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Two-dimensional RF pulses: A new approach to selectively exciting
J-coupled spins in nuclear magnetic resonance
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A new scheme for the excitation of spins according to the joint values of their heteronuclear or
homonuclear J couplings and of their chemical shifts, is proposed and demonstrated. The principles
of the new pulses involved derive from those employed in NMR imaging for exciting arbitrary 2D
spatial shapes, using so-called “multidimensional” RF pulses. It is shown that if recast in a suitable
spectroscopic framework, the distinction that π -pulses enable to establish between linear and bilin-
ear interactions, support the selective excitation of coherences possessing arbitrary combinations of
chemical shift and J-coupling values – a flexibility akin to that provided by a 2D J-resolved NMR
spectrum. Details on the execution of the resulting 2D “J-shift” RF pulses are given, and exam-
ples where excitation only addresses spins with particular chemical shift offsets fulfilling specific
J-coupling displacements, are demonstrated. Additional instances where such pulses could be ap-
plied, as well as main limitations of this new approach, are briefly discussed. © 2013 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4823772]

I. INTRODUCTION

Nuclear Magnetic Resonance (NMR) provides one of the
most versatile tools available for analyzing molecular struc-
tures and dynamics at a site-resolved, atomic level.1 An im-
portant aid in simplifying the information arising in NMR
spectra is played by selective pulses,2, 3 whose aim is to ex-
cite or refocus a restricted subset out of the ensemble of res-
onances involved. Over the years a wide array of selective
irradiation schemes have been developed; initially relying on
the linear approximation

Mexc
+ (ν) ∝ iMo

Tpulse∫
0

B1(t) exp[−2πiν · (t − Tpulse)]dt,

(1)
but eventually extending via a variety of different analyti-
cal and numerical means to fulfill a wide variety of perfor-
mance tasks.4–6 Selective pulses also play ubiquitous roles
in NMR imaging (MRI), where in addition to acting as aids
in signal (e.g., fat) suppression they are integral constituents
in the three-dimensional image-defining process. Given the
high dimensionalities involved in this kind of NMR experi-
ments –particularly when concerned with spectroscopic imag-
ing applications – it is often desirable to excite specific “re-
gions” in the spectral and/or spatial dimensions, rather than
to fully scan in a point-by-point fashion the multiple dimen-
sions where this information resides. This can be carried out
by sequentially applying a series of selective pulses, for in-
stance one to choose a particular F1 band and another to cor-
relate it against a particular F2 range. Sometimes, however,
more complex excitation patterns than those achievable by
the intersection of two orthogonal spectral bands need to be

a)Email: lucio.frydman@weizmann.ac.il. Phone: +972-8-9344903.
Fax: +972-8-9344123.

performed. This need can be visualized if trying to excite a
particular organ or tissue, whose shape in a two-dimensional
(2D) projection will not in general match the intersection be-
tween simple square or Gaussian projections. Also when deal-
ing with a 2D NMR spectrum, one might envision the need to
selectively excite spins according to certain parameters in spe-
cific combinations of J-couplings and shifts that do not map
one-to-one onto one-dimensional frequency axes. One such
instance is illustrated in Figure 1, using a 2D J-resolved rep-
resentation as model example. This toy model assumes a pure
chemical shift offset along F1 and a pure J multiplicity along
F2, and demonstrates a peak arrangement for which certain
selectivity cannot be fully achieved by the direct product of
two independent selective irradiation process. It is to address
this kind of limitation that the present study introduces a new
kind of RF pulse, capable to uniquely address specific fre-
quency combinations in a 2D spectral representation.

The way by which MRI copes with this kind of demand,
involves the use of so-called multidimensional RF pulses.7, 8

The operation of such pulses can be best appreciated by de-
scribing the spins’ evolution in the wavenumber space defined
by the action of a gradient G over time: k(t) = γ

∫ t

0 G(t ′)dt ′.
Given the Fourier relation arising between k and the positions
r sought in MRI, an analogue to Eq. (1) can be derived as

Mexc
+ (r) ∝ iMo exp[2πik(Tpulse) · r]

×
Tpulse∫
0

B1(t) exp[−2πik(t) · r]dt. (2)

This 1D expression can be extended to a full three-
dimensional �r = (x, y, z) space by exploiting “walk in
k-space” concepts9 whereby instead of a one-dimensional
time-independent gradient G, the k-wavenumber becomes
a time-dependent vector manipulated by independent

0021-9606/2013/139(14)/144204/10/$30.00 © 2013 AIP Publishing LLC139, 144204-1
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FIG. 1. Distinction between the frequency selectivity involved in a classical band-excitation (a), and that which can be achieved upon considering the peak
positions in a 2D space dictated by different interactions (b). Peak positions are assumed to reflect single-spin chemical shifts (F1) and J-couplings (F2) – but
other combinations are possible. Black horizontal lines along the F1 and F2 axes (top graphs) denote the frequency ranges targeted in each case, leading to the
eventual excitation of the indicated red rectangles. Notice how in certain instances, classical schemes involving a selective addressing of peaks in a product
space may lead to the excitation of undesired resonances. These collateral excitations are avoided by addressing the unique signature of peaks in the full 2D
(F1, F2)-space.

