a simple mathematical form of the universal curve
(Eq. [1]) we were guided by two criteria, one being that the
average asymptotic value at large Dt is about 0.6 and the other
that the slope and curvature of the curves for Dt values below ~1
should match the average calculated curve. We did not attempt
to account for other recurrent features in the simulated curves,
such as the maximum around Dt = 1.8. Practical reasons for this
simplification were that the exact dephasing behavior at Dt > 1
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FIG. 3. REAPDOR dephasing curves for recoupling of spin-1 nuclei cal-
culated with the indicated ratios of the rotation speed vg, the recoupling pulse
amplitude vy, and the quadrupole frequency vg. Each graph shows a superposi-
tion of the results for 17 combinations of 1, 6, and ¢ (see text). Actual parameters
used in the calculations: (a) vp =600 kHz, v; =120 kHz, vg =6.25 kHz,
D =200 Hz. (b) vg =5000 kHz, v; =80 kHz, vg =5 kHz, D =160 Hz.

is of minor significance since the t region of highest sensitivity
of (Sp — §)/So to the value of D is below Dt = 1. Furthermore,
the shapes of the undulations of the curve above Dt = 1 vary too
much from case to case to be able to be captured in a universal
mathematical form. This is in contrast to REDOR where the
exact shape of the dephasing curve at longer t values is always
the same and, as such, provides the means for deconvolution
of multiple interatomic distances (46). Nevertheless, theoretical
arguments to be presented under Spin Dynamics below help
explain the maxima around Dt = 1.8 in REAPDOR curves.

A large set of additional REAPDOR curves was simulated
with varying v, v, and vg parameters. Figure 4 shows some
examples illustrating the effect of v variation when the other
parameters are kept constant. The quadrupole frequencies in
Figs. 4a and 4b are typical for 2D and '*N, respectively. These
figures include calculated curves that agree well with the univer-
sal curve and several that deviate significantly from the universal
curve. Curve fitting gives Dy, values that deviate <6% from the
actual D for the four best fitting curves and >24% for the three
that deviate the most (see figure caption for detailed results).

A more comprehensive summary of the numerical REAP-
DOR results is shown in Fig. 5 in the form of plots of curve-
fitted Dg¢/ D ratios vs vy /vg for six vg/vg ratios. All curves
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were calculated for one single set of orientational parameters,
i.e., n =0, 8 =90°. The other parameters used in the actual cal-
culations are listed in Table 1. The plots in Fig. 5 served as the
basis for the establishment of the boundary of the usable re-
gion drawn in Fig. 2b. For each vg /v ratio, the lower limit of
v1/vo was somewhat arbitrarily determined as 15% above the
point in Fig. 5 where Dy;/ D crosses the 90% level. The criteria
presented above could be interpreted such that the lower limit
should coincide with the exact point where Dy, begins to deviate
less than 13% from D. However, we adopted an extra margin to
allow for uncertainties arising from the variations in 7, 6, and
¢ which were not evaluated explicitly for every point in Fig. 5.
The chosen boundary points are indicated with arrows in Fig. 5
and they are also listed in Table 1.

Spin Dynamics

The main objective of this paper was to demonstrate the va-
lidity of the universal REAPDOR curve for spin-1 nuclei and to
define the conditions for its application. We believe that we have
satisfactorily achieved this by the numerical analysis. Neverthe-
less, it remains instructive to review the spin dynamics of the
processes underlying the recoupling mechanism. We begin with
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FIG.4. REAPDOR dephasing curves for recoupling of spin-1 nuclei calcu-
lated with the indicated ratios of the rotation speed vg, the recoupling pulse am-
plitude vy, and the quadrupole frequency vg. Actual parameters used in the cal-
culations and resulting Dg/ D from curve fitting: (a) vp =250kHz, vg = 5kHz,
D =160 Hz, vi =9, 12, 16, 40 kHz, Dg;/D =0.54, 0.76, 1.05, 1.05, respec-
tively; (b) vg = 5000 kHz, vg = 5kHz, D = 160 Hz, v; =60, 100, and 150 kHz,
Dg/D =0.70, 1.03, 1.06, respectively. For all curves, n =0, 6 =90°.
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FIG. 5.
of the universal dephasing curve to numerically calculated REAPDOR curves.
The curves were calculated using the parameters listed in Table 2. For all curves,
n =0, 8 =90°. The six plots are for the six indicated vg /v ratios. The fitted
dipolar coupling constants are plotted as ratios Dg/ D where D is the value used
in the actual calculations.

