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Abstract: Accurate distance measurements between pairs of nuclear spins can provide detailed information about
molecular structure in the solid state. The rotational resonarieg@hnique, in particular, has been used to measure
internuclear distances in a variety of compounds, often between pdff€ oficlei where the outer range is-6 A.

Recent studies have revealed that the spin dynamics at rotational resonance are influenced by zero-quantum line
shape parameters including?Tand the dispersion in isotropic chemical shift differences. Errors in the estimation

of these parameters are often the limiting factor in determining the accuracy of a distance measurement. Here we
present a modification of Rtermed “rotational resonance tickling” fR, which uses a ramped rf field to induce

fast passage through the dipolar resonance condition, thereby greatly reducing the dependence of the spin dynamics
on zero-quantum parameters. Extraction of distance information from the resulting exchange curves is approximately
a single-parameter fit, with accuracies in model systems that appear to be on the oteled & or better. An
additional feature of the technique is that it does not demand the very high-pbwdgcoupling fields typically

required in other recoupling experiments to limit signal loss during mixing. We demonstrate the technique in a pair
of 13C,-labeled model compounds, tyrosine ethyl ester and glycylglycine hydrochloride, with effective internuclear
distances (including intermolecular effects) of 5.05 and 4.3 A, respectively.

Introduction remove the effects of abundaht nuclei on the subsequent
. ) spin dynamics.

The measurement of internuclear distances between nuclear go.5,se MAS also attenuates the dipolar interactions between
spin pairs in solids has become a relevant and heavily exploitedyq,,_,, nyclei, which encode information about nuclear proximity,
tool for investigating the molecular structure of ﬂt;ologmal some method of interfering with this attenuation is often
SamP'es |nclud|ng§membrane and crystalln_1e pro namd_ necessary to extract structural information. A wide variety of
peptide aggregates. In the usual approach,.lsotoinc I?sbelmg “dipolar recoupling” techniques have been introduced in recent
of the b|omolecgle of interest with Iow-nucl_el (e.9°C, *N) ears expressly for this purpo¥®.The majority are based on
creates an easily manipulated nuclear spin system where the, gjmpje principle: the spin components of the dipolar interac-
spatial distribution of the spins is determined by the conforma- yjo can be modulated with rf pulses in a manner that interferes

tion of the molecule. Nuclear magnetic resonance (NMR) yith MAS modulation of the spatial part of the interaction,

experiments which allow measurement of interspin distances yherepy reintroducing structural information to the spin dynam-
then report directly on molecular structure. These experiments;

- ¥H ics. Unfortunately, vigorous rf manipulation of th@spin
are generally performed within the framework of the CP/MAS

hniques wh \arizati . system often interferes with the high-powli decoupling
technique;® where cross-polarization (CHyom | spins (gener-  oncyrrently applied to most samples, leading to significant
ally H nuclei) to the lowy nuclei Sspins) of interest increases

; ; / ) S-spin signal loss during the experimé#t? This limits the
th? s_lgnal-to-n0|5(_a ratio (S/N). ~ Concurrently, maglq-angle distance range over which such recoupling techniques are useful.
spinning (MAS}? increases S/N and spectral resolution by 1he problem is particularly acute for experiments on homo-
collapsing the broad powder patterns characteristic of static ., | jear spin pairs, where “control” experiments that allow
solids into narrow center bands and a series of flanking side g|imination of the signal loss contribution to the observed
bands spaced at the spinning frequency. High-power proton dynamics are difficult to define.

decoupling (HPPD) is applied after CP, where necessary, to The rotational resonance 3Recoupling techniqué14does
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internuclear distance. This limits application of the technique rotary resonant (HORROR) effect, and Takegaethal. 23 who

to spin pairs with significant isotropic chemical shift differences. suggested similar experiments and pointed out their connection
However, because no rf manipulation of the spin system is to standard rotational resonance.

required (beyond encoding and decoding the appropriate initial

and final conditions, respectively), essentially no rf-dependent Experimental Methods

signal loss occurs, and the experiment is sensitive to dipolar 1| apeled Samples. Synthesis and purification ¢fCo-labeled
couplings corresponding to internucléd€—*C distances Up  tyrosine ethyl ester (TEE) have been described previdésighe 1iC
to 5-6 A1 labels were placed at thé gOH) carbon of the tyrosyl ring and the

It is well-known that the magnetization exchange curves methylene carbon of the ethyl moiety. The sample consisted of labeled
obtained using the Rtechnique (and from which distance material diluted 1:10 in unlabeled (natural abundance) TEE, as
information is extracted) are sensitive to parameters in addition confirmed by comparison of the intensities of labeled and unlabeled
to the internuclear distance. In particular, the zero-quantum peaks in a series of CP/MAS spectra. Synthesis and purification of

. . . 13C,-labeled glycylglycine hydrochloride (GG-HCI) have also been
homogeneous line width parametef* and the inhomoge- described* The 13C labels were placed at the-carbon of the

neous zero-quantum line shape (of relevance in systems withy_terminal residue and the terminal carboxyl carbon. The labeled
resonances broadened by chemical shift dispersion (§$bth material was diluted 1:10 in unlabeled GG-HCI for the NMR experi-
influence the magnetization exchange trajectory. The accuracyments.

with which these parameters are determined often limits the NMR Experiments. NMR spectra were recorded at 9.4 T (100
accuracy of Rdistance measurements. Although zero-quantum MHz 3C) using a custom-designed spectrometer and data acquisition
filtering experiments have been proposed that allow direct and processing software courtesy of D. Ruben. The custom-designed
measurement of the appropriate parameéfétisese experiments transmission line probe,_coyrtesy of C. Rienstra, was equipped with a
are not directly applicable to the weakly coupled spin systems 4 mm Chemagnetics spinning assembly and was more than adequate

hich v of int Al tivel t to achieve the spinning speeds (up to-13 kHz) and*H and*3C rf
which are generally or Interest. ernatively, zero-quantum g 4o (40-80 and 50 kHz, respectively) used in the experiments.

parameters may be estimated from single-quantum measurespinning speeds were locked to withis2 Hz of the reported values
ments, although this alternative involves assumptions aboutysing a Doty spinning speed controller. Samples were packed to fil
correlation between the sitéd7 Using the single-quantum  the entire rotor (a measurement of the rf homogeneity across the sample
estimation method, it has been suggested that the uncertaintiess discussed below). Recycle delay8e were used in all experiments.
in distance measurements appioadA for 13C—13C pairs* We For the RT experiments, thé&C,-labeled samples were spun about
have developed alternative methods for directly determining the magic angle at a frequency slightly higher than dictated by the n
zero-quantum line shape parameters by studyih@@®hange 10rotat|0nal resonance .cond|t|on (typlf:ally by a margin on thq ordgr of
dynamics as a function of resonance mismatch; our results do®%): and a weak rf field was applied to scale the effective field
o - magnitudes to match the generalized resonance condition (discussed
not indicate that the observed errors are of this Sizélever- . . i
. . in more detail below):
theless, techniques that attenuate or simply remove the depen-
dence of the exchange dynamics ofi“land CSD parameters
would provide an improved approach.