orthogonal gradients �G(t′). If the ensuing �k(t) vector is
scanned with sufficient density over a sufficiently large
region of support, Eq. (2) can be extended into multiple
dimensions according to

Mexc
+ (�r) ∝ iMo(�r) exp[2πi�k(Tpulse) · �r]

×
Tpulse∫
0

B1(t) exp[−2πi�k(t) · �r]dt (3)

there by opening the possibility of exciting arbitrary shapes.
The concepts underlying this kind of multidimensional spatial
RF pulse have also been extended to deal with spatial/spectral
multidimensional excitations. Extensive use of these tools is
made in a variety of in vivo applications.10–14

There is a close link between this formalism for exciting
arbitrary shapes in multiple spatial dimensions by applying
a suitable B1(t) RF waveform, and Mansfield’s proposition
for the echo-planar acquisition of 2D NMR images by con-
tinuous digitization of a one-dimensional FID(t) free induc-
tion decay.15, 16 In effect, in either of these excited/detected
2D imaging experiments, use is made of the Fourier-pairing
that upon suitable rearrangement can be established between
the profile/information being sought, and the one-dimensional
time-domain signal involved in the excitation/acquisition.
Also in common between these two cases is the extreme

flexibility that in imaging experiments arbitrary manipula-
tions of gradients endow to the idea of “walking in k-space.”
Such flexibility is rarely available in spectroscopy-oriented
NMR experiments – yet not unheard of. Examples have been
demonstrated where 2D correlations can be established by
single-scan acquisitions, for spins subject to homo- or hetero-
nuclear J-couplings plus chemical shifts in solutions, for
quadrupolar nuclei in rotating solids, and for certain cases of
heteronuclear shift correlations.17–21 This work demonstrates
that such instances of “time-domain walks” can be employed
to devise spectroscopic 2D RF pulses, capable of achiev-
ing excitation patterns unavailable within the classical frame-
works of 1D selective excitations.

II. THEORETICAL BACKGROUND

For concreteness we begin by considering a heteronu-
clear I-S spin system, where the S spin is observed with no
heteronuclear decoupling of the I spins. The resulting spec-
trum will exhibit the usual multiplet structure reflecting the
indirect I-S couplings, centered at a S-shift ωS specific to
the latter’s chemical environment. Our initial aim is to ex-
cite selectively and at will one multiplet component, for a
S-spin possessing an arbitrary shift and multiplicity. For ex-
ample, we may wish to excite the left or the right component
of all S-spin doublets; or the center mI = 0 component of a
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FIG. 2. (a) Pulse sequence explored for selective chemical shift/J-multiplet component excitation. Narrow tall rectangles indicate hard π pulses and wide low
rectangles indicate the N soft irradiation segments, each of duration TCS and intensity ω1

soft (hereby assumed constant for simplicity) making up a collective
π /2 excitation pulse. (b) To achieve the excitation of a particular shift-related region � and multiplet component mIJIS, the ensuing RF relies on a short-time
waveform modulated according to � and on a {φk}k = 1. . . N phase modulation according to mIJIS. (c) Further modulations of the resulting collective waveform
becoming necessary if the train of hard (π )S-pulses departs from basic XXXX or XX-X-X phase modulations themes: the bottom panels illustrate, for example,
the additional sine and cosine modulations of the 2D RF waveform that would be needed if the train of hard (π )S-pulses would incorporate XY-4 or XY-8 phase
super-cycling themes24, 25 (See main text for further details on these various aspects).

predefined set of S triplets centered at a particular shift. To-
wards this end consider an excitation sequence of the kind
shown in Figure 2(a), where a 90◦ pulse of length TJ is bro-
ken up into N segments of equal duration TCS, separated
by 180◦ pulses applied on both the I and S channels. Un-
der the assumption that the 180◦ pulses are ideal, this se-
quence will quench the S chemical shift evolution but not the
I-S indirect couplings.22 For sufficiently large N values two
timescales can then be distinguished: a short time scale TCS

where the chemical shift offset is relevant, and a long time
scale TJ where the spins’ evolution is governed on average
by the heteronuclear JIS-couplings. The design of a “two-
dimensional” 90◦ excitation pulse can thus be envisioned,
containing two different kind of functionalities: a “fast” com-
ponent – which could be shaped to address the chemical shift
values in a uniform non-selective or on a site-specific fashion
(within a spectral resolution ∼1/TCS), and a “long” irradiation
waveform acting over the course of the full TJ, and modulated
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so as to address specific, pre-selected components of the I-S
spin multiplets.