Apparent dipolar coupling constants Dy obtained by curve fitting

recalling that in a product-operator formalism of an observed
spin I evolving under a dipolar interaction with a nonobserved
spin S, the § portion of the expressions involves only the op-
erators S;, S;I,, and S.1, (40). Other coherences of § are not
responsible for dipolar dephasing of /. This implies that we can
restrict the physical description of the state of the S =1 spins
to a discussion of the populations of their spin states m =1,
0, —1. Of course, other coherences of S play a crucial role in the
inversion process during the recoupling pulse. However, we can
assume here for simplicity that the duration t,, of the inversion
pulse is much shorter than the total duration t of the dipolar
evolution; consequently, the partial inversion of the quadrupolar
S spins by the adiabatic-passage pulse can be considered as a
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sudden event. When the S-channel pulse is absent, the train of
7 pulses in the second half of the pulse sequence refocuses the
dipolar dephasing that was introduced by the 7 pulses during
the first half of the sequence. The refocusing is complete in this
case, because the local field generated by the S spin at the site
of the I spin is the same in the first and second halves of the
sequence. On the other hand, when the S-channel recoupling
pulse is present, the resulting change in the populations of the
m-states of the S-spins causes the local fields at the /-spins to
be different during the second half of the sequence and prevents
complete refocusing.

The objectives of most heteronuclear recoupling strategies
can be understood as manipulations of the populations of the
m states. For instance, in a version of REDOR similar to our
REAPDOR experiment (47), the desired change is achieved by
a single 7 pulse on the S-channel, which inverts the populations
(m=1 < m=—1;m =0 unaffected). In 6-REDOR (48) the
same transformations are made, but only partially. In DEAR and
RIDER (37, 38), no RF pulse is applied but transitions among m
states occur spontaneously as a result of spin—lattice relaxation.
In those experiments, the change of the m-populations is a grad-
ual process throughout the t period rather than a one-time event
at the center. The intent of TRAPDOR and REAPDOR is to in-
duce adiabatic transfers of populations among the m states. Such
transfers occur whenever the function g, (#) describing the time
dependence of the quadrupolar splitting (Eq. [7]) passes through
zero in the presence of a strong RF amplitude, v;. The adiabatic
population transfers are

[13]

m=1—->m=0; m=0—->m=-—1;

or vice versa, depending on the sign of the slope of g((¢) around
go()=0.

The variability of the REAPDOR curves reviewed in the pre-
ceding paragraphs is exclusively caused by differences in the
detailed behavior of the adiabatic passages. The timing and the
degree of efficiency of the S-spin transitions are two sources for
this variability to be considered. The time at which a specific
crystallite will undergo an adiabatic transfer among its m-state
populations coincides with a zero-crossing of g (¢). REAPDOR

TABLE 2
Parameters Used for the Numerical REAPDOR Calculation
Results Shown in Fig. 5 and Table 1

Figure VR/Vo vg (kHz) vg (kHz) vy (kHz) D (Hz)
na 0.05 250 12.5 12-60 400
Sa 0.02 250 5 18-65 160
5b 0.01 500 5 10-100 160
Sc 0.005 2500 12.5 45-130 400
5d 0.002 2500 5 25-80 160
Se 0.001 5000 5 40-1200 160
Sf 0.0005 10,000 5 100-175 160
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dephasing due to adiabatic passages takes place only for those
crystallites that have an odd number of crossings during the
pulse. For the other crystallites, which have zero or an even num-
ber of zero-crossings, the spins are transferred back the original
m-states and emerge from the pulse with no net change in their
spin populations. Thus the REAPDOR dephasing depends on
the fraction of the crystallites that undergo an odd number of
zero-crossings during the pulse (39). The contribution of a par-
ticular crystallite to the signal decay is further determined by
its integrated dipolar dephasing before and after the passages
and, hence, depends on the points in time during the cycle of
the function gp(¢) at which the transfers occur. Thus the relative
time dependences of gp(f) and g () determine the amount of
dephasing. This explains the variability of the REAPDOR curve
with changing n, 6, and ¢. The numerical results showed that
this effect is rather limited. This is due to the relatively short du-
ration of the recoupling pulse in the REAPDOR pulse sequence.
It is one of the advantages of REAPDOR over its predecessor
TRAPDOR, where the recoupling pulse may stretch over an en-
tire half of the T period, thus enhancing the dependence on 1, 6,
and ¢ (32, 39).

