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Abstract: Multidimensional nuclear magnetic resonance (NMR) provides one of the foremost analytical
tools available to elucidate the structure and dynamics of complex molecules in their native states. Executing
this kind of experiment generally requires collecting an n-dimensional time-domain signal S, from which
the spectrum arises via an appropriate Fourier analysis of its various time variables. This time-domain
signal is actually measured directly only along one of the time axes, while the effects introduced by the
remaining time variables are monitored via a parametric incrementation of their values throughout
independent experiments. Two-dimensional (2D) NMR experiments thus usually require longer acquisition
times than unidimensional experiments, 3D NMR is orders-of-magnitude more time consuming than 2D
spectroscopy, etc. Very recently, we proposed and demonstrated an approach whereby data acquisition in
2D NMR can be parallelized, enabling the collection of complete 2D spectral sets within a single transient.
The present paper discusses the extension of this 2D NMR methodology to an arbitrary number of
dimensions. The principles of the ensuing ultrafast n-dimensional NMR approach are described, and a
variety of homo- and heteronuclear 3D and 4D NMR spectra collected within a fraction of a second are
presented.

Introduction realm of complex chemical and biological systems. The marked

) ) improvements that in terms of resolution and information are
Few spectroscopic techniques match the role that nUCIearfurnished by such multidimensional NMR experiments do,

magnetic resonance (NMR) plays in contemporary sciénte. however, come at a price. Indeed, even when dealing with

;’_hls pos_|t|on O:; preeminence Wis madefpossm(;ltla\ltliﬂanfumerc;]ussystems where the signal-to-noise ratio (S/N) is not a limiting
Iscoveries and improvements that transforme rom the obstacle, the acquisition times of multidimensional NMR tend

basic analytical tool it was 50 years ago, to one capable of to be longer than those of their one-dimensional counterparts.

gnraveling in vivo mgtabgolism 'and in vitro structures approaph- This is a consequence of the manner by which the spin evolution
ing the megadalton limit® Two important landmarks along this within the time-domain is monitored during the course of these

development were the advent of pulsed Fourier transform (FT) experiments: according to the canonical acquisition scheme of

-~ : 13 :
Nf'\:lr? and Oft?uét'?'me nsmnatl)lNg/Itﬁ spectr?sclo’dyt. The flrs%tl\“lemultidimensional NMR, the actual physical signal induced by
orthese methodologies enabled he eventual extension o nuclear spins on the pick-up coil is directly measured solely

to nucleb| othe(rjtf:r?n protlon§, W?"e. thel secolnd elxpandzd. h:MI;{r]s along one of the time axes, while the spins’ evolution along
Scope beyon € analysis of simple molecules and Into ey, remaining axes is indirectly monitored via a stepwise

incrementation of their associated time parameters throughout
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—ay—) [V —— Atr—> and are applied at equal time incremeAts. Spins excited by

of Mixing i ol such an rf pulse train will undergo a sequential excitation and

RATHARU AN thus accumulate an overall internal evolution phase that will

e depend on their spatial positions within the sample. Magnetiza-

G ¢ Le—r— tions will also accumulate an extra position-dependent encoding

—i—>| -G, arising from the application of the gradient that is used to

N; achieve the spatial-selective excitation. Such imaging informa-

— \‘—Y—J tion, however, is undesired in the current spectroscopic context,
Evolution Acquisition and ends up being eliminated by a reversal in the gradient carried

Figure 1. Basic sequence involved in the collection of 2D NMR spectra
within a single-scan. A train of: frequency-shifted pulseOi}1<i<n, IS
applied in the presence of an oscillating field gradi€atto achieve the
sequential excitation of spins throughout different positions in the sample.
Following an arbitrary mixing sequence, data are collected while in the
presence of an oscillating acquisition gradi€y which enables one to
monitor in a spatially resolved fashion the behavior of the spins at different
spatial positions. Acquisition of the signal as a functionloty), followed

by its FT alongty, enables one to retrieve a complete 2D NMR spectrum
within a single scan.