The option to make such “two-dimensional” frequency
discrimination addressing a particular shift/J-coupling com-
bination would have a number of features worth mentioning:

� it would demand that the spectral values spanned
by the J-couplings be much narrower than the range
spanned by the chemical shift spectral offsets.

� the dual ωS/J selectivity imposed by this strategy
would not lead to the same RF waveform as one de-
signed to address a given frequency offset dictated by
the chemical shift + J-coupling values.

� the co-addition of many such “2D” selective pulses
with different chemical shift and/or J-coupling speci-
ficities would lead to a polychromatic pulse exciting
arbitrary J-split components within an array of pre-
chosen ωS shift values.

� the arguments just described for a heteronuclear case
could be adapted for homonuclear instances, with all
irradiation applied on a single channel, and offsets
and phases of the weak irradiation segments imported
without modification. Minor distortions may arise in
such cases (as illustrated below) from homonuclear
mixing effects induced by the repetitive hard 180◦

pulsing.23

We turn next to discussing in more detail how the pulse
sequence just described enables the discrimination of shift-
and J-oriented couplings, and on how waveforms and phases
of consecutive soft irradiation blocks are to be tailored in or-
der to achieve a selective excitation in this chemical shift-J
space. To this end consider a heteronuclear I-S spin pair acted
on by the sequence of Figure 2. The Hamiltonian which drives
the S spin evolution during the course of this irradiation seg-
ments is given by

H(t) = ωSSz + JISIzSz + ω+
RF (t)S+ + ω−

RF (t)S−, (4)

where ωS and ωI are the angular resonance frequencies of the
S and I spins in their respective rotating frames, JIS represents
the J-coupling constant, ω±

RF (t) represent the RF field applied
to the S spin, and the time 0 ≤ t ≤ TJ counts from the be-
ginning of the pulse sequence. The offset and the initial RF
phase of the kth segment, �k and φk, are the sequence’s two
main degrees of freedom; they are incorporated into ω±

RF (t)
according to

ω±
RF (t) = 1

2
ω

sof t

1 (t) exp{∓i[�k(t − (k − 1)TCS) + φk]}.
(5)

The RF amplitude ω
sof t

1 (t) provides an additional degree of
freedom as it will generally depend on time, but for simplicity
it will be assumed constant and the same for all segments;
provisions for its refined shaping follow from the arguments
below.

The sequence’s basic task is to selectively excite one J-
multiplet component, for any S shift resonating in a certain
spectral region. To do this we rely on the distinction between
shift- and J-derived offsets introduced by the π -pulses in
Figure 2(a). This distinction can be more clearly appreciated

in the toggling frame generated by these π pulses,26 where
the S-spin evolution is governed by

H̃m(t) = ω̃S(t)Sz + mJISSz + ω̃+
RF (t)S+ + ω̃−

RF (t)S−, (6)

where ω̃S(t) = ±ωS for odd and even blocks, respectively,
and m denotes a given angular magnetic projection, pre-
sumed to reflect a good quantum number for the I-spin despite
the train of {π}I-pulses. Eq. (6) assumes that all π pulses
are applied along the X axis such that we have ω̃±

RF (t)
= ω±

RF (t) for odd blocks, and ω̃±
RF (t) = ω∓

RF (t) for even
blocks. To illustrate the shift/J selectivity we change into
an additional interaction frame that removes all longitudinal
terms according to

Ũm(t, 0)=exp

⎧⎨
⎩−i

⎡
⎣ t∫

0

ω̃S(t ′)dt ′Sz+mJISSzt

⎤
⎦

⎫⎬
⎭ ≈

Um
(t, 0).

(7)
The Hamiltonians associated with this new transformation
will be given by

≈
Hm(t) = ω̃+

RF (t) exp

⎧⎨
⎩i

⎡
⎣ t∫

0

ω̃S(t ′)dt ′ + mJISt

⎤
⎦

⎫⎬
⎭ S+

+ ω̃−
RF (t) exp

⎧⎨
⎩−i

⎡
⎣ t∫

0

ω̃S(t ′)dt ′ + mJISt

⎤
⎦

⎫⎬
⎭ S−.

(8)

The corresponding propagators can be evaluated according to
first order time-dependent perturbation theory

≈
Um(t, 0)∼=1 − i

t∫
0

ω̃+
RF (t ′) exp

⎧⎨
⎩i

⎡
⎣ t∫

0

ω̃S(t ′′)dt ′′+mJISt
′

⎤
⎦

⎫⎬
⎭

× dt ′S+ + . . . . (9)

Within this approximation, the kth irradiation block the
expressions for the phase terms in the exponentials above
become

t∫
0

ω̃S(t ′)dt ′ + mJISt = ωSt
k
CS + mJISt, (10)

where

t kCS =
{

t − (k − 1)TCS for k odd

kTCS − t for k even
.