As to the efficiency of the passages, we note that the REAP-
DOR dephasing is largest when the population transfers among
the m-states are optimized. This is achieved when the passages
are truly adiabatic, that is, when the passages are slow and in the
presence of strong RF irradiation. The exact condition for adi-
abaticity varies for the different crystallites in a powder. There-
fore, we adopt the previously proposed semi-quantitative test
for the adiabaticities of level crossings of all crystallite orienta-
tions in a powder which states that the parameter & = v} /vovg
must be of an order of magnitude of at least 1 (32, 33). The
numerical results reviewed above corroborate the validity of
this concept. The broken line in Fig. 2b is a graphical rep-
resentation of the condition o =0.25. It shows that in order
to achieve universal REAPDOR behavior the passages of the
quadrupole energy levels during the recoupling pulse must be
adiabatic in nature and that the quantitative condition for adia-
baticity is approximately given by o > 0.25 for the case of spin-1
nuclei.

The notion of population transfers among well-defined spin
states in the presence of RF irradiation loses its meaning when
the RF amplitude, vy, is not much smaller than the quadrupole
frequency, vg. The irradiation then ceases to be selective to in-
dividual spin transitions. This has a profound effect on the way
the recoupling pulse produces transfers among m-state popula-
tions, as is illustrated by an example shown in Fig. 6. The figure
shows results of numerical calculations for a spin-1, which has
an initial population of only its state m =1 and which is then
subjected to an RF pulse of duration tz/3 under magic-angle
spinning. The asymmetry parameter of the quadrupole tensor
and its orientation in the rotor frame were chosen such that the
number of zero crossings of go(¢) during the pulse was either
zero or one, depending on the phase of the sample rotation at the
beginning of the pulse. Figure 6 plots the resulting populations
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FIG. 6. Calculated populations of the three m-states of a spin-1 following
the application of an RF pulse of duration t/3 under magic-angle spinning.
Before the pulse the populations of the states m =1, 0, and —1 were 1, 0, and
0, respectively. The calculations were performed for a single spin with a fixed
position in the rotor frame and with 72 different initial phases of the sample
rotation. The number of zero crossings of go(t) during the length of the pulse
is either 0 or 1, depending on the initial rotor phase as indicated above the
figure. Besides the adiabaticity parameters and the vg /v ratios indicated next
to the plots, these numerical experiments are defined by the following quantities:
vr/vo =0.001,v9/v9 = 1000, Av/vg =0.1,7n=0.5, x =45°, =45°, where
vp is the Larmor frequency (determining the size of the second-order quadrupole
term); Av is the frequency offset of the RF with respect to vy; x and i are the
polar angles of the rotor axis direction with respect to the quadrupole tensor;
and the other parameters are as defined in the text.

of the three m-states as a function of the initial rotation phase.
Further details are provided in the figure caption. The three ex-
amples given in Fig. 6 are for a nonadiabatic (¢« = 0.036) and an
adiabatic case (o = 0.4) of selective irradiation (v{ /vy < 0.02)
and for a case with a nonselective RF amplitude (v; /vy =0.2).
For the @ =0.036 and o = 0.4 cases, hardly any change occurs
when the number of crossings is 0 and there is an orderly trans-
fer of populations between states when the number of crossings
is 1, with the transfer being essentially complete for o =0.4.
By contrast, the population transfers in the case of nonselective
irradiation are unrelated to the number of level crossings and,
in fact, appear to be random in nature. Despite this major dif-
ference between the effects of selective and nonselective pulses,
the resulting REAPDOR curves are indistinguishable, as is ap-
parent from the flat Dg,/D plots in Fig. 5. This suggests that
the average Am jump remains comparable in size over a wide
range of RF amplitudes. After integration over a powder, it does
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not make a difference if the changes in the m-state populations
of the S spins were produced in an orderly or a random fash-
ion. In any case, for a hypothetical model where the population
transfer due to the recoupling pulse is assumed to be totally
random, the REAPDOR curve can readily be predicted as fol-
lows. The REAPDOR curve for the subset of spins S =1 that
jump from m to m +1 is identical to the well-known REDOR
curve for the spin pair I =1/2, S=1/2 (18-20). Let us intro-
duce the notation R;,>(Dt) for the standard REDOR function.
The REAPDOR curve for the spins that jump from m tom £ 2
is then Ry />(2D7) and for those that do not change their m state
it is 0. An enumeration of the nine m — m’ possibilities in a
random transfer model leads to the measured REAPDOR curve
given by