Here we propose and demonstrate the effectiveness of
“rotational resonance tickling” (H) to circumvent these
problems-low-y signal loss due to interference withH
decoupling and exchange dynamics dependenttafd CSD. wfs= ol + ofs (1b)

R2T involves spinning slightly faster than the standares 1

rotational resonance condition and simultaneously applying a andaw, represents the rf field strength ang represents the appropriate
relatively weak rf field to the homonuclear spin pair to induce resonance offset. The TEE sample, for example, with a 9.4 kHz
dipole-driven dynamics. Under the appropriate conditions, these chemical shift difference and a 9.9 kHz spinning speed, required an rf
dynamics show markedly reduced dependence on both homo-field strength of approximately 1.6 kHz (carrier frequency placed in
geneous and inhomogeneous zero-quantum line shape paramihe middie of the two*C resonances) to match the generalized

eters, with the result that distance information of increased "eSonance condition.

accuracy can be extracted. The resonance phenomenon that The R effect is often exploited within the framework of a
ongitudinal mixing experiment to observe dipole-driven polarization

under_lles thls. teChmque is identical to that exploited in Othe_r transfer within a spin pair, analysis of which yields information about
experiments, including the well-known heteronuclear CP experi- ho internuclear distandé. An obvious modification is re-
ment under “fast-spinning” condition8°and also to variants quired—application of weak CW rf of the appropriate magnitude on
of the heteronuclear rotary resonance experirfentiomo- the lows channel during the dipolar mixing periedo perform the
nuclear examples include the work of Nielsen and co-workers, R2T experiment. Further modification is required to compensate for
who recently suggested the application of rf fields to systems the fact that the effective fields no longer lie along the rotating frame

with small chemical shift differences to induce a homonuclear zaxis. The resulting R pulse sequence for near-longitudinal mixing
is diagrammed in Figure 1. After CP frotd nuclei (1-2 ms duration),

(15) Raleigh, D. P.; Creuzet, F.; Das Gupta, S. K.; Levitt, M. H.; Griffin, high-power CW decoupling is applied to tiél channel for the

ws = o)+ 0i= o, (1a)

where the effective field strengths are given by
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(17) Heller, J.; Larsen, R.; Ernst, M.; Kolbert, A. C.; Baldwin, M., inversion of one of the two resonances, followed by application of a
;’gflner, S. B.; Wemmer, D. E.; Pines, @hem. Phys. Let1996 251 90° pulse to create longitudinal difference polarizatidfC( carrier
(18) Costa, P. R.; Sun, B. Q.: Griffin, R. G., in preparation placed in th(_e middle of the two resonances for this and subsequent
(19) Stejskal, E. O.; Schaefer, J.; Waugh, JJSMagn. Resonl977, pulses). This sequence is formally identical t;mma= 2 DANTE?
28, 105. sequence, where the CP process accomplishes the purpose of the initial
(20) Meier, B. H.Chem. Phys. Lett1992 188 201—207.
(21) Levitt, M. H.; Oas, T. G; GCriffin, R. Glsr. J. Chem.1988 28, (23) Takegoshi, K.; Nomura, K.; Terao, Them. Phys. Letl995 232
271. 424,
(22) Nielsen, N. C.; Bildsoe, H.; Jakobsen, HJJChem. Phys1994 (24) Halverson, K. J. Thesis, MIT, 1991.

101, 1805-1812. (25) Morris, G. A.; Freeman, Rl. Magn. Resonl977, 29, 433-462.
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Figure 1. Rotational resonance tickling fR) pulse sequence.

90° DANTE pulse. Omitting the transverse evolution period allows
creation of longitudinal sum polarization for control experiments (see
below).

Following storage of the magnetization along tkexis of the
rotating frame, an adiabatic “ramp-in” (RI) pulse is applied to rotate it
to the appropriate near-longitudinal axis for mixi#{gThe magnitude
of the rf during this pulse is linearly stepped (in-2B0 increments)
from zero to the appropriate magnitude for dipolar mixing, with step
duration on the order of 2080us. A complementary “ramp-out” (RO)
pulse (with similar step number and duration) is applied at the end of
the mixing period to return the magnetization to the rotating frame
z-axis. The ramp rate for each of these pulses is sufficiently slow to
allow for quasi-adiabatic manipulation of the polarization within the
rotating frame, while simultaneously being rapid enough to avoid
inducing significant dipole-driven dynamics in the weakly coupled spin
systems examined here. This is particularly relevanfihékperiments
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the low-power regime (43 kHz) were measured in this manner, and
a linear fit to the data was used to determine the relationship between
input rf power and the resulting rf field strength in the coil. An example
of the rf distribution across the coil (modified by CP excitation
efficiency) is given below.

Numerical Simulation of Spin Dynamics. The simulated exchange
curves shown in the following sections were calculated by numerical
integration of the equations of motiraccording to

p(t + At) = e "Ap(t)e"™ @
wherep(t) is the density matrix representing the state of the system at
time t, H is the full two-spin Hamiltonian in the rotating frame (see
below), and integration time steps were on the order o8 Jus.
Because the ramped nature of the rf magnitude during mixing rendered
the Hamiltonian noncyclic even over successive rotor cycles, stepping
through the entire evolution period in this manner was required.
Furthermore, each point in the calculated ramp curves required a
separate simulation, because these points do not correspond to
successive values of an observable along a single mixing petted
ramp rate is different for each. Calculations were performed for a series
of randomly selected crystallite orientations (typically on the order of
500-1000), with the results averaged to create the final curve. The
values of the terms in the Hamiltonian were determined as follows:
(i) the dipolar coupling constant was set as described for each
simulation; (iij) CSA tensor elements were derived from the standard
Herzfeld—-Berger analysis of the side band patterns in slow-spinning
spectré®® and (iii) relative tensor orientations were ignored, except