out in synchrony with the selective rf excitations. The situation
of the spins at the conclusion of tiyeevolution period is thus

as illustrated on the left-side panel of Figure 2. nuclear
magnetizations (or more generally, spin coherences) will have
evolved into a discrete “winding” oN; spin-packets, whose
pitch solely reflects the internal evolution frequencéesthat
were active during the evolution. Deriving a qualitative descrip-
tion of the basic features of this helix of spin-packets is relatively
straightforward. Because the sample is assumed homogeneous,
it possible to collect the equivalent of compl&gyt;) data sets  the individual amplitude\(r) of each spin-packet will be simply
within a single scan. The purpose of this Article is to describe proportional to the sample volume that it originates from. As
how such a methodology can be extended to encompass whator the phases evolved by these individual spin-packets, these
could in principle amount to an arbitrary number of spectral will be given by the usuaRit; factor. The proportionality that
dimensions. Toward this end, we begin by reviewing ultrafast the frequency-shifted excitation pulses create between evolution
NMR as it applies to the 2D case, assuming as in the past thattime t; and the coordinates allows one to rewrite such

its spatial encoding is implemented with the aid of a linear phase encoding a8Q1(r — r°), wherer® andC = AtyJ/Ar =
magnetic field gradient. We then proceed to demonstrate that At,/[AO/y.Gg are constants depending on the excitation details
no specific gradient geometry is actually required to spatially of the experiment. When taken in unison, these arguments lead
encode single-scan 2D NMR data, as the same goal can bep an overall sample magnetizatidhthat at the conclusion of
achieved with the aid of magnetic fields possessing nearly the evolution period is given by

arbitrary spatial dependencies. This is an important point, as it
serves as the basis for extending the spatial encoding principles
that we have so far demonstrated on 2D NMR to include an
additional dimension. It is shown that combinations of linearly
independent gradient geometries can be used to simultaneouslyf considered for arbitrary€2; values, this equation, once
monitor the spins’ evolution along separate time axes; a variety Summed over all coordinates in the sample, predicts that no
of homo- and heteronuclear examples of the ensuing 3D single-macroscopic signal will be detectable at the end of the
scan NMR methodology incorporating both and x-field evolution period.

gradients is then presented. We conclude by deriving an  This initial encoding of the pulse sequence is followed by a
extension of these single-scan principles to accommodate angeneric mixing period, which being coherent in nature will
arbitrary number of spectral dimensions and present as example®reserve the phases acquired by spin-packets at the conclusion

of these concepts a series of 4D NMR spectra, each of which of theirt; evolution times. Therefore, as the mixing period ends,
were collected within acquisition times under 0.1 s. no signal will be observable from the helical distribution into

which the magnetization had been originally wound up. Signal
digitization, however, begins while in the presence of an
acquisition gradienG,. The overall purpose of this gradient is
The basic pulse sequence that we have proposed for theto enable a spatially resolved acquisition of the NMR signal, a
collection of 2D NMR spectra within a single scan is shown in goal which can only be achieved®,'s spatial dependence is
Figure 1 and can be summarized by the scheme identical to that of the gradient used during the course of the
initial excitation. Because of this dependence, spin-packets at
different locations will accrue additional spatial-dependent
phases during the course of the acquisition given byikxp(
with k = /2 y,G4(t) dt. On comparing these acquisition phases
with the CQi(r — r°) encoding factor accumulated by spins
during their evolution period, it becomes clear that acquisition
It is easiest to envision the main features imparted by this gradients have the possibility of “unwinding” the spiral of spin-
sequence if one assumes that the sample under analysis ipackets that was presenttat= 0. A constructive interference
homogeneous and that the spatially selective excitation it among spin-packets will then result wheneder= —CQ;
requires is achieved via the application of a magnetic field (Figure 2, right-hand panel), leading to a nonzero macroscopic
gradientG = 0By/or. The excitation portion of the approach magnetization when considering the whole sample volume. This