(So — 8)/So=(4/9)R12(D1) + (2/9)R12(2D7).  [14]
Figure 7 compares this function with the universal REAPDOR
curve described by Eq. [1]. There is no dependence on 7, 6,
and ¢ in this model since the transfers are not correlated with
the function go(#). For Dt < 1, Eq. [14] nearly coincides with
the universal curve. Curve fitting gives Dg/ D = 1.09. Also, this
particular linear combination of R; /(D7) and Ry 2(2D7) gives
rise to the maximum around Dt = 1.8. The fact that this feature
is seen in all the numerical REAPDOR curves indicates that the
adiabatic transfers affected by a pulse of duration tg/3 mix the
level populations to the same extent as random scrambling. In
this context it is of interest to note that the universal curve pro-
posed by Gullion (34) and by Ba et al. (39) for the description
of the adiabatic case is, in fact, based on assumptions similar to
those of the random-transfer model. In their model, the dephas-
ing curve is derived from an enumeration of the fraction & of
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FIG. 7. Full lines, REAPDOR curve for a hypothetical model of random
scrambling of the S=1 level populations by the recoupling pulse, Eq. [14],
compared with the universal REAPDOR curve, Eq. [1]. Broken lines, plots
of the two contributions in Eq. [14] to the random-model curve. They are
amplitude-reduced standard REDOR curves for S =1/2 at regular and dou-
ble time scales. Their sum reproduces the ubiquitous maximum of numerically
calculated REAPDOR curves around Dt = 1.8.
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crystallites in a powder whose spins undergo an odd number of
zero-crossings during the pulse. Orientational effects related to
n, 6, and ¢ are assumed to be negligible. The result is a function
that is equal to Eq. [14] multiplied by a factor 3£ /2. Their cal-
culations showed that for a pulse duration of 7 /3 the fraction
& is 0.667 which is, incidentally, the value required for exact
numerical agreement between their simplified adiabatic model
and our random-transfer model. This is probably the reason why
the results of the present quantum mechanical calculations for
7, =T /3 showed no change in the REAPDOR curves when
the RF amplitude increased from selective to nonselective irra-
diation. Nevertheless, we feel that Eq. [14] cannot serve as a
quantitative standard for data analysis in a straightforward man-
ner because the average value at long t durations is high in
comparison with that of the curves obtained in the more exact
calculations.

EXPERIMENTAL

The '“N experiments were performed on a sample of ala-
nine prepared by recrystallizing 10.0 mg [3-'3C; 99 at.%]L-
alanine with 203.0 mg ['N; 99 at.%]L-alanine. The labeled
alanines were purchased from Cambridge Isotopes, Inc. The
QCC of '*N in alanine is 1.20 MHz (50), which corresponds
to vp=1.81 MHz (see Eq. [6]). The °D experiments were
performed on a sample of alanine prepared by recrystallizing
20.6 mg [3-13C, 2-’D; 99 at.% and 98 at.%, respectively]DL-
alanine with 408.8 mg DL-alanine. The labeled alanine was
purchased from Isotec, Inc., and the natural-abundance alanine
was purchased from Aldrich. The deuterium QCC for the labeled
2D in this alanine sample is 167 kHz, which corresponds to vy =
250 kHz.

Figure 1 shows the '*C-observe REAPDOR experiment. In-
stead of the initial 7w /2 pulse shown in the figure, cross polariza-
tion from protons was used to generate the initial '3C transverse
magnetization and proton decoupling by a strong RF field was
applied afterward. The train of 7 pulses on the '3C channel
during the dipolar evolution period was applied with the xy-4
phase cycle (49). The length of the S-spin recoupling pulse was
TR / 3.

The magic-angle spinning NMR experiments were performed
on a homebuilt triple-channel spectrometer operating at a proton
frequency of 151.394 MHz. The spectrometer uses a Tecmag
Libra pulse programmer. The triple-tuned MAS probe uses a
Chemagnetics 7.5 mm spinning assembly and is of a
transmission-line design. Proton radiofrequency (RF) field
strengths were 50 kHz for cross-polarization and 110 kHz for
proton decoupling. All cross-polarization contact times were
1 ms. The '3C, RF field strength was 50 kHz. The '*N RF field
strengths v; were varied from 13.5 to 54.1 kHz, and the D RF
field strengths were varied from 7.5 to 53.6 kHz. The sample
spinning rate was set to either 800, 2000, 3125, or 3861 Hz.
The sample spinning rate stability is important for obtaining
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good signal/noise ratios with the REAPDOR pulse sequence that
we use here. Accordingly, the spinning rates were controlled to
within 0.2 Hz of the desired values for the REAPDOR experi-
ments using the method described below.