where either the RI or the RO pulse passes through a dipolar resonancevhere otherwise stated.
condition in the course of rotating the polarization within the rotating For simulations including relaxation of 2-quantum coherence, each
frame. In more strongly coupled systems, faster Rl and RO ramp ratesstep of coherent evolution (described by eq 2) was followed by a
may be necessary to achieve this end. relaxation step in which the magnitudes of the density matrix elements
Between the Rl and RO pulses, rf is applied to match resonance corresponding to 2-quantum coherence (enym:[li, ;| coherences
and induce dipole-driven dynamics. Setting the rf magnitude to the (m = 1), wheremym; + mym; = —2) were damped according to the
resonance value during this period will induce-IRe exchange appropriate relaxation rate:
dynamics, with the expected dependence on chemical shift dispersion
and zero-quantum relaxation, and additional dependence on the nature
of the rf distribution within the coil. As we show below, however,
appropriately ramping the rf amplitude such that the system passes
through dipolar resonance induces dipole-driven dynamics which remain
a strong function of the dipolar coupling constant but have much
reduced dependence on the inhomogeneous (chemical shift dispersio
and rf inhomogeneity) and homogeneous (zero-quantum relaxation)
effects that limit the accuracy of the standardl éxperiment. This

[o(t+ AD)y = e ot + AD] (3)
where R represents the 2-quantum relaxation rate, theand +
superscripts refer to pre- and postrelaxation, and tfieifdices are
selected for each 2-quantum matrix element. Becad$edgnamics
Neeur in a slightly tilted frame (relative to the rotating frame) this
simulation method (relaxation in the “Zeeman” basis) does not fully

hieved in th . ts detailed here by i v stepping th relax the two-spin coherences created during the polarization transfer
was achieved in the experiments detailed here by linearly Stepping eprocess. The tilts from the rotating frame are relatively small, however,

it amp_htude during th? dipolar mixing period through 100 Increments 5,4 since the agreement of our simulation with experiment is excellent,
spanning the appropriate ramp range (ranges varied and are listed for

each case below). The duration of each step was varied from 0.01 towe believe that this is a minor (and hence acceptable) approximation.
1 ms (for overall mixing times from 1 to _100 ms). This yielded Background
exchange curves that map out the evolution of sum or difference
polarization as a function of ramp rate. Generalized Resonance Condition.The Hamiltonian (in
Following the RO pulse, a 9(ulse is applied to create transverse the rotating frame) for a homonuclear spin pair (I and S)
magnetization for detection. The FIDs for each mixing time are evolving under the combined effects of MAS and a weak rf
processed, and residual sum or difference polarization after mixing is fie|d js:31
calculated from integrated peak intensities.
Low-power rf field strengths (for the RI/RO and dipolar mixing
periods) were measured by the standard nutation méthisthg the
R?T pulse sequence in Figure (1), with the transverse evolution, RI,
and RO periods omitted, and the mixing rf phase perpendicular to the
13C CP rf. In these experiments, thE carrier frequency was set near
the low-field peak in each two-spin sample (within 0.1 kHz) to reduce
the CSA-dependent shift and broadening of the nuclear spin precession
frequency about the applied#. FIDs were obtained as a function of  and
the mixing time at constant rf field strength, with dwell time on the
order of 100us. 2D Fourier transformation of the resulting data set
yields an indirect dimension where the near-resonance peak is at the rf

H=ol,+ wS + w,(ly+S) + Hg(t) (4a)

where

His = 05315, — T-9 (4b)

(4c)

nutation frequency. A series of five to eight rf field strengths spanning

2
wp() = Y ofe™"
m=—2

(26) Desvaux, H.; Berthault, P.; Birlirakis, N.; Goldman, M.; Piotto, M.
J. Magn. Reson. A995 113 47-52.
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Delft University Press: Dordrecht, Holland, 1980.
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(29) Abragam, A.The Principles of Nuclear MagnetisnOxford
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(31) Mehring, M.Principles of High Resolution NMR in SolidSpringer-
Verlag: Berlin, 1983.
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expresses the time dependence imposed on the dipolar couplings U, = g@lztbos)u2 @)
by MAS (chemical shifts are assumed to be isotropic). Trans- !
formation to a doubly tilted frame in which the effective field \yherea andb are integers selected to appropriately minimize

for each spin lies along a positizeaxis will prove convenient  he residual effective field terms in the transformed Hamiltonian.
for subsequent calculations and results in a modified Hamilto- \ye can divide the dipolar terms in eq 6b according to the

nian of the form manner in which they are modulated by this transformation:
1 o o T double-quantum terms modulated at the sum of the | and S
UHU = o/l + oS, + Hig (5a) transformation frequencies, zero-quantum terms modulated at

the difference, antiphase | and S terms modulated at the | or S
with wfs = (w5 + wfg)M? where the tilting transformation is  frequency, and a term that is not modulat&dAlthough all
given by but the last term can in principle be recoupled under appropriate

. conditions, dominant CSA interactions preclude use of the
U, = gOilvtosS) (5b) antiphase terms, and a symmetrically placed carrier yields a
difference frequency that is zero and precludes use of the zero-
and quantum term. Here we focus on the double-quantum term
which is responsible for both the = 1 R? and HORROR
9|,s = tan’l(wl/wLS) (5¢) recoupling effects. Under typical conditions the relevant terms
in the interaction-frame Hamiltonian will have the form

The tilted dipolar Hamiltonian term is calculated by first 14 14
expressing its spin part as a product of first-rank, | and S single- H™ = (w5 — 0,)(3%) + Cpop®)(3¢? cost) +
spin tensors I sin@,1) (8)

_ 7.8 9y _ DS where ws = w; + wg and we have used a fictitious spin
(125 =19 =Tz = 3(T(10T(10) z . 1)mT(l T( m (62) operatorJ for tlhe twg-level system defined by the double-
guantum statel = |++[]4= |— —[PF537 Averaging over a
with rotor cycle, the space and spin modulations of the dipolar term
interfere and yield an average Hamiltonian with partial dipolar
T,= _T1 (6b) character:

_lz’ le:l_ﬁli

so that the tilted term is

A" = (0 — )29+

b
C,i—= sin (3¢ cosgy) + I singy)) (9a)

