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Abstract | One of the significant advancements in Nuclear Magnetic Resonance

spectroscopy (NMR) in combating the problem of spectral complexity for deriving the

structure and conformational information is the incorporation of additional dimension and

to spread the information content in a two dimensional space. This approach together with

the manipulation of the dynamics of nuclear spins permitted the designing of appropriate

pulse sequences leading to the evolution of diverse multidimensional NMR experiments. The

desired spectral information can now be extracted in a simplified and an orchestrated

manner. The indirect detection of multiple quantum (MQ) NMR frequencies is a step in this

direction. The MQ technique has been extensively used in the study of molecules aligned in

liquid crystalline media to reduce spectral complexity and to determine molecular

geometries. Unlike in dipolar coupled systems, the size of the network of scalar coupled

spins is not big in isotropic solutions and the MQ 1H detection is not routinely employed,

although there are specific examples of spin topology filtering. In this brief review, we

discuss our recent studies on the development and application of multiple quantum

correlation and resolved techniques for the analyses of proton NMR spectra of scalar

coupled spins.

1. Introduction
NMR Spectroscopy has proven to be an
indispensable tool for the elucidation of molecular
structure and conformation both in chemistry
and biology. The usefulness of the technique
stemmed from the significant shift in the resonance
positions of various nuclei, that even microscopic
variation in the electronic charge distribution
around the nucleus can be detected. The number
of observed spectral transitions depends on the
various possible interactions experienced by the

nuclear spins. Thus with the increased size of the
molecules there is a stringent requirement on the
spectral resolution implying that the extraction
of spectral information from very complex NMR
spectra is always a challenging task. One of the
significant advancements of NMR spectroscopy
in combating this problem is the incorporation
of another dimension and to achieve spectral
dispersion in a two-dimensional space. This
approach combined with the understanding of the
dynamics of nuclear spins under the application
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of designed sequence of pulses led to the evolution
of diverse multidimensional NMR methodologies
to extract the desired spectral information in a
simplified manner. One such technique is the
detection of higher quantum (multiple quantum)
NMR frequencies which are generally forbidden
according to selection rules of NMR transitions.
The detected single quantum NMR transitions
are highly redundant and all the transitions are
not required to derive interaction parameters. The
higher quantum transitions on the other hand
reduce this redundancy and simplify the analyses
of complex NMR spectra. This method has found
excellent applications in the study of structure of
molecules aligned in liquid crystalline media. In the
isotropic solutions the network of scalar coupled
spins are not bigger and multiple quantum (MQ)
technique is not generally employed for analyses
of the spectra. Nevertheless the concept of MQ is
employed in several multi-dimensional experiments
such as INADEQUATE, where the correlation
between coupled natural abundant 13C spins is
detected. Though there are reported studies on
spin topology filtering, it is not routinely employed
for the analyses of spectra of scalar coupled spins.
In this brief review, we discuss our recent studies
utilizing spin selective and