Since JIS · TCS is presumed small one can assume that the J-
coupling evolution within any tk period is constant; it follows
that in order to achieve a coherent excitation the RF wave-
forms need to fulfill

ω̃+
RF (t) = 1

2
ω

sof t

1 exp
{−i

[
�tkCS + φ̃k

]}
, (11)

where ω
sof t

1 represents the (presumed constant) amplitude of
the RF field. The efficiency of such irradiation can then be
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evaluated as

−i

kTCS∫
(k−1)TCS

≈
Hm(t)

∼= −iω
sof t

1 exp{imJIS(k − 1)TCS}

× exp

(
− iδωSTCS

2

)
sin(δωSTCS/2)

δωS

S+ + . . . , (12)

where δωS = ωS − � is an off-resonance around which ω
sof t

1
will efficiently excite the spins. The width of the excitation
profile will be given by TCS, and in this case it will reflect
a sinc-like function. The time variable t kCS thereby defines
the time-support of the chemical shift excitation; these time-
domain span is always ≤TCS, and the offset they address is
reversed with every (π )S pulse. Notice as well the linear ω

sof t

1
dependence and the exp (−iδωSTCS/2) phase distortion in
Eq. (12), characteristic of the small-pulse approximation we
have assumed.

Although the sinc-shaped excitation accounts for the
stronger shift interaction acting over times (k − 1)TCS ≤ t
≤ kTCS, over the longer time TJ the remaining mJIS(k − 1)TCS

phase terms will also introduce a sizable, coherent evolution.
To deduce how the RF offset and/or phases need to be modu-
lated between t kCS blocks to account for this, we point out the
remaining modulation in Eq. (12) represented by the coherent
time evolution terms exp{imJIS(k − 1)TCS}. Removing this
effective J-imposed offset over times 0 ≤ tJ = (k − 1)TCS

+ t kCS ≤ TJ can – under the weak coupling assumption
mJISTCS 
 1 – be accounted by imposing a RF phase modula-
tion in every k-period. In this toggling frame this modulation
will be given by φ̃k = J̄IS(k − 1)TCS , where J̄IS represents a
chosen J-coupling (positive or negative) which may deviate

slightly from the indirect couplings within the target sample.
With this condition the overall evolution operator over the en-
tire sequence becomes

≈
Um(TJ , 0) ∼= 1− i

2
ω

sof t

1 exp(−iδωSTCS/2) exp{−iδJTJ /2}N

× sin(δωSTCS/2)

δωS/2

sin{δJTJ /2}
δJTJ /2

S+ + . . . , (13)

where δJ = mJIS − J̄IS is now an effective “J-offset” vis-
à-vis the selected J-value. Notice the new δJ-dependent
sinc profile and first-order phase dependence on δJ – once
again, typical of the square RF envelop presumed and of the
small-tip-angle approximation.4, 5 With these considerations
at hand, we can translate the equations from the toggling
frame back to the standard rotation frame. Overall we have
imposed

ω̃+
RF (t) = 1

2
ω

sof t

1 exp{−i[�[t − (k − 1)TCS]

+ J̄IS(k − 1)TCS]}, k odd,
(14)

ω̃+
RF (t) = 1

2
ω

sof t

1 exp{−i[�[−t + kTCS]

+ J̄IS(k − 1)TCS]}, k even;

remembering that ω̃±
RF = ω±

RF (t) for odd blocks and ω̃±
RF

= ω∓
RF (t) for even blocks, the waveforms in the rotating

frame are then to be set as

ω+
RF (t) = 1

2
ω

sof t

1 exp{−i[�[t − (k − 1)TCS]

+ J̄IS(k − 1)TCS]}, k odd,
(15)

ω+
RF (t) = 1

2
ω

sof t

1 exp{−i[�[t − kTCS]

− J̄IS(k − 1)TCS]}, k even.
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CH–CH–CH2–CH3 system (carbon spins are all independent of each other). (b) Homonuclear simulation for a C1–C2–C3 system. In both cases the top figures
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1 /2π =∞; ωCH/2π = −0.86, −1.14 kHz; ωCH2/2π = −1 kHz; ωCH3/2π = 1.5 kHz; TJ = 20 ms (BWJ = 50 Hz); TCS = 0.278
ms; N = 72; JIS = 140 Hz. Settings for (b): ωhard

1 /2π = 1250 kHz; ωC1/2π = −0.2 kHz; ωC2/2π = 0.1 kHz; ωC3/2π = 0.3 kHz; JIS = 40 Hz; TJ = 66.6 ms
(middle); TCS = 3.33 ms; N = 20; TJ = 100 ms; (bottom); TCS = 5 ms; N = 25.
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From the last two equations it follows that the offsets of the
RF blocks are �k = � and the k-dependent RF phases are

φk = −�TCS[1 + (−1)k]/2 + (−1)k+1J̄IS(k − 1)TCS.