2 _ 1 22
HlTs= 2 ‘U(Dm)‘:"lmrt ; Cr’n’!rﬁ’T(llr)ﬁT(l?f (6¢) ] ) ) ) )
m=—2 m,i=—1 where the angle§ andy define the dipolar orientation relative
to the spinning axis in the standard manffeand the dipolar
and coupling constant is given by
Crionr(6,,09) = Ul VN2
L bs=\>]7% (9b)
1 1 1 2/
3d0m'(9|)dom'(05) - Z (= 1) dm’ mrv(9|)d—mr”,m'(es)
(6d) When the resonance condition
whered;, ;(6) is the first-rank reduced Wigner matri. Wy = o] t 0g= o, (10)

For couphngs that are small compared to the spinning speed,
(wr >>|w(Dm)|), the sinusoidal oscillation imposed by MAS on
the magnitude of the various components of the coupling is
expected to average their effects on the spin dynamics to zero
over the course of each rotor period. In the parlance of Average
Hamiltonian Theory (AHTFA3 the zero-order term in the
standard AHT expansion vanishes. Because of the noncom-,
mutation of the dipolar and effective field terms in the
Hamiltonian, however, higher-order terms in the AHT expansion
may be significant, particularly when the size of the effective
fields approaches the spinning frequency. Transforming to an
interaction frame defined by components of the effective fields
reduces their size and so makes the average Hamiltonian
calculated in the new frame a valid approximation.

The form of the interaction frame transformation is given by

is precisely matched, the first term vanishes from eq 9a and the
average Hamiltonian is purely dipolar. This is the resonant
recoupling effect, common to a series of experiments including
heteronuclear CP under fast-spinning condititstandard R4

and 2Q-HORROR?23 Measurement of the spin dynamics on
resonance provides information about the nature of the dipolar
interaction. We note that the recoupled Hamiltonian that we
have just derived has double quantum character, independent
of effective field orientation. It differs from the more familiar
zero-quantum Raverage Hamiltonian in the untilted rotating
frame by the 180 rotation of one spin’s-axis that connects
the untilted rotating frame to the tilted frame appropriate for
R2 in our formalism.

“Longitudinal” Exchange Dynamics. The recoupling effect
evident in the average Hamiltonian (eq 9a) is often exploited

(32) Reference deleted in proof. in the framework of a longitudinal mixing experiment to observe
(33) Sakurai, J. JModern Quantum MechanicsAddison-Wesley
Publishing Co., Inc.: Redwood City, CA, 1985. (36) Wokaun, A.; Ernst, R. Rl. Chem. Physl977, 67, 1752.
(34) Waugh, J. S.; Haeberlen, Bhys. Re. 1968 175 453-467. (37) Vega, SJ. Chem. Physl978 68, 5518.
(35) Haeberlen, UHigh Resolution NMR in SoligsAcademic Press: (38) Spiess, H. W. IDynamic NMR SpectroscopRiehl, P., Fluck, E.,

New York, 1976. Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1978; Vol. 15, pp-244.
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Figure 2. Diagram of spin dynamics in the fictitiousspin frame.

(A) On-resonance dynamics, indicating rotation of the vector represent-
ing the density matrix about the vector representing the recoupled
dipolar Hamiltonian. (B) Ramp-through dynamics, indicating the
rotation the Hamiltonian vector undergoes as the effective fields are
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J-space, relaxation is often anisotropic: the “transverse”
2-quantum coherence that is created during the polarization
transfer process typically has a relaxation time on the order of
1-10 ms, while effective field-locked “longitudinal” polariza-
tion may experience little or no relaxation over time scales
approaching £10 s (this is particularly true when the effective
fields in the rotating frame are near longitudinal). For spin pairs
in which the recoupled dipolar interaction has a magnitude
similar to or smaller than the 2-quantum relaxation rate, the
coherent oscillations are damped and a monotonic decay of
difference polarization is observed. The details of the decay
as a function of mixing time depend strongly on the relative
sizes of the 2-quantum relaxation rate and the dipolar coupling
constant. Hence an accurate estimate of the 2-quantum
relaxation rate is necessary for precise determination of the
internuclear distanc®. A similar dependence of the dipole-
driven dynamics on the relevant 2-quantum relaxation rate in
weakly coupled systems has been identified in RFDR experi-
mentd? and is expected for most other homonuclear dipolar
recoupling techniques when employed in longitudinal mixing
experiments.

A second modification to the exchange dynamics, particular
to rotational resonance, arises from CSD. Even in crystalline
samples composed of molecules in a single conformation, there
is a distribution in the isotropic chemical shift associated with
each site. This distribution is attributed to variations in
intermolecular packing across the sample which are static, at
least on the NMR time scaf€. Because the distribution in
chemical shifts at each site translates into a distribution of

ramped through resonance. Performed slowly enough, the density matrixisotropic chemical shift differences, it becomes impossible to

will follow the Hamiltonian (corresponding to adiabatic manipulation
of the system). In (B), the dipolar component of the Hamiltonian is
assumed to lie along theaxis of J-space.

dipole-driven spin dynamics in weakly coupled spin pa#®.

Polarization is prepared along the effective fields, and during
subsequent mixing on-resonance, dipole-driven spin flips along
the effective fields lead to polarization transfer between the

precisely match the appropriaté Bondition for all spin pairs

in the sample. The exchange dynamics observed by placing
the spinning speed at the approximate center of the difference
distribution (for then = 1 rotational resonance) are modified
according to the nature of the CSD broadening, the modification
becoming significant when the width of the distribution is
comparable to (or exceeds) the magnitude of the recoupled

coupled sites. The coherent, on-resonance evolution of effectivedipolar interactior?:'” This effect also damps the coherent

field-locked sum polarization as a function of mixing time (and
in a single crystallite) is given by

p(t) = ¥ cos(@p)1t) +
(5P siny — 3P cosy) sin(a$1t) (11a)

wherep(t = 0) = Iz + S represents the initial condition and

&%) = cnzb—jé sin(2) (11b)

represents the magnitude of the recoupled dipolar interaction.
This describes an oscillation of the density matrix between sum

polarization and double-quantum coherence (at a frequency

related to the dipolar coupling constant) and is illustrated in
the fictitious subspace corresponding to thepin in Figure
2A. In a powder sample, the observed dynamics are an averag
over all orientations and an inhomogeneously damped oscillation
results. Given an ideal case that follows this evolution precisely,
the dipolar coupling constant can be extracted directly from
analysis of the time-dependent oscillations in the exchange
curve.