As mentioned above, it is best to control the sample spinning
speed to the desired value as closely as possible. An examination
of the 13C part of the pulse sequence shows that the chemical
shift anisotropy is not refocused until the end of the dipolar
evolution period. Hence, if the '3C 7 pulse train is not truly
synchronous with the sample rotation, then incomplete refocus-
ing of the '3C magnetization occurs (47, 51). We present in this
section some results obtained on a sample of natural-abundance
alanine (Aldrich) with a spinning rate of 2000.0 Hz controlled to
within 0.1 Hz. These results are presented to reinforce the need
to have a system that has a stable spinning rate.

A CompAir Hydrovane rotary vane compressor provided
compressed air for sample spinning. The compressor maintains
a pressure between 90 and 110 psi in an attached 100-gallon
ballast tank. This air is delivered to a 60-gallon tank regulated at
80 psi. The gas is then delivered to another 60-gallon tank with
the gas pressure regulated at 60 psi. Two 30-gallon tanks feed
off the latter tank; one of these is the source for the bearing air
and is regulated at 40 psi and the other is the source for the drive
air and is regulated at 25 psi. The function of all of these ballast
tanks is to smooth any pressure waves that might be generated
by the compressor.

Our spinning control system has been described in detail else-
where, but we give a brief description of the system here (57).
The sample rotor is marked with black ink to provide an al-
ternating pattern of dark and light marks. Typically, we paint 5
marks on the rotor. The spinning speed is monitored optically by
counting the number of times the black marks appear in one sec-
ond. This number is compared to the expected number of pass-
ing black marks for the desired spinning rate. If the optically
detected number of passing marks differs from the set value,
then an electronically controlled air valve adjusts the drive gas
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FIG. 8. '3C spectra of natural abundance alanine taken with the pulse se-
quence of Fig. 1 with N, =30 and with the pulse timings set for an exact 2-kHz
spinning rate.
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FIG. 9. '3C spectra of natural abundance alanine obtained with the same
conditions described in Fig. 8, but with the spinning speed deviations of +1 Hz
and —1 Hz from the ideal. The sum of the 4+ and — rate deviations leads to a
properly phased spectrum that suffers significant signal attenuation.

pressure accordingly to compensate for the error in the spinning
rate. With 5 marks painted on the rotor and a counting time of
1 s, the spinning rate can be corrected when the spinning rate
deviates by 0.2 Hz from the set value.

Experiments to illustrate the effect of spinning rate stability
were performed using the '*C part of the REAPDOR pulse se-
quence with the pulse timings set for an expected spinning rate
of 2000 Hz and the evolution period set to 30 rotor cycles. Ten
marks were painted on the rotor and the marks counted for one
second; the spinning rate was found to be stable to within 0.1 Hz
for this setup. Figure 8 shows spectra taken with the spinning
rate set to 2000.0, 1999.8, and 1999.6 Hz. As the spinning rate
moves from the ideal 2000.0 Hz, distortions in the spinning side-
bands of the carboxyl carbon appear and there is observable loss
in intensity of the carboxyl carbon *C resonance. In ordinary
experiments, the spinning rate will fluctuate above and below
the desired spinning rate. The consequence of these fluctuations
is that the spinning sidebands will appear normally phased. This
effect is shown in Fig. 9 where spectra were taken at 2001.0 and
1999.0 Hz to illustrate what happens when fluctuations occur
above and below the desired spinning rate. Both spectra show
severe distortions in their sidebands, but in opposite directions.
Also, both spectra show that a control of only 1 Hz in the spin-
ning rate will result in significant signal loss, especially at the
carboxyl carbon position. The sum of the two spectra results
in normally phased spinning sidebands. Hence, poor spinning
speed control may provide spectra with the appearance of good
quality, but the signal-to-noise ratio will suffer considerably un-
der these conditions.