(16)
These wave forming considerations may be affected if super-
cycling is included into the CPMG train underlying the S-
shift refocusing in Figure 2(a). This consideration is impor-
tant, as a main compromise on the implementation of the
aforementioned pulse sequence stems from limitations in the
bandwidths of the (π )S refocusing train. Super-cycling will
not affect the shift waveforms, but will change the phases φk

deduced above. These phases will remain unaffected if the
series of (π )S pulses have phases X or −X. As it will be de-
tailed in Sec. V other π pulses series were employed in order
to reduce undesirable offset effects. For the XY-4 series of π

pulses (XYXY) it can be shown that

ω̃±
RF (t) = ω±

RF (t), ω∓
RF (t), ω±

RF (t)eiπ , ω∓
RF (t)eiπ , . . . (17)

for k = 1, 2, 3, 4,. . . . This will induce additional phase shifts
onto the calculated φk,

φ1 → 0, φ2 → 0, φ3 =→ −π, φ4 → −π, . . . , . . . . (18)

Similarly for the XY-8 series (XYXY-YXYX) the following
additional phase shifts have to be incorporated:

φ1 → 0, φ2 → 0, φ3 =→ −π, φ4 → −π, φ5 =→ 0,

φ6 =→ −π, φ7 =→ −π, φ8 =→ 0, . . . . (19)

Figure 2(c) illustrates how these phase shifts would affect
the waveforms, vis-à-vis a basic waveform like the one that
would be derived from Eqs. (15) and (16).

These considerations can be extended from this single-
shift/ single-J case, to excitation involving multiple sites with
varying effective J-couplings and chemical shielding offsets.
Generally, selection of multiplet components associated with
specific J coupling/shift combinations lying in different spec-
tral zones, would imply superposition of elementary wave-
forms defined as above, each its own δωS and δJm combi-
nation. A particular case worth remarking then involves a
uniform excitation of every single mJIS multiplet component
for the whole S spectrum, which would be akin to a particular
form of spin-state selective excitation.

Finally, for homonuclear variants of the sequence just de-
scribed, all offsets and phases of the individual RF k-segments
would be applied without further modification. The sole dif-
ference thus being the use of single common π -pulses in the
CPMG train.

III. NUMERICAL SIMULATIONS

Numerical evaluations of the concepts just introduced
were performed ahead of experiments, using home-written
Matlab R© scripts for (i) 1H-13C I-S heteronuclear CH, CH2,
and CH3 systems considering 13C chemical shifts and trun-
cated J-couplings, and (ii) a C–C–C homonuclear configura-
tion considering shifts and the full isotropic J Hamiltonian.
For the 180◦ pulses both δ-pulses and pulses of realistic RF
strength (characterized hereafter by the RF amplitude ωhard

1 )
were assumed, in either case with no pulse errors. Figure 3
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FIG. 4. 13C simulations for a (CH)4–CH2 spin system, where two CHs and
the CH2 are grouped on the spectrum’s left, and two CHs are on the right.
Again – only heteronuclear pairs are assumed coupled, and arrows indi-
cate the positions around which the RF offsets � were phase-modulated by
±JIS/2or ± JIS to address the individual components. (a) Reference spectrum
of the assumed spin system. Offsets of the spins are set to −0.64 (doublet),
−0.5 (triplet), 0.36 (doublet), 1.5 (doublet), and 1.7 (doublet), all values in
kHz. (b) Selective excitation of the right/left components of the negative-
offset resonances, and of the left/right components of the positive-offset dou-
blets, illustrated by independent experiments shown in blue/red traces, re-
spectively (with the latter trace artificially lifted for ease of visualization).
Notice that the triplet is only marginally excited. (c) Selective excitation of
the central component of the triplet and of the left-side components of the
doublets positioned at positive offsets. Parameters used: ωhard

1 /2π = ∞ kHz,
TJ = 50 ms (BWJ = 20 Hz), TCS = 0.5 ms, and N = 100. All π pulses were
applied with the same phase (X). All spectra are shown in magnitude and
normalized with respect to the reference (top) spectrum.

presents simulations of the sequence in Figure 2(a) for both
hetero- and homonuclear cases. Here only very hard 180◦

pulses were employed in order to assay the experiment’s va-
lidity; ω

sof t

1 was taken constant (square pulse) and TCS was
assumed short enough to perform a broadband rotation of all
peaks involved. Under these ideal conditions the I-spin-state
selective excitation of various multiplet components is nearly
ideal in the heteronuclear case, and shows only minor dis-
tortions stemming from isotropic-mixing-like effects in the
homonuclear network.