Relaxation modifies the coherent dynamics in a manner that
is particularly complex for weakly coupled systeiis.In

(39) For an example illustrating transverse experiments in weakly coupled
systems see: Verdegem, P. J. E.; Helmle, M.; Lugtenburg, J.; de Groot, H.
J. M.J. Am. Chem. S0d.997, 119,169-174.

dynamics, in a manner that depends on the size and shape of
the broadened resonance condition, and accurate distance
measurements require precise quantitation of the CSD contribu-
tion to the observed dynamics.

Ramping through Resonance. Application of an rf field

of fixed magnitude to perform the2R equivalent of an on-
resonance longitudinal mixing experiment would exacerbate the
problem of extracting an accurate distance since the effects of
rf inhomogeneity add to those of CSD. The benefit of tR& R
technique rests instead on the control over matching the
resonance condition on short (micro- to millisecond) time scales
that an rf component of the effective fields affords. Instead of
remaining at the resonance value throughout the mixing period,
the rf field magnitude is ramped such that the sum of the
effective field magnitudes passes through resonance. This
imposes a time dependence on the recoupled dipolar Hamilto-
nian, illustrated in Figure 2B (an acceptable description when

&he changes in the effective fields are small over the time scale

of a single rotor cycle, so that the average Hamiltonian
calculation remains valid% Performed slowly enough, and
absent relaxation effects, one can achieve adiabatic polarization
transfer in this manné? 4 For low-y nuclear spins, and

(40) VanderHart, D. L.; Earl, W. L.; Garroway, A. N. Magn. Reson.
1981, 44, 361—-401.

(41) Zhang, S.; Czekaj, C. L.; Ford, W. T. Magn. Reson. A994
111, 87—92.

(42) Pines, A.; Gibby, M. G.; Waugh, J. 3. Chem. Phys1973 59,
569.
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especially the weakly coupled spin pairs considered here,
relaxation effects and limitations on mixing time due, for
instance, to HPPD heating effects, make such experiments
difficult or impossible.

Nevertheless, ramping the rf field such that the system passes
through resonance can still provide several benefits in these
cases. First, we expect almost identical manipulation of the
recoupled dipolar Hamiltonian for spin pairs with slightly -0.2 0.0 0.2
different resonance conditions (due to CSD and rf inhomoge- Resonance Mismatch (kHz)
neity) when the ramp starts far to one side of the resonanceFigure 3. Simulations of magnetization exchange as a function of
condition and proceeds far to the other. This implies that the resonance mismatch with 2-quantum relaxation rates of 200 (solid line)
spin dynamics induced by the ramping process will have and 500 (dashed line) Hz, otherwise using the parameters for TEE
significantly reduced dependence on these variables. Two described in the text. Or_l-reson_ance,afaster 2-quantu_m_relaxation rate
factors that might affect the validity of this statement are the reduces exch_ange, wh_lle sufficiently off-resonance it increases ex-
width of the rf distribution relative to the overall ramp width ~¢"nge. Rapidly ramping through the resonance may reduce the
and the arc over which the effective fields move in passing d?ﬁ?ndence of tht(.a dynatm|cs ?r:ht_he ?f—qutantum relaxation rate because
through the CSD-broadened resonance condition. With respect0 © compensating nature ot this efrect
to the first point, we note that the rf contribution to the effective
field strength is small in these experiments. Hence, the width
in the distribution of effective field strengths due to rf inho-
mogeneity is only a fraction of what it would be were the
effective fields dominated by rf, as in a CP or HORROR
experiment. The rf contribution to the resonance width is
calculated according to

field strengths when the ramp range is small relative to their
magnitudes. For linearly changing effective field strengths, the
angular velocity of the Hamiltonian withird-space has a
Lorentzian distribution (as a function of resonance mismatch),
peaked on-resonance where the magnitude of the Hamiltonian
is minimized. The maximum in the Hamiltonian rotation rate,
particularly at this point in the sweep, reduces polarization

4o transfer efficiency. Nonlinear rf manipulations have broader
Aws ~ Awl(—l) (12) angular velocity distributions and may yield more polarization
Ws transfer for a given mixing time. Hediget al, have proposed

) ) ) shapes of the effective field manipulation, in the context of
for a symmetrically placed carrier frequency. Underlying the heteronuclear CP, which impart approximately constant angular
second point is the effective-field orientation dependence of the velocity to the Hamiltonian during the sweéb. However,
magnitgde of the recoupled interaction, so t_hat Fhe ratio of the changes in the ramp rate during mixing may not be consistent
CSD width of the resonances to the effective fields becomes vt the requirements of experiments aimed at inducing identical
relevant. For most systems these are minor effects and, as Wenanipulations for all spin pairs within a broadened resonance
demonstrate below, can be ignored. _ ~ condition so that the effect of the broadening on the spin

The second and more subtle benefit that ramping affords is gynamics is minimized. Although some modification of the
connected with the dependence of the exchange process ofyasic linear ramp may improve the overall efficiency of these
relaxation. Ramp-induced dynamics are clearly sensitive to gxperiments without reintroducing broadening-dependent effects,
relaxation: in its absence, polarization transfer efficiencies e have chosen to use linear ramps in these initial experiments

approaching 100% are possible by quasi-adiabatic manipulationpecause of their simplicity and effectiveness (demonstrated
of the system, while with fast relaxation of 2-quantum coher- pejgy).

ence, the polarization transfer efficiency is limited to 50%.
However, in the “fast-passage” regime, where one ramps Results and Discussion
through the resonance condition much more quickly than
required for adiabaticity, one finds (as we show below) that
the induced dynamics are less sensitive to this type of relaxation.
A possible rationale for this behavior is as follows. The shape
of the dipolar resonance condition for a typical longitudinal
exchange experimenthat is, the amount of exchange obtained
as a function of mismatch from resonance for a fixed mixing

The Dipolar Resonance Condition in TEE. Figure 4A
illustrates the3C chemical shift spectrum obtained frdfC,-
labeled TEE spinning at 9.900 kHz. From the molecular
structure determined by X-ray crystallogragfiythe intramo-
lecular distance between the labeled sitésql carbon of the
tyrosine ring and methylene carbon of the ethyl moiety) is