MN,AL) = A9 )
r

Spatial Encoding and the Acquisition of 2D NMR Data
in a Single Scan

spatially selective — positiondependent-
preparation/excitation  evolution ;)

positionindependent- spatially resolved(1)
mixing acquisition ¢,)

involves a train ofN; spatially selective rf pulses, which have
been spread at constant frequency intervels= |01 — Oy
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Figure 2. Physical origin of the peaks arising along the indirect dimension of ultrafast 2D NMR experiments. The sequential excitation train that triggers
the beginning of; leads to different evolution phases for spins located at inequivalent positwitisin the sample. The spiral of spin-packets that is created

by this scheme is preserved over the mixing process and can only be unwound during the course of the acquisition by &.goadredsing a spatial
dependence identical to that of the excitation gradient. Such unwinding is illustrated on the right-hand side of the figure for just the firstrafrthes nu

(N2) gradient echoes occurring during the acquisition. lllustrated on the top is the sharp echo that is then generatediatmogdinate, whose position
reveals the extent dR; encoding prior to the mixing process and thus the spectral frequency that was active along the indirect dimension.

in this type of experiment along the indirect dimension, and repeated to derive a macroscopic magnetization that at the
which map along thé-axis the extent of the evolution that conclusion of the; evolution period can be summarized as
occurred prior to the mixing process. Frequendigsduring
the course of the acquisition are then encoded in the usual  M(N,At)) = fff A(X'ylz).eiml(\ﬁ.m—\(fm) dxdydz (3)
manner, via the time modulation that thésgeaks exhibit when X V. z
monitored during the course of a gradient echo train as a
function of the timet, (Figure 1). A complete 2D NMR data  This equation represents a winding of spin-packets, arranged
set can thus be recorded within a single scan simply by this time along the gradient¥|, geometry and possessing
collecting a unidimensional free-induction decay (FID) under NonuniformA(x,y,z) weights. Such winding will once again lead
the indicated conditions, rearranging its points into their t0 an overall zero magnetization when considering @n
appropriateK t,) coordinates, and carrying a FT only along the chemical shift evolution and integration over the whole sample.
t, axis. The sameY|, gradient used to achieve the spatial encoding in
A relevant point to notice to proceed with an extension of €d 3, however, holds the key for unwinding this spiral of spin-
this ultrafast acquisition scheme to higher dimensionalities is Packets and, consequently, for the generation of an observable
the dissimilar roles that the gradient’s strength and the gradient's€cho during the course of the acquisition. To achieve this
geometry play in the collection of the data. As is evident from unwinding, spins should be allowed to accumulate a phase
the arguments above, the strengBsG, will define important explk-Yim), with k = ya fG4(t) dt = —CQ;, during the course
range and resolution characteristics of the single-scan 2D NMR Of each acquisition dwell timét,. Just as with the-based
spectrum. The actual geometrical distribution of the gradient, €xamples given in our previous papers, this spatial helix of spin-
in contrast, is mostly responsible for relatively minor line shape Packets can be wound and unwound numerous times by
characteristics related to the sharpness of the echo formationReriodically reversing th¥m acquisition gradient, in a process
Indeed, most of the = z arguments employed in our previous that will encode the spin frequencies as a functiort,oéind
description&*15 will remain equally valid if the gradient used thereby enable the collection of 2D NMR spectra within a single
to encode and decode tii& frequencies were assumed to be Scan. The actual shapes of the resultirgchoes, shapes which
applied along the = x or y directions. In either case a spiral will in turn define the kind of peaks observed in ultrafast
of spin-packets would be created by the selective excitation €xperiments along the indirect domain, are compared in Figure
protocol illustrated in Figure 1; even if for a cylindrical profile, 3 for a number of cases involving a conventional cylindrical
the use of radialor y) gradients would end up giving different ~ Sample and gradients possessing differing spatial dependencies.
relative weightsA(r) to the various spin-packets into which the ~ Also shown is the expected dependence of the echo positions
sample is partitioned. In fact, the only demand that the UpPon changing the site@; chemical shift. As can be appreci-
performance of this kind of experiment places on a gradient’s ated from this figure, numerical simulations reveal a behavior
geometry is that it should generate a spiral of spin-packets thatthat overall is uniform, with minor line shape differences which
is convoluted enough to result in a null magnetization when €an be rationalized in terms of the characteristics assumed for
considered over the whole sample. In principle, there are infinite the gradients and the sample. These considerations, as well as
geometries capable of fulfilling such conditions, including additional analytical line shape derivations for simple uniaxial
among others those represented by the boundMéss(0,4)} gradient cases, are presented below in the Appendix.
series of real spherical harmonics of the kind present in modern Spatial Encoding along Linearly Independent
high-resolution NMR shim system8Thus, if one assumes a  Geometries: Ultrafast 3D NMR
generalized field gradient possessig spatial dependence and