A variant on the theoretical considerations introduced
above is illustrated in Figure 4, which shows the formal-
ism’s ability to deliver waveforms that excite arbitrary mul-
tiplet components, for different values in the chemical shift.
As mentioned, achieving such selectivity requires sufficiently
long TCS intervals to address solely the chemical shift being
aimed for, and the super-position of the desired J selectivity
as a phase-modulation over the time TJ. The overall pattern
can then be designed by a complex addition of these site-by-
site excitation waveforms, into an overall polychromatic RF
pulse.
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FIG. 5. (a) and (b) Experimental realization of the concepts introduced in this paper for 13C NMR of glucose and camphor, respectively. These experiments
uniformly addressed chemical shifts for heteronuclear 1H-coupled 13C spin systems, with a J-selective excitation. For sensitivity reasons the sequences used
were akin to the one in Fig. 2(a), but preceded by a sensitivity-enhancing refocused INEPT block,27 a flip back π /2 pulse to store the enhanced 13C transverse
magnetization along the static magnetic field, a delay during which gradients dephased any coherences still in the transverse plane, and the actual selective
excitation block. Glucose experimental parameters included a ωhard

1 /2π = 19.2 and 71.4 kHz on the 13C and 1H channels, respectively; ω1
soft/2π = 15 Hz;

TJ = 16.6 ms; TCS = 0.83 ms (BWJ = 60 Hz); N = 20; J̄ IS/2π = ±80 Hz. Acquisition times were 16 s (recycle delay 2s, number of transients 8) and
128 s (recycle delay 2s, number of transients 64) for the standard spectrum (top) and for the selective sequence (bottom), respectively. Camphor experimental
parameters are:ωhard

1 /2π = 17.9 kHz and 71.4 kHz on the 13C and 1H channels, respectively; ω1
soft/2π = 15 Hz; TJ = 16.6 ms (BWJ = 60 Hz); TCS = 0.83 ms;

N = 20; J̄ IS/2π = ±64 Hz. Acquisition times were 8 s (recycle delay 1s, number of transients 8) and 128 s (recycle delay 2s, number of transients 64) for the
standard spectrum and for the selective sequence, respectively. The second and third camphor spectra show a successful selective excitation of different regions
of the full spectrum, the position of the transmitter offset is indicated by the black arrows. For both sets 180◦ pulses with a constant X phase were applied. In the
glucose experiments, the central components of triplets are missing due to our use of INEPT for enhancing the spectral sensitivity: as these components exhibit
no net coupling, they are not polarized by this sequence. For ease of visualization, the negative J-frequency traces were artificially lifted.

These simulations illustrate the high degree of flexibil-
ity afforded by the new method: single components of all
multiplets could be selectively excited for homo- and homo-
nuclear variants; the sequence could also be endowed with

additional chemical shift flexibility. Although noise and other
factors were not taken into account, the parameters optimized
via simulation were a good start when moving to practice and
setting up the experiments.
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FIG. 6. 13C camphor dependence of peak intensity as a function of the 13C offset. Plots illustrate the right inner component of the quartet at 19 ppm, but
are representative of other peaks and/or numerical simulations. (a) Offset dependence of the sequence for different composite 180◦ pulses. The plots show
the intensity of the 13C multiplet component as function of the resonance’s frequency offset, normalized by the strength of the 13C hard π -pulse. All other
parameters were kept constant: ωhard

1 /2π = 19.2 kHz and 71.4 kHz on the 13C and 1H channels, respectively; ω1
soft/2π = 12.5 Hz; TJ = 20 ms (BWJ = 50

Hz); TCS = 0.556 ms; N = 36. (b) Idem as (a) but for different super-cycling series of 180◦ pulses – all with a TCS = 0.714 ms. The series compared were:
uniform X, MLEV-4, and XY-8 for two different values of TCS (0.278 and 0.556 ms), TJ = 20 ms (BWJ = 50 Hz). (c) Offset dependence of the sequence for
different BWJ values together with different TCS values.
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IV. EXPERIMENTAL

Experiments seeking to test the arguments just given
were performed on natural-abundance glucose and cam-
phor solutions for assessing the I-S, 1H-13C heteronuclear
pulse sequences, and on U-13C-leucine for the homonuclear
pulse sequence. Samples were prepared as follows: 0.9 g
of glucose were dissolved in 0.9 ml 99.9% D2O; 0.5 g
of camphor were dissolved in 1 ml 99.8% CDCl3;
a 10 mM15N-13C-leucine solution was prepared in d6-
DMSO. NMR experiments were performed on a Varian
VNMRS R©600 MHz NMR spectrometer using a triple-
resonance proton-optimized (HCN) single-gradient probe.
Unless specified otherwise the following parameters were
used: 8, 16, or 64 phase-cycled scans; T = 298 K; recycling
delay of 2 s; 3.5, and 14 μs 90◦ pulse lengths for 1H and 13C,
respectively; acquisition time = 0.1 s. Selective pulses were
created using Varian’s Pbox R© software. Typical values used
for TCS were in the 0.28–2.5 ms range, with TJ ≈ 17–25 ms
for the heteronuclear and 50 ms for the homonuclear cases.
The slight variations of indirect couplings for different 13C
resonances were disregarded; so were longer-range spin-spin
J-couplings.