: I . calculated as 5.05 A, yielding a dipolar coupling constant of
time—has a characteristic dependence on the 2-quantum relax 59 Hz. The CSA tensors of the two sites, obtained from side-

ation rate (Figure 3). With fast 2-quantum relaxation, more band patterns in slow-spinning spec®are as follows:6 =

rapid off-resonance magnetization exchange and reduced oN- 5 9 KHz andy = 0.91 for the 4OH carbon:d = —3.20

resonance exchange is observed as compared to the sIon< . .
. . ] Hz andn = 0.05 for the methylene. The chemical shift
2-quantum relaxation case. If we imagine fast passage thrOLIghdifferencé7 is 9.410 kHz, so that);\ 1.54 kHz rf field (carrier

such a resonance condition as simply summing the rates of recisely in the middle of the two peaks) is necessary to increase
exchange at each point along the resonance, then changes it e effe?:ltive field strengths to mgtch resonance T);]e effective

the 2-quantum refaxation rate will not strongly influence the field orientations undergt]hese conditions are iIIusfrated in Figure
verall amount of exchan rv n ing through . -

overall amount of exchange observed upon passing throug 4B. Note that the presence of side bands in the spectrum

resonance because of the compensating effects of on- and off-" . - X . . -
resonance dynamics. indicates that relative tensor orientation (CSA and dipole) will

We have chosen here to linearly ramp the rf magnitude/(d have an effect on the dipole-driven exchange dynamics (although

dt = constant), which leads to a linear response of the effective minor as indicated by the sma]l size of the §|de bands).l An
identical effect has been notedrin= 1 R? experiments on this
(43) Chingas, G. C.; Garroway, A. N.; Monitz, W. B.; Bertrand, R. D.  compounéP® and is not introduced by the?R modification. The
J. Am. Chem. S0d.98Q 102, 2526.
(44) Hediger, S.; Meier, B. H.; Kurur, N. D.; Bodenhausen, G.; Ernst, (45) Pieret, P. A.; Durant, F.; Griffe, M.; Germain, G.; Dehaerdemacker,
R. R.Chem. Phys. Lettl994 223 283-288. T. Acta Crystallogr.197Q B26, 21172124,
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Figure 4. (A) Spectrum oft3C,-labeled TEE, indicating the chemical  Figure 5. (A) Residual sum (open circles) and difference (filled circles)
shift difference between the labeled sites and the MAS frequency at polarization after mixing for 100 ms at the indicated rf field strength.
which the tickling experiments were performed. (B) Effective field The selective decay of difference polarization near 2 kHz indicates the
orientations when rf of the appropriate magnitude to induce dipolar dipolar recoupling effect, while the simultaneous and more drastic decay
resonance~1.5 kHz) is applied. of sum and difference polarization at higher field strengths is primarily
caused by recoupled CSA interactions. (B) Subtraction of difference
orientation of aromatic tensors in the molecular frame is from sum polarization provides a direct look at the resonance condition.
known?® and the axial symmetry of the methylene carbon CSA The lines under the resonance condition illustrate the ramp ranges for
makes the assignment of its orientation in the molecular frame subsequent experiments. (Data in (A) and (B) collected in different
relatively clear (symmetry axis along the-© ester bont). experiments.) The inset shows the rf distribution within the coil at a
The relative tensor orientations were calculated using these!YPical f field strength.
tensor assignments and the X-ray coordinates and are described
by the Euler angles (according to Spiess’s conveffjomlipolar
tensor €, g, y) = (0°, 0°, 0°); 4-OH tensor (0, 55°, 37);
methylene tensor (0 66°, —136°).

The dipolar resonance condition was mapped out using the
R2T pulse sequence with a fixed mixing time (100 ms, with a
decoupling field of 56 kHz). Sum and difference polarizations
were prepared along the effective fields in separate experiments
and mixing was performed at a series of constant field strengths.
The residual sum and difference polarization after each experi-
ment is plotted in Figure 5A. Both these and subsequent data
points are corrected for natural abundance background signal
by a 10% subtractionx(= (x — 0.1)/0.9, wherex represents
data normalized so that the first point (zero mixing time) has
unit intensity). The selective decay of difference polarization

at an rf field strength near 2 kHz indicates the expected dipolar ~. "7 . . : I

; . . significant low-field tail. The lines under the resonance indicate
recoupling effect, with zero-quantum character relative to the thge range of two ramps used in subsequent experiments (ramp
rotating frame. The simultaneous and more substantial decayI 235-1.20 kHz: ramo Il 2.151.45: these correspond to
of sum and difference polarization at larger field strengths is efféctive .field rarr]1p widﬁhs oﬁ the .ord’er of 0.9 35 kIPlz)
primarily due to CSA recouplsi)ng as each effective field R?T vs n = 1 R? Spin Dynamics in TEE. Raﬁwbing thro.ugh
approaches the spinning speéitt Although a companent of the resonance condition at a series of rates yields the exchange

the dipolar coupling is also recoupled at this condition, its effects curves shown in Fiqure 6. In Fiqure 6A. the decay of difference
are overshadowed by the recoupled CSA interactions. Experi- AR 9 ' gu » the decay of .
polarization is plotted as a function of mixing time in experi-

ments with asymmetric carrier placement can allow access toments where ramp | (range indicated in Figure 58) was used
this recoupling condition without CSA recoupling, for a variety ramp 1 {rang din Fig :
Control experiments using sum polarization show no detectable

Subtracting difference from sum polarization permits a more
detailed examination of the resonance shape (Figure 5B). The
shape is approximately centered about the expected rf magnitude
of 1.54 kHz, although with a slight upfield shift that may be
due to the long low-field tail of the rf distribution (upfield shifts

in the resonance condition can also come from components of
the CSA interaction that are perpendicular to the effective
fields 28 but this effect is expected to be minor here). The width
derives from several factors including rf inhomogeneity, chemi-
cal shift dispersion, and the natural width of the exchange
process (dependent on the size of the dipolar coupling constant
and the 2-quantum relaxation rate). The inset shows the rf
distribution obtained at an intermediate rf field strength (1.45
kHz). The width of the rf distribution at half-height (0.1 kHz)

is approximately 7% of the center value, although with a

of effects. decay &5%), even at modedt decoupling power (56 kHz).
g% \(/;eemgn,(\;/v. SPB)ng(\J:L/IR Sg?]ctroid%ﬁ;lg(llﬁi 615?3&)2435. In Figure 6B, difference polarization is plotted as a function of
an, Z.; Grant, D. em. yS. et . i i ivi H
(48) Gan. Z. Grant. D. M.. Emst, R, ichem, Phys. Let1996 254 the rf ramp rate (ramp vv_|dth d|v_|ded_by mixing time) to allow
349-357. comparison of data obtained using different ramp ranges. Data

