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Abstract

Continuous non-Cartesian sampling schemes, widely used in modern NMR imaging, can yield complete 2D NMR spectra
within a single-scan signal digitization. The present work illustrates a purely spectroscopic application of this strategy to the
extraction of 2D NMR spectra from heteronuclear pairs of coupled spins. The experiment allows one to digitize a unidimensional
data set which after proper rearrangement and processing, affords a complete chemical shift-heteronuclear coupling 2D correla-
tion NMR spectrum. Theoretical and computational aspects involved in these single-scan experiments are discussed, and a series

of solution NMR examples are presented.

1. Introduction

The extremely wide range of applications spanned
by modern multidimensional NMR spectroscopy re-
flects the remarkable insight and ingenuity with which
these techniques were originally proposed [1,2]. In
2D NMR for instance, the well-known experimental
scheme [2-4]

preparation-evolution (¢, )-
mixing-detection (f,) (1)

is general enough to achieve a wide variety of differ-
ent goals, ranging from the separation of overlapping
peaks to the indirect detection of ‘forbidden’ spin co-
herences. Such versatility results from the different
roles that each of the time periods in the pulse-se-
quence (1) plays in the data acquisition [2-6]. Dur-
ing the initial preparation period spins are taken away
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from equilibrium and transformed into a coherent
state, which evolves under the effects of an initial
Hamiltonian % for a time period ¢,. The resulting
coherences are subsequently transformed by suitable
mixing pulse sequences into observable transverse
spin magnetizations, whose macroscopic signals are
digitized as a function of ¢, while evolving under the
effects of a second Hamiltonian 4. This procedure
is repeated several times for stepwise incremented
evolution periods until an adequate bidimensional
signal S(z,, t,) is collected. Then, a faithful approxi-
mation to the correlation distribution between states
that started precessing at certain Bohr frequencies of
X, and were transferred by the mixing into single-
quantum coherences evolving under the effects of 4,
can be retrieved as

12, 2)= [ at, exp(=ig1)
x | dt exp(~igs)S (1, 12) @)

It is the calculation of this I(£2,, £2,) spectral distri-
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bution what constitutes the final goal of 2D NMR
spectroscopy.

The remarkable generality of this approach results
from the fact that regardless from the type of inter-
actions being correlated or from the nature of the
transfer taking place during the mixing, the time-do-
main evolution of all spins involved can be described
by a single set of orthogonal trajectories like the one
illustrated in Fig. 1A. Indeed, in all pulse schemes that
conform to Eq. (1), the well-defined time evolution
phases

o=t + 81, (3)

that develop allow one to extract the I(Q,, £,) dis-
tribution by Fourier analysis of the scanned bidimen-
sional signal with respect to the extraction vector (¢;,
t;) [3]. Itis important to note however that there are
no a priori reasons for constraining the sampling of a
bidimensional time-domain space to sequential or-
thogonal trajectories. If relaxation and other dissi-
pative processes can be disregarded, the phases
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Fig. 1. Graphical representation of different time-domain ap-
proaches capable of affording the data required for retrieving 2D
NMR spectra. (A) Cartesian approach normally used in conven-
tional 2D NMR. (B) Non-Cartesian sampling involving the evo-
lution of the spins under the simultaneous effects of two interac-
tions whose mutual correlation is being sought. (C) Arbitrary
trajectories which use time as a parameter for continuously sam-
pling large regions of a bidimensional time-domain space within
a single scan. The continuous curve represents a case where both
interactions can be refocused; the dashed curve would result if
only one of the interactions were refocused while the second is
intermittently averaged out.