RESULTS

REAPDOR curves for the methyl carbon were measured for
’D-13C and “N-13C spin pairs in the samples described in the
experimental section. The curves were fitted to the universal
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dephasing curve and the resulting Dg, values were compared
with the actual dipolar coefficient D calculated from the inter-
nuclear distances known from the crystal structure. The C-D
distance is 2.17 A and the C-N distance is 2.47 A (52). These
distances correspond to dipolar couplings of 450 and 144 Hz,
respectively. The '“N experiments were repeated for three spin-
ning frequencies and a range of recoupling pulse amplitudes of
the adiabatic pulse. The QCCs of the >D and '“N nuclei men-
tioned under Experimental allow the corresponding v, /vy and
Vg /v ratios to be evaluated. Figure 10 shows the resulting
Dy, /D ratios plotted against v;/vg. The arrows in the figure
indicate the lower limits of the usable v; /v ranges. They were
found by interpolation of the data points in Table 1 and Fig. 2b.
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FIG. 10. Dipolar coupling constants obtained for alanine by curve fitting
of the universal dephasing curve to measured REAPDOR curves. The fitted
dipolar coupling constants Dy are normalized to the D values derived from the
crystal structure. The experimental parameters are listed in Table 3. The arrows
indicate the lower boundaries of the useful region (interpolated from Fig. 2b and
Table 1).

239

N A

LI e B B B

0.050 0.100 0.150

0.00 b L
-0.150 -0.100 -0.050 0.0
AV/VQ

FIG. 11. REAPDOR fraction, (Sg — S)/So, obtained for the methyl '3C
resonance of alanine as a function of the difference Av between the recoupling-
pulse frequency and the '*N Larmor frequency. Experimental parameters:
vg =800 Hz, v =42 kHz, T =2.5 ms, corresponding to vg/vp =0.00044,
v1/vo =0.0232, Dt =0.36. The offset, ranging from —250 to 4250 kHz, is
plotted as the ratio Av/vg.

These results indicate that the proposed method for analysis of
REAPDOR data indeed yields dipolar coupling constants with
better than +13% accuracy, provided v, and vg meet the re-
quired conditions. Finally, results of REAPDOR fractions mea-
sured as a function of the frequency offset Av of the recoupling
pulse with respect to the resonance frequency of the '“N res-
onance frequency of alanine are plotted in Fig. 11. The data
demonstrate that the dephasing is not appreciably affected by
offsets that are less than 5% of vy (£100 kHz in the alanine
case).

DISCUSSION

We have established the ranges of rotation speeds, vg, and RF
amplitudes, vy, for which experimental REAPDOR results with
D or '*N as the nonobserved spin can be readily analyzed by
comparison with the universal dephasing curve given in Eq. [1].
The limiting values of the ranges are given as fractions of the
quadrupole frequency, v, and are shown in Fig. 2b. Provided the
QCC, and hence vy, is approximately known, the experimental
parameters required for successful application of the universal
curve can be chosen according to these boundary rules. An im-
portant benefit of the proposed approach is that knowledge of the
asymmetry parameter of the quadrupolar tensor or of its orien-
tation in the molecular frame is not required. In a typical case of

TABLE 3

Experimental Parameters Used in the REAPDOR Experiments
on Alanine, the Results of Which Are Shown in Fig. 10

Figure VR/Vo vo (kHz) vg (kHz) v; (kHz) D (Hz)
10a 0.0125 250 3.125 9.0-53.5 450
10b 0.00214 1800 3.861 28.7-54.1 144
10c 0.00174 1800 3.125 34.2-51.8 144
10d 0.00111 1800 2.000 25.2-50.0 144
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14N, the QCC is somewhat larger than in alanine, which was the
example used in this paper. Thus, the conditions on the RF am-
plitude are more stringent in general applications, particularly
if one works with a sample of which the QCC is not known. In
most cases, the QCC of '*N is 3.3 MHz or smaller, correspond-
ing to vg < 5 MHz. (Typical QCCs are 2.4 MHz for amides,
1.2 and 2.5 MHz for amino acids, 3.3 MHz for peptide bonds,
and 0.8 MHz for purines (53). This implies that when the QCC
is unknown, the RF amplitude has to be at least 76 kHz with a
spinning speed of 6 kHz, or 60 kHz with a spinning speed of
3 kHz. In the typical case of deuterium, having QCC ~ 160 kHz
(vo ~ 240 kHz), the RF amplitude has to be at least 22 kHz
at a spinning speed of 10 kHz, or 17 kHz at a spinning speed
of 5 kHz. Another useful feature of the REAPDOR experiment
is that there is considerable leeway in the value of the applied
S-spin RF frequency. Figure 11 shows that the S-spin irradiation
frequency may deviate from the isotropic position by as much
as 5% of the quadrupolar coupling frequency. This is particu-
larly important in the case of '*N, for which the isotropic shift
is usually difficult to measure directly.
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