(49) Sun, B.-Q., unpublished results. from experiments using both of the ramps indicated in Figure
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(A) 1.048 ) 5 by decoupling power and to the fact that calculations using
A relaxation rates differing by a factor of 2 in either direction do

A not yield significantly different exchange curves. The inset in

A, Figure 6B shows simulated curves using a distance of 5.05 A
A4 and 2-quantum relaxation rates of 0.05, 0.1, and 0.2 kHz. Third,
A the dynamics remain a strong function of the dipolar coupling
0.5 constant and hence allow accurate extraction of the internuclear
distance primarily as a single-parameter fit.
: l Figure 6C shows the on-resonanece= 1 R? exchange
0 20 40 60 80 100 dynamics for comparison (exchange curve acquired using the
Mixing Time (ms) R2T pulse sequence with no rf during dipolar mixing and RI

and RO pulses omitted). Data were acquired at both decoupling
powers (56 and 76 kHz), and the two curves differ markedly.
This confirms the expected change in the 2-quantum relaxation
rate with the indicated change in decoupling power. A
simulation of the dynamics ignoring relaxation and CSD effects,
and using a 59 Hz coupling, yields the solid line in the plot.
Simulations that include estimates of 2-quantum relaxation and
the width of the inhomogeneously-broadened resonance condi-

<l,-S,>
>

T T T T T - tion (=40 Hz) are shown for the indicated range of internuclear
100 80 60 40 20 distances (dashed lines). Both corrections to the “ideal”
Ramp Rate (Hz/ms) simulation are needed to approximate the experimental data,

© and the magnitude of the correction is much larger than for the

equivalent RT experiment. These additional parameters must
be accurately estimated to calculate the appropriate exchange

12: . ‘"\_.\5 s curve, and hence allow extraction of the internuclear distance.
v [ S . . . R2T Spin Dynamics in GG-HCI. The RT experiments were
T LT repeated for'3Cy-labeled GG-HCI. The N-terminad and
"'----::f:::-; ----- . terminal carboxyl carbons are labeled, with an intramolecular
Seeo.- 455777 Tl distance according to the neutron diffraction structure of 4.56

(') 2'0 4'0 A.50 Even diluted 1:10, however, a detailed series of RFDR
Mixing Time (ms) experiments has shown that intermolecular interactions lead to

an effective dipolar coupling constant of approximately 95 Hz

(corresponding to an effective internuclear distance of 4.3 A),

ramp | and &H decoupling power of 56 kHz. (B) Decay of difference rather than the 80 Hz Cou_pllng expecféd.Th_e CSA tensor
polarization plotted as a function of ramp rate for ramp | (squates, elements are as followso = —9.1 kHz andy = 0.75 for the

decoupling power of 56 kHz during mixing; circles, 76 kHz) and ramp  carboxyl carbony = —1.5 kHz andy = 0.99 for thea-carbon.
Il (triangles, 56 kHz). The inset indicates the variation in exchange The chemical shift difference is 12.880 kHz, so that at a spinning

curves expected for a large variation in 2-quantum relaxation rate with speed of 13.200 kHz an rf field strength of 1.44 kHz is required
the distance held constant (see text). (C) Decay of difference polarizationto induce resonance. Because the spinning speed greatly
as a function of mixing time fon = 1, on-resonance Rexperiments  exceeded the magnitudes of the CSA tensors, the relative tensor
on the same sample (squares, 56 RHalecoupling; circles, 76 kHz).  qrientations were ignored. Figure 7A illustrates the dipolar
Simulations (solid and dashed lines) are described in the text. resonance condition mapped out for this sample under the given
. . . conditions (with a 100 ms mixing time and 80 kHz decoupling
5B and with 56 kHz decoupling power approximately overlap, power), and the lines under the resonance indicate the ramp
demonstrating that the technique is not sensitive to the detallsranges used for subsequent experiments.
of the ramp When.plotted in this manner. Furthgrmore, repeqting Ramping through the resonance condition using ramp | yields
the experiment with ramp | and a significantly higher decoupling the time course for sum and difference polarization shown in

power during mixing (76 kHz) also yields overlapping data. iy e 78 Both difference and sum polarization decay as a

Hence the experiment appears to be insensitive to the Char_‘gqunction of mixing time, the difference between the two

in the 2-quantum relaxation rate induced bY the .change "N demonstrating a zero-quantum dipole-driven effect. The decay
decoupling power (demonstra’ged below). . Simulation of the of sum polarization (approximately 10% over 100 ms) is not
expec’ged dynamics using a dipolar C.OUp"ng constant corre- o 15 the recoupled dipolar interaction because of the latter’s
s_,por_ldmg to the k_nown_lnternuclgar distance yields the S‘_Ol'd zero-quantum form (although for more strongly coupled pairs,
line in the plot. Simulations that |n'clude a0.l kHz relaxation and particularly in the presencef nuclei, higher-order dipole-
rate for 2-quantum coherence (estimated from smgle-quantumdependent effects can occur). The decay may instead be due

homogeneous linewidth measurements using a Sh.mgjej'se . _to several processes includifig, relaxation and probe heating
Hahn echo sequence), and performed for the indicated SerieS,acts. Signal losses of this type, which affect each spin
of internuclear distances, yield the dashed curves, with the 5.05;

A hing th . ld . I Th ~'“~independent of the coupling between them, must be taken into
curve matching the experimental data quite well. Three points ;.. nt jn analyzing the decay of difference polarization. As
are important: first, the deviation from ideal coherent dynamics

. . ) > long as the effects are on a significantly slower time scale than
is quite small compare_d to o_ther techniques (see below)_ an_d 'Sz-quantum relaxation, they can be compensated for by dividing
fully accounted for by inclusion of zero-quantum relaxation in

. . . the residual difference polarization by the residual sum polariza-
the simulation. Second, the particular value selected for the P y b

X tion for each mixing time. The procedure is similar to &g,
zero-quantum relaxation rate does not strongly affect the results,
as indicated both by the insensitivity of the experiment to  (50) Koetzle, T. F.; Hamilton, W. GActa Crystallogr.1972 B28 2083.