evolved by spin coherences for a given coordinate (¢,,
t,) of the time domain are independent of how the
system actually arrived to that point. Therefore, gen-
eral sampling schemes can also include non-Carte-
sian trajectories like those depicted in Fig. 1B, rep-
resenting the evolution of an excited spin system as a
function of arbitrary ‘proportions’ of X and 5.
These ways of sampling the time domain are usually
unable to distribute the digitized data over a dense
rectangular grid of points ready to be fast Fourier
transformed. They may however compensate for this
computational drawback, by opening new vistas re-
garding the design of more flexible acquisition se-
quences for the collection of experimental data. In-
deed starting from the original Lauterbur experiment
itself, which involved the sampling of a multidimen-
sional space along diagonal trajectories [7], several
magnetic resonance imaging (MRI) [8,9] and spec-
troscopic NMR techniques [10,11] have exploited
the advantages of this kind of strategy.

Departing from conventional 2D sampling schemes
can also lift the requirement for an independent ¢,
evolution period in charge of encoding one of the in-
teractions. Instead, the acquisition time of the exper-
iment can be used as a trajectory parameter for sam-
pling large volumes of multidimensional time-domain
spaces within a single signal digitization. Such scan-
ning principle was originally proposed by Mansfield
and co-workers, and lies at the core of ultrafast echo-
planar techniques that provide detailed MRI images
within fractions of a second [12,13]. Using a heter-
onuclear coupled pair of spins as model case, we ex-
emplify here how the advantages of this type of sam-
pling schemes can also be incorporated into purely
spectroscopic NMR experiments. Section 2 intro-
duces a multiple-pulse irradiation sequence that en-
codes all the information required to retrieve a com-
plete chemical shift-heteronuclear coupling 2D NMR
spectrum within a continuous single-scan acquisi-
tion. The data processing involved in the resulting
multiple-echo single-scan spectroscopy (MESSY)
technique is described, and illustrated with applica-
tions to the fast acquisition of 2D solution NMR
spectra.
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2. Theory and data processing

Consider a non-relaxing spin system capable of
evolving under the effects of two interactions whose
mutual correlation is being sought. Fig. | C illustrates
the basic types of manipulations which could allow
one to acquire all the information required to calcu-
late such 2D NMR spectrum within a single scan. The
dashed curve corresponds to a situation where one of
the interactions is periodically refocused while the
second only acts for certain periods of time. Whether
data sampled along this trajectory are complete
enough to faithfully yield all the frequency informa-
tion will depend on the particular features of the 2D
spectral distribution, as well as on the possibility of
shifting the acquisition trajectory around the time-
domain origin. If on the other hand both interactions
can be independently refocused throughout the 1D
signal acquisition without significant intensity losses
(continuous curve in Fig. 1C), the complete collec-
tion of adequate S(¢,, ¢,) bidimensional data sets
within a single scan becomes feasible in general. One
of the simplest systems where the latter situation is
realized consists of a spin S (e.g., '*C) interacting
either via dipolar or indirect coupling with a group of
isolated heteronuclei (e.g., protons). We focus there-
fore on the rotating-frame Hamiltonian ¢ of S,

H=—AQS, + I, S, , (4)

where A£2 includes the chemical shift and resonance
offset of S, and 2, characterizes the I-S coupling in-
teraction. After conventional excitation the time
evolution of the S-spin ensemble is dictated by the
exponential operator #(¢),

U(t)=exp(—iHt)
=exp(1AQS,t) exp(—i;51,S,t) , (5a)
= Us(t) Us(2) , (5b)

which can be factorized in terms of shift and coupling
evolution operators %s(t), #;s(t) thanks to the fact
that both terms in Eq. (4) commute. Although the
free time evolution of the S spins cannot distinguish
among Bohr frequencies of shift and coupling Ham-
iltonians, these can be discerned by the application
of & pulses [14]. The effects that the rotations R as-
sociated to these pulses have on the spins can be taken

into account by computing an effective interaction
Hamiltonian #, obtained from the rotating-frame
Hamiltonian by the transformation [15]

H#=R-H#R~'. (6)