V. RESULTS

Figure 5 shows 13C NMR results obtained upon apply-
ing the arguments derived above on glucose and on camphor.
The sequence used in these experiments was akin to that in-
troduced in Figure 2(a), but preceded with a broadband refo-
cused INEPT27 block to enhance sensitivity. For the experi-
ments in Figure 5, the subsequent 13C excitation conditions
were such that no 13C shift selectivity was sought – only se-
lectivity in the excitation of common sets of J-multiplets. For
glucose this multiplet excitation could be achieved without
significant losses, by placing the 13C transmitter offset be-
tween the two main peak-containing regions. The camphor
13C resonances were spread over a larger spectral width, and
thus a broadband excitation with the 2D RF waveform could
not be achieved with our hardware due to insufficient power
in ωhard

1 . Still, J-coupling components in neighboring regions
could be well excited by placing the carrier offset at their re-
spective centers, without significant signal losses within a few
kHz. Availability of a stronger RF fields could obviate this
complication, which is a first the manifestation of the prob-
lems faced by the CPMG portion of the sequence – particu-
larly in the broader-banded 13C channel – upon using finite-
length 180◦ pulses.

In an effort to alleviate these limited ωhard
1 effects, ex-

perimental and numerical searches were made to improve the
performance of the 180◦ pulses in the chemical shift refocus-
ing train. The compensation of the finite pulse-length effects
compromising performance was sought by replacing square
by composite 180◦ pulses in the CPMG train, as well as by as
saying different super-cycling schemes for this train.28 Com-
posite pulses tested included 90y–180x–90y,29 90(-x)–90y–
90x–180y–90x–90y–90(-x),30 and 90x–240y–90x31, 32 180◦

rotations; the super-cycling series considered the MLEV-4
and the XY-4 and XY-8 variants. Upon replacing the normal

180◦ CPMG pulses with their composite-pulse counterparts
no special precautions had to be taken; by contrast, upon im-
plementing the super-cycling schemes, changes in the selec-
tive excitation waveform of the 2D RF pulse had to be made
according to the guidelines explained in Sec. II. Figure 6 dis-
plays the behavior observed for the double quartet region of
camphor as a function of the transmitter offset, for all these
different variants. When compared to the simplest, constant-
phase squared-180◦ pulse train, MLEV-4 and some of the
composite pulses made a large improvement to the intensi-
ties and line shapes of the excited peaks; but the excitation
bandwidth did not change significantly. A significant increase
in the excitation bandwidth – improving it by a factor of ≈2
– was only furnished by the XY-8 (XYXY-YXYX) super-
cycling scheme; numerical simulations (not shown) corrob-
orated this behavior.

In addition to these offset dependencies, the sequence
sensitivity to different values of TJ and TCS were investigated.
Some of these results are shown in Figure 6(c). It follows
from this kind of studies that shorter TJ’s give a better sen-
sitivity and progressively larger range of frequencies excited.
This can be attributed to the fact that TJ shortens the effects of
spin-relaxation active over the excitation block are reduced,
and the range of J-coupling values addressed by the weak ir-
radiation segments increases and achieve their goal even if a
J-component does not perfectly match the irradiating modula-
tion. Conversely, an increase in TJ leads to higher selectivity
and a concomitant increase in relaxation-derived losses.

The cases above probed the functionality of the new
2D RF sequence assuming a uniform selection of multiplet

01020304050
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FIG. 7. Experimental realization of a heteronuclear chemical shift/J poly-
chromatic excitation for 13C in camphor, exciting different J-multiplet com-
ponents for different chemical shift spectral regions. Arrows indicate the
positions of the two sites addressed in each experiment, around which the
J-dependent offsets were modulated by ±J I S/2 or ± J I S as indicated, tar-
geting either the CH3 (Q’s), CH2 (T’s), or CH (D) in the molecule. In all
cases the following parameters were used: TJ = 20 ms (BWJ = 50 Hz); TCS
= 2.5 ms; N = 8; 180◦ hard pulse train super-cycled with MLEV-4.29 Ac-
quisition times were 8 s (recycle delay 1s, number of transients 8) and 32 s
(recycle delay 2s, number of transients 16) for the standard spectrum and for
the selective sequence, respectively.(a) Full INEPT-enhanced 13C spectrum;
the J-multiplicity of each resonance being indicated (center components of
triplets are missing because of INEPT transfer). (b) and (c) Examples of
region-specific multiplet component excitation, specifying the J-modulated
components targeted for each region. For ease of visualization, the negative
J-frequency traces in (c) were artificially lifted.
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FIG. 8. Experimental realization of the selective 2D shift/J sequence for 13C
in leucine, a homonuclear 13C–13C J-coupled spin system. The top spectrum
shows leucine’s aliphatic region consisting of two doublets and a quartet.
The center trace selectively excites the right-most component of the 22 ppm
doublet and the inner right component of the quartet. The bottom trace selects
the left/right components of the doublet and the left/right inner component of
the quartet, in blue and red colors, respectively (with the red trace artificially
lifted for ease of visualization). Other relevant parameters: TJ = 50 ms (BWJ
= 20 Hz); TCS = 2.5 ms, N = 20; the acquisition times were 64 s (recycle
delay 2s, number of transients 32) for simple excitation and 512 s (recycle
delay 2s, number of transients 256) for the sequence.