Figure 6. (A) Decay of sum ) and difference ) polarization as a
function of mixing time for RT experiments of°C,-labeled TEE using
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Figure 7. (A) Dipolar resonance condition fdfC,-labeled glycyl-
glycine hydrochloride under conditions described in the text. The lines
under the resonance indicate ramp ranges. (B) The decay of3um (
and difference 4) polarization as a function of mixing time for?R
experiments performed using ramp | at 80 KHzdecoupling. (C) The
decay of “normalized” difference polarization as a function of ramp
rate for data obtained using ramp | (circles) and ramp Il (squares).
Simulations (solid and dashed lines) are described in the text.

normalization common in heteronuclear REDOR experim@nts;
however, the correction is expected to be much smaller in most
R2T experiments reflecting the slower decay of the control curve
relative to dipole-driven evolution. Here we have used an
exponential fit to the sum polarization decay cur¥g,(= 640

ms), rather than the sum curve itself, to correct the difference
decay curve.

Figure 7C shows the decay of normalized difference polariza-
tion as a function of ramp rate for both ramp ranges. The data
from the two ramps overlap and match the appropriate simulated
curve (solid lines calculated with dipolar coupling constants
corresponding to the indicated distanced ar8 ms2-quantum
relaxation time). Additional simulations using a 4.3 A distance

and varied 2-quantum relaxation times (2 and 5 ms) are indicated

by dashed lines. The divergence between these simulation
grows with decreasing ramp rate, indicating the increase in
sensitivity of the exchange curve to the 2-quantum relaxation

rate for slower-passage experiments. Even at the slowest ramg, .

rates shown here, however, the uncertainty in the distance

measurement that would arise from a large uncertainty in the

value of the zero-quantum relaxation time is less than 0.1 A.
Outer Range of RRT Distance Measurements. Accurate

R2T distance measurements can be made when (i) an easily

detectable amount of magnetization exchange occurs and (ii)

(51) Gullion, T.; Schaefer, J. Magn. Reson1989 81, 196.
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Figure 8. (A) Simulated decay of longitudinal difference polarization
for 13C, internuclear distances of 5:&.2 A (solid lines) spin system
parameters appropriate for the GG-HCI sample described in the text
(2-quantum relaxation time set to 3.5 ms). Simulations in which the
distance is fixed (6.0 A) and the 2-quantum relaxation time is varied
(2 and 5 ms) are indicated by dashed lines. (B) Simulated resonance
condition for al3C, 6.0 A distance and GG-HCI spin system parameters,
with (solid line) and without (dashed line) CSA effects included. The
CSA-induced broadening of the dipolar resonance condition is similar
to the well-known Blochk-Siegert shift.

the exchange trajectory remains relatively independent of
variables other than the dipolar coupling constant, particularly
the rate of 2-quantum relaxation. In Figure 8A, we plot (solid
lines) the decay of difference polarization as a function of ramp
rate expected fo3C spin pairs separated by 5.8, 6.0, and 6.2
A. The simulation parameters are otherwise identical to those
for GG-HCI reported above and assume a 2-quantum relaxation
time of 3.5 ms. Keeping the distance at 6.0 A and using
relaxation times of 2 and 5 ms yields the dashed curves.
Comparison of the two sets of curves indicates that relative
insensitivity to 2-quantum relaxation is maintained at least out
to 6 A distances.

Achieving reasonable levels of exchange (which we roughly
define adll, — S[values<0.7—0.8) for a spin pair separated
by 6 A requires ramp rates approaching 5 Hz/ms. This is
slightly slower than the slowest ramp rates reported here (7 Hz/
ms for TEE) and requires either a narrower ramp range or longer
mixing times. Based on the measurements here, overall signal
loss during mixing should be smalk@0%) even for mixing
times approaching 200 ms, so that the length of the longest
accessible mixing time will depend primarily on probe perfor-
mance limitations at low to moderatéd decoupling field
strengths. Narrower ramp ranges are also in principle possible.
Figure (8B) plots the simulated resonance condition for the 6
A spin pair with (solid line) and without (dashed line) CSA
eractions included in the calculation. The intrinsic width of
the resonance condition in the absence of CSA interactions is
determined by the magnitude of the recoupled dipolar interaction
and for 5-6 A 13C, distances is under 100 Hz. When CSA
interactions of sufficient magnitude are present, the (spin)
components of the CSA that are perpendicular to the effective
fields induce a Bloch Siegert-like shift and broadening of the
dipolar resonanéé that increases the width to 16@00 Hz.
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This is still much narrower than the 6-2 kHz ramp ranges Furthermore, the ramped techniques we have described for
used in the experiments detailed here and leaves room foraccurate distance measurements in weakly coupled systems
broadening from both CSD and rf inhomogeneity. Given should be equally applicable to the related resonance experi-
mixing times of 16-200 ms and the 1 kHz ramp indicated in ments heteronuclear CP (under fast spinning conditions) and

Figure 8B, the entire range of ramp rates in Figure (8A) is HORROR. In the former case, this suggests a method for

accessible. Hence, under moderately favorable conditions,extracting heteronuclear distance information (é36./2°N) and,

accurate distance measurements out to at igds should be in the latter case, for measuring accurate distances for homo-
possible. nuclear spin pairs with small chemical shift differences. Finally,

_ the RT technique may be particularly useful when applied to
Conclusions uniformly labeled compounds within the framework of a two-

Although a wide variety of theoretical solutions have been dimensional correlation experiment. Ramping the rf field over
presented for the dipolar recoupling problem in solids, in practice Sufficient range to pass through a series of resonance conditions
many have proven to be of limited utility for extracting accurate corresponding to different spin pairs within the sample would
distance information over structurally useful distance ranges Yi€ld recoupling over a selected region of the spectrum. Each
because of limitations in probe performance (e.g., accessibleSPIn pair, recoupled in turn during the ramping process, is
14 decoupling power over significant mixing times and rf recoupled with neqr-RchemlcaI shift selectivity. This may
stability). The ramped-R technique described here, although allow extraction of distance information between weakly coupled
limited to homonuclear spin pairs with well-separated chemical SPin pairs in these samples where broad-band recoupling would
shifts, will allow accurate distance measurements over relatively 1€ad t0 a strongly coupled spin matrix whose dynamics are
long ranges (e.g., out to-% A for 13C pairs, with an accuracy ~ approximately independent of the weaker couplings.
expected to be on the order of 0.1 A when S/N is not the limiting
factor). The experiment is effective without placing stringent
demands on probe decoupling performance, without significant
signal loss during mixing, and without the need to include a
series of difficult-to-define spin system parameters in the . .
simulation process. We have demonstrated these properties orfﬂ;%njog]:gg)atlonal Institutes of Health (GM-23403, N5-33366,
a pair of model compounds containing spin pairs with intramo- )
lecular distances of 4:%5 A. JA964313Z
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