G = 9B4/3(Y,n) strength, all arguments leading to eq 2 can be The previous section described the principles by which

selective pulses applied in combination with arbitrary gradient
(16) Golay, M. J. ERev. Sci. Instrum 195§ 29, 313. geometries can be used to spatially encode indirect-dotpain

J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003 11387
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x-gradient z-gradient z2-gradient  z3-gradient simplicity to lie along thex and z directions, proceeds
(A) independently and along an outline similar to that described
1=0Hz previously for the single-axis 2D NMR experiment. The first
of these gradients will thus induce &nt;-dependent winding
of the spin-packets along thedirection, while for each one of
these z slices the second gradient will generate €xnt,-
dependent encoding along thReaxis. Because of the ensuing
Imaginary Imaginary imaginary “double-winding” of spin-packets, the overall bulk magnetiza-
tion is again reduced to zero, and an acquisition process
implemented on the resulting sample will be associated with a
null initial signal. Moreover, in contrast to the 2D encoding

T I
= - - - case, no single-axis gradient would be capable by itself of
Q Sg}o I reger_1erating an obser\_/abl_e signal from sgqh an initia_ll state. Only
the simultaneous application G, G acquisition gradients can
succeed in aligning the spin-packets, wound as they now are
along two orthogonal encoding directions. To find the conditions

| | ‘ ‘ | . ‘ leading to such an alignment, we implement an echo-planar
05 k (mm-1) 05 05 k (mm-1) 0.5 -0.15 k (mm2) 0.15-0.001 k (mm3) 0.001 protocol where botlx andz gradients are rapidly and indepen-

Figure 3. S(K) line shapes describing the peaks expected along the indirect dently oscillated.” The digitized signal can then be regarded

dimensions of single-scan 2D NMR experiments, when executed using a gs a function of three independent variablés:[ fG(t) dt,

variety of different gradient geometries. All plots were calculated numeri- - . . .
cally assuming that spins were in a cylindrical sample, distributed over ke fGX(t) dt, and a timets associated with the final free

300 equally spaced values along the relevanor(z) spatial axis. Other evolution frequency2s. Figure 5A illustrates how the relevant
parameters, common to all simulations, includé\Znitial excitation slices, (kK t3) space is rastered during the course of this acquisition.

a 1.6 cm sample length and diameter, &ndlues spanning the equivalent  Notice that most of the time the digitized signal will be null;
of a 1.28 kHz spectral width (centeredlat= 0). (A) Real and imaginary

line shape components calculated @5 = 0. (B) Phased line shapes Y&t When thek-wavenumbers happen to fulfill the = —Cx€2;
calculated assuming that a 250 Hz internal chemical shift was active during andk, = —CxQ, conditions, spin-packets throughout the sample
t3, with arrows indicating the extent of the echo displacement. will interfere constructively and result in an observable echo.

PRVVAR A FT of this sharp 2D echo signal along the remainitag
e )

Q
Real Real Real

dimension provides then a mean for characterizingtal|@.,Q23)
- evolution frequencies experienced by the spins throughout the
course of the experiment, from data collected within a single

G, scan. Because the mechanisms by which peaks originate in this
T i kind of 3D NMR experiments are identical to those that were
earlier described for ultrafast 2D NMR acquisitiofisnost of
Gy the arguments used to derive Nyquist and line shape criteria

along the indirect dimension of the latter can be directly
N; N> Ny extrapolated to the indirect dimensions of the former; conse-
) ) . i quently their derivation will not be here repeated. For the sake
Figure 4. Basic scheme proposed for the single-scan collection of 3D NMR f clari h h lculated th L o
spectra. A train of frequency-shifted pulses is first applied to achieve the orc ar'ty'_ _Qweverv we have calculated the spins excnatlor_\
spatial encoding of spins throughout different axial positions in the sample and acquisition processes throughout model 3D NMR experi-
(t2); this is followed by a second rf-driven encoding of the spin evolution ment via exact numerical integrations of Bloch equations for
during t; along a linearly independent radial direction. Data are finally - ¢ in gistributed at different coordinates within the sample. The
collected while in the presence of oscillating acquisition gradients, which . . .
decode the initialQ1, Q» frequencies along thek{vi,kdvz) axes while results which came out from these calculations for sites
monitoring the spin evolution along a thirth)(time axis. possessing differing chemical shifts were summarized as Quick-
time movies of magnetizations precessing in Bloch spheres; such