Ideally, a n-pulse rotation applied at the Larmor
frequency of a spin will change the sign of the corre-
sponding longitudinal spin operators in the Hamil-
tonian. Thus, (7)¢ pulses on-resonance with the S-
spin precession will reverse the signs of both the shift
and the coupling terms in J#; (n); pulses at the Lar-
mor frequency of the I spin will only reverse the sign
of the coupling part; and simultaneous (n)s, (n);
pulses will reverse the shift while leaving unchanged
the coupling term of »#. These changes in sign will
lead to the refocusing of the different interactions and
create spin-echo phenomena; their effects therefore
can be represented by a reversal in the direction of
the time axis determining the evolution of excited co-
herences [16]. Since depending on the type of pulse
irradiation being used shift and coupling interactions
will be affected in different ways, it is convenient to
label these time reversals by two independent time
variables. Using t¢ and ;5 to denote these parame-
ters, the effects of pulses on the total time develop-
ment operator can be represented as

(n)s

Us(ts) Ups(tis) — Us(—ts) Uss(—tis) , (7a)

(x)r

Us(ts) Ups(ts) —— Us(ts) Us(—1;s) , (7b)
Us(ts) Ups(trs) 20 Yg(—15) Us(tis) . (Tc)

According to these equations evolution always begins
along the ¢5=1;5=1 curve, t being the actual physical
time elapsed since excitation. Radiofrequency irra-
diation however affects the trajectory followed by the
spins in different ways, reversing the signs of ¢ or of
t;s depending on which of the interactions is being
refocused.

The signal S detected from the total spin ensemble
as a function of its coordinate in the (s, t;5) space is
given by the sum over all possible shift and couplings
in the system of a series of oscillating coherences,

S(ts, tis) = I I I(ws, wys)

X exp[i(wsts+wyst;s) ] dws doys (8)
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where wg and wg are, respectively, Bohr frequencies
of the shift and coupling Hamiltonians. The weight-
ing coefficient I( ws, w;s) describes the probability of
having spins evolving simultaneously at shift fre-
quencies wg and at coupling frequencies w;g, and rep-
resents the 2D NMR spectrum separating the I-S
couplings in the system according to the chemical
shifts of different S sites [17,18]. Egs. (2) and (8)
indicate that this spectral distribution can become
available from S(Zs, ¢;5) by 2D Fourier analysis, pro-
vided that the signal over a large enough region of the
(ts, t;s) time-domain space were sampled. One pos-
sibility for implementing such sampling is to carry
out several independent experiments where, follow-
ing the initial excitation, single (x); or (%), (n)s
pulses are placed at a series of regularly incremented
times ¢;. This is the kind of acquisition involved in
conventional 2D NMR. The sampling flexibility il-
lustrated by Eqgs. (7) however opens up the possibil-
ity of using the physical acquisition time ¢ as a pa-
rameter, capable of encoding the behavior of the spins
over an arbitrarily large region of (Zg, #;5)-space in a
single scan. Indeed consider the effects of a multiple
pulse sequence like the one illustrated in Fig. 2A,
composed by an initial excitation followed by a series
of alternating (x);and (n),, (%) pulses. If the time
delays separating these pulses are increased through-
out the sequence in a pairwise and linear fashion,
spins will evolve in the (i, ;5) space along a contin-
uous outward-expanding trajectory like the one illus-
tated in Fig. 2B. Other than relaxation no factors will
limit the number of shift and coupling echoes that
can be involved; signal sampled during such a pulse
sequence should therefore provide enough informa-
tion to yield a complete shift-coupling 2D NMR
spectrum without suffering from any obvious reso-
lution complication.

Although the multiple-pulse sequence shown in Fig.
2A can encode a complete 2D time-domain set of sig-
nals within a single continuous acquisition, it is una-
ble to distribute the digitized data over a dense grid
of points ready to be fast Fourier transformed. This
problem can be partially solved by monitoring the
signal at constant digitization rates 1/At; At being the
amount of time by which the separation between =n-
pulses is incremented throughout the sequence. As il-
lustrated in Fig. 2C, all points acquired during such
an experiment correspond to integer coordinates of a

Fig. 2. Different aspects involved in the recording of 2D J heter-
onuclear NMR spectra via a single-scan acquisition. (A) Multi-
ple-pulse sequence capable of affording the required series of al-
ternating shift and coupling time-domain echoes. It consists of
an initial S pulse excitation, followed by a series of (n);and (%),
(=) s pulses whose separation increases linearly as iAt; i=1, 2, ...,
N. (B) Trajectory followed by the S spins in the (¢, #;5) space,
as driven by the pulse sequence shown on the top scheme. (C)
Strategy employed for obtaining a dense bidimensional grid of
equally-spaced points (represented by the dashed lines) from the
1D signal sampled during the multiple-pulse sequence shown in
part (A) (continuous curve). Filled dots correspond to data po-
sitions sampled during the single-scan acquisition; the remaining
positions of the grid can either be directly monitored during a
second experiment or, as was done in the present study, they can
be estimated by numerical methods.

regular bidimensional lattice. Only half the positions
in this lattice can be probed by the acquisition of a
single scan; the behavior of the spins at the remaining
positions can either be directly monitored by per-
forming a second scan using slightly different initial
conditions (waiting time delays 4A¢ instead of At be-
tween the first pair of pulses), or estimated by inter-
polation of the time-domain signal already available.
We decided to implement this second alternative,
which is particularly straightforward due to the fact
that each grid point (i, j) to be interpolated is flanked
along its g and t;5 coordinates by four equidistant grid
positions where data have been sampled. Bilinear in-
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terpolation of the signal S;; at the undetected points
can then be carried out as

Sij=i(Si+l,j+Si—l,j+SiJ+l+Si,j—l) ’ (9)

where all the complex signals on the right-hand side
of the equation are known.

Acquisition times along the 75 and 7,5 dimensions
are determined by the total number of pulses used, as
well as by the separation between digitized data
points. These acquisition times should be chosen long
enough to support a significant decay of the signal, so
as to avoid artifacts originating from time-domain
data truncation. This choice also helps to alleviate one
of the main limitations of the experiment, arising
from the fact that the procedure described above
yields equal dwell times along both time axes. By
having the opportunity to acquire data over a large
time-domain region it is possible to characterize small
coupling constants even in the presence of large spec-
tral widths, chosen to accommodate the chemical shift
dispersion of widely inequivalent sites.

3. Experimental

To verify the predictions of the preceding para-
graphs, a series of '3C solution NMR experiments on
model '3C-'H J-coupled systems were carried out. All
chemicals were purchased from Fisher Scientific and
used without further purification. A home-built NMR
spectrometer based on a 7.08 T superconducting
magnet and on Tecmag pulse-programmer and data
acquisition systems was used. Data rearrangement,
interpolation, and processing were carried out on the
same Macintosh Quadra computer that controls the
spectrometer’s operation. The processing used in the
actual implementation of the experiments was simi-
lar to the one described in the previous paragraph.
Due to instrumental limitations however, signal dig-
itization was restricted to the time-domain half-plane
corresponding to positive values of ;5.

4. Results and discussion
Fig. 3 illustrates results obtained with the MESSY

procedure described above on a sample of neat C¢Hg.
Part (A) shows the unidimensional data acquired

0.0 ) 01 t(s)

Fig. 3. Different stages leading to the 2D J heteronuclear corre-
lation spectrum of benzene from a 1D time-domain NMR signal.
(A) Experimental '3C NMR data acquired using a multiple-echo
sequence similar to the one shown in Fig. 2A; 528 points (real
part shown ) were digitized with a dwell time separation At=250
s after an NOE buildup of 2 s. (B) Magnitude contour plot of
the bidimensional set obtained after rearranging and interpolat-
ing the experimental data over a 32X 63 2D matrix of equidis-
tant points. (C) Expanded region of the 2D shift-heteronuclear
coupling spectrum obtained after zero-filling the set shown in plot
(B) to 64128 points and 2D Fourier processing. The origin
along the shift axis corresponds to the transmitter carrier
frequency.

using a spiral trajectory with sixteen ‘windings’
around the origin and a total signal averaging of four
scans, phased-cycled so as to eliminate baseline and
ghost artifacts. After rearranging these data in their
proper (ts, 1;5)-space positions and interpolating them
over a dense grid of equally spaced points, the bidi-
mensional set illustrated in Fig. 3B was obtained. At
this stage treatment of the time-domain data can pro-
ceed as in conventional 2D echo NMR [3]; apodi-
zation, zero filling, 2D fast Fourier transform and
phasing lead to the chemical shift-heteronuclear cou-
pling 2D correlation NMR spectrum illustrated in Fig.
3C. This distribution shows all the features that could
have been predicted from the coupling and offset pa-
rameters of the '3C site, including essentially purely
absorptive line shapes which become available due to
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the presence of an effective time-domain chemical
shift echo. Fig. 4 shows additional results obtained
with the multiple-pulse sequence on a dioxane/
methanol mixture. Both the chemical shift differ-
ences as well as the different number of protons cou-
pled to the two inequivalent types of carbons are ev-
ident from the spectral features. Finally, Fig. 5

0.0 0.1 t(s)

5004

0da
] 6669

-500

Shift (Hz)

-250 J (Hz) 250

Fig. 4. (A) Unidimensional '*C NMR data set obtained with the
MESSY sequence on a 1/1 dioxane/methanol mixture. A dwell
time At=300 ps was used; other experimental acquisition pa-
rameters are as in Fig. 3. (B) Expanded region of the 2D corre-
lation NMR spectrum retrieved after rearrangement and Fourier
processing of the 1D data.

Fig. 5. (A) Single '*C NMR scan acquired on a pyridine sample
with a multiple-pulse MESSY sequence, using a (s, #;5)-space
trajectory involving 15 ‘windings’ around the origin. 465 (points
separated by 435 us dwell times were acquired in this experi-
ment. (B) Zoomed region of the 2D NMR spectrum obtained
after processing the single-scan data shown in part (A). The plot
on the right is the chemical shift projection, reflecting the proton-
decoupled signal arising from the three inequivalent sites in the
molecule.

illustrates the results that were obtained when MESSY
was applied on a sample of neat pyridine. The chem-
ical nature of the inequivalent carbons in the mole-
cule as well as their J couplings to the directly bonded
protons are evident from the 2D NMR spectrum, ob-
tained as a result of collecting a single >C NMR scan
and requiring a total acquisition time of 202.2 ms.

The most significant spectroscopic aspect of mul-
tiple-echo pulse sequences like the one described
above is their capability to provide large amounts of
multidimensional time-domain NMR data within a
single-scan acquisition. This advantage may be espe-
cially useful when trying to establish multidimen-
sional correlations among three or more frequency
interactions, or when trying to characterize transient
chemical systems in real time. An improvement over
the conventional scheme of acquiring 2D NMR data
can already be achieved if only one of the interac-
tions can be refocused. It was indeed on the basis of
this premise that Bax and co-workers proposed their
shift-echo scheme for the improved recording of ho-
monuclear J correlation spectra [19]. We trust that
with the advanced arsenal of spin- and spatial-ma-
nipulation tools currently available in NMR, it will
be possible to extend the applications of these strate-
gies to the extraction of chemical correlations among
other kinds of solid- and solution-state NMR inter-
actions. Then, there are in principle no reasons for
preventing continuous single-scan acquisition
schemes of achieving within the field of spectro-
scopic NMR an impact comparable to the one that
they already have in clinical NMR imaging.
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