components for broad chemical shift ranges. As mentioned
earlier, variants of this sequence could also involve a poly-
chromatic excitation whereby different J-multiplet compo-
nents are selected, for different regions/peaks in the 13C spec-
trum. Outcomes of such kind of experiment are illustrated in
Figure 7 for camphor. The soft irradiation was here applied
around two regions, indicated in panels (b) and (c) by arrows.
The time interval TCS was longer than in the uniform excita-
tion variant, in order to allow the chemical shifts to evolve as
previously explained.

Finally, experimental results for the homonuclear variant
of the sequence are displayed in Figure 8. This case targeted
a 13C in a uniformly labeled sample of leucine; as in this
case the 13C–13C J-couplings are considerably smaller than
the 1H–13C J-couplings, achieving selectivity required longer
pulse trains, a larger number of CPMG pulses, and the use
of heteronuclear 1H decoupling. Despite these limitations, the
leucine results presented in Figure 8 show a reasonably clean,
selective excitation of the targeted J-components.

VI. DISCUSSION AND CONCLUSIONS

This study presented a new method of achieving selec-
tive excitation of one or multiple J-components, out of a
complex spectrum made up by numerous chemically shifted
peaks. The kind of new pulse sequences hereby introduced
can perform either a spin-state selective excitation and con-
sequently achieve also a form of “decoupling” without in-
volving double-resonance over the course of an acquisition,
or mixed-state excitations for different regions of a broad-
band spectrum. To achieve either of these aims a pulse se-
quence has been proposed that can selectively excite single
components out of complex multiplets arising from either
hetero- or homo-nuclear systems. Within certain constraints

that are usually achievable in high-resolution NMR, either
single or several multiplet J-components can be selectively
excited. The basic principles underlying these new forms of
2D spectroscopic RF pulses were demonstrated, and experi-
ments were performed. One of the main obstacles limiting the
sequence’s performance was traced to hardware limitations,
and in particular to the limits of B1 intensity of the irradiated
nuclei. This eventually defines the quality of the refocusing
pulse train of 180◦ pulses underlying the sequence’s concep-
tion; for the case of 13C nuclei investigated at high fields and
spanning a wide range of chemical shift offsets, this in turn
defines the range of peaks that can be addressed. These se-
lectivity problems could be alleviated by super-cycling the
180◦ pulse train, a procedure that required in turn adapting
the J-selective excitation waveform to ensure continuity of the
spins’ evolution in a multipulse toggling frame. Additional
improvements arose from the use of polychromatic pulses,
i.e., by co-adding various carrier offsets addressing specific
regions of interest. The results presented in Sec. V confirmed
the experimental feasibility and potential of the new method,
under readily available experimental conditions in terms of
available RF power, selectivity, and sensitivity. There were, as
expected, complications associated with intensity losses, the
excitation of unwanted components, and the onset of isotropic
mixing effects in homonuclear systems; but there are also di-
rections for further improvements in all these aspects.

The sequence hereby introduced offers a new and hitherto
unexplored flexibility in high-resolution NMR. It allows for a
finer form of selectivity than polychromatic selective excita-
tion, as with it one can choose not only the spectral regions
excited but also the multiplet component that will appear in
the final spectrum. In addition, since the sequence achieves a
form of “decoupling” without use of continuous irradiation, it
could be used to prevent sample heating and consequences
thereof, or spectral simplification in an a priori unknown
shift spectrum. These last points also make this sequence an
attractive alternative in setups in which continuous irradia-
tion/decoupling is either unavailable or impractical, such as
in certain imaging setups. Further advantages arise from the
sequence’s potential to unravel the parity of a given multiplet,
and thereby tell apart, e.g., doublets from quartets, and deduce
the number of overlapping multiplets contributing to a partic-
ular peak. Further improvements and extensions of this kind
of protocol are yet to be made, including other forms of mul-
tidimensional spectral pulses whose potential is under current
investigation.
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