evolution frequencies in 2D NMR. An important point to remark  gnimations can be downloaded by accessing the Supporting
is the requirement that this method places on the gradients useqnformation web page.

to impose the initial spatial encoding and subsequent decoding 14 pyt these theoretical concepts to the test, a series of basic
of these frequencies: only if these geometries are identical will \,aasurements were carried out. A Bruker Avance 800 MHz

the acquisition gradient succeed in unraveling the winding VR spectrometer incorporating a triple-axes inverse gradient

imposed during the course of the excitation. In contrast, the probehead was employed as the testing equipment. After the
application of an intermediate gradient that is orthogonal to that gradients’ maximum strength&4 ~ 62 G/cm,Gy ~ 37 G/cm)

employed in the initial excitation will neither add nor detract typical switching times {10 us), and sample dimensions (1.8
from the unwinding demands placed on the acquisition gradient. -, length, 0.49 mm diameter) were calibrated, a series of single-

This in tun opens up a route for extending the protocol scan 3D NMR pulse sequences were written along the guidelines
introduced in the preceding section to include the encoding of presented in Figure 4. Before describing the results obtained
an additional indirect dimension, if modified as illustrated in | ith such sequences, however, we notice that the kind of
Figure 4. Such a scheme incorporates two separate gradientgamp”ng illustrated in Figure 5A does not provide points

arranged along linearly independent geometries, which imple- jistributed over the regular grid needed for fast FT along
ment two consecutive spatial encodings of the spin evolution.

Each one of these encoding processes, assumed here fol7) Mansfield, PMagn. Reson. Medl984 1, 370.

11388 J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003
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(A)

Figure 5. (A) Scanning of the mixedkg,ks,t3) acquisition space driven by the oscillating-gradient scheme illustrated in Figure 4, assuming for simplicity
N3 = 4, Ny = 2. In analogy to the procedure described to process single-scan 2D NMR Spéefesst FT of points acquired in such fashion requires a
preliminary discrimination of the points according to #€,, +G; values used in their acquisition. This leads to the four independent tridimensional data
sets shown in (B). After a FT of these sets alongtthaxis was implemented, four symmetry-related spectra are obtained; all of the resulting data sets can
be co-added for the sake of improving the overall S/N (a procedure not implemented in this study). All of these data postprocessing proceduied were car
out in this study on a 2.4 GHz Pentium IV computer, using custom-written Matlab 6.5 (The MathWorks Inc.) software routines.
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Figure 6. Single-scan 3D NMR spectra acquired on-aR0% w/w n-hexane/CDG sample, using the pulse sequences schematized on top of each set.
Notice that, due to the absence of a well-defined triggering event, the intieailution was encoded in all cases using a constant-time scheme incorporating

an incremented refocusing pulse. As for all experiments presented in this study, these experimental data were acquired on a Bruker NMR spectrometer
using a triple-axis QXI probehead. Other acquisition parameters included 25-bhg/2 pulses applied at 8 kHz offset increments while in the presence

of a 110 kHz/cne gradient, 11 128s-long pulses applied at 4 kHz increments while in the presence of a 80 kHefpadient, and an acquisition period

where 6N3 z-gradient echoes were nested within N§ x-gradient echoes. Data were scanned Wih= 64 us (plus 5us gradient switching times) and

1.5us physical dwell times; maximum gradient strengths during these acquisitions were set to 103 and 16 kHz/cm alandxki@ections, respectively.

Such conditions yielded 46 6 x 16 points in the mixedi/k;, vJ/ky, t3) domain, together with the indicated spectral width values. For their spectral
presentation, data were then separated as illustrated in Figure 5, back-FT'd -abmdy», linear-predicted in the resulting time-domain to 128.6 x 32

points, forward FT'd into the 3D frequency domain, and presented in magnitude mode. For the experiments shown in panels (B,C), DIPSI mixing periods
of 40 ms were inserted at the indicated positi&h¥. Total acquisition times were ca. 30 ms for the 3D NMR experiment shown in (A), and 70 ms for the
spectra in (B,C).

To cope with this complication, data were subjected to a that relatively long periods of time had to be spent to sample
rearrangement/separation procedure analogous to that previoushappropriate excursions along tkgand ky axes. This in turn
described for the 2D NMR cakkprior to this transformation. imposed a penalty on our 3D acquisitions in the form of long
This demand of the ultrafast 3D NMR protocol to separate data dwell times alongs. Compromises were made to alleviate this
into four independent subsets (Figure 5B), coupled to the penalty, particularly in terms of the number of points that were
relatively weak gradient strengths that were available in the sampled along two of the spectral dimensions, and of the spectral
spectroscopic probehead used to test these experiments, impliedidths that could be accommodated.

J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003 11389
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t;j-DIPST-1>-13 t]-t2- DIPSI-t3 Experiments such as those illustrated in Figures 6 and 7,
ii‘;}ﬁfzﬂ'e é'ifglfffﬁe _ involving solely homonuclear correlations, do not reflect the
| V1 (0.25/+1.8 ppm) T A i majority of 3D NMR sequences. In most instances, the power

| |
% £ . 8 % of 3D NMR stems from exploiting the superior resolution that
. “ n these experiments may achieve when they incorporate a
E £ heteronuclear evolution periédlhe spatial encoding principles
S 2 detailed in the preceding section can also be employed for
o o implementing this kind of heteronuclear correlation. Such
S 1 e B y i Id then rely on the coh f hetero-
¢ l experiments would then rely on the coherent nature of hetero
. nuclearS— | transfers, which will preserve the spatial encoding
«—— V2 (+0.5/+1.7 ppm) | " (+0.5/+1.7 ppmy) | imparted by a train of rf pulses even while the nature of the
H g nuclei that carry such encoding changes, in order to parallelize
. o & ' - the manner by which the heteronuclear evolution is encoded.
n I Figure 8 (top) illustrates a pulse sequence based on such a
S S premise, designed to collect a 3D NMR spectrum within a single
;:; ‘; scan and containing an HSQC evolution during the course of
B 1 & = 1 its second evolution period. Also illustrated in the figure are
results obtained with such a sequence on a glycerol sample.

! !

, —— V] (-0.25/+1.80 ppm) 4 V] {-0.25/+1 80 ppm)

The pulse sequence used in this experiment entailed (i) an initial

1H t; evolution that is spatially encoded along théirection;

(i) an INEPT block® where such encoding is transferred from

a givenH to its directly bonded3C; (iii) a selective £/2)c

pulse applied under the action ot gradient, whereby the &,

. — H,C, conversion is triggered and th& t, evolution becomes
spatially encoded; (iv) an INEPT back-transfer to the bonded
1H; and (v) a final signal acquisition period implemented while

Figure 7. Contours extracted along the indicated dimensions, by projecting scanning thek,, k;, andts axes. ThrOUQhOL_Jt the whole pu_lse

(skyline) the single-scan 3D NMR data illustrated in Figure 6B, 6C against Se€quence, heteronuclear decoupling was implemented with the

the remaining spectral axis. Gray scale contours begin at 20% of the aid of on-resonance-pulses applied in synchrony with the zero-

maximum signal intensity. Also indicated are t_he chemical shift ranges (in crossings of the various gradients. On calculating two-

ppm from TMS) covered by each spectral axis. . ; L . .

dimensional projections out of this 3D data only diagonal peaks

Practical limitations notwithstanding, Figures 6 and 7 illustrate are observed when monitoring the data along thes H
proof-of-principle results on the feasibility of implementing evolution dimensions, as transfers to the carbon spins were only
single-scan 3D NMR, utilizingH experiments on an-hexane/ made from and to their directly coupled neighbors. Three peaks

CDCl; sample as a model. Because of the limited spectral are also observed upon calculating the 2D heteronuclear

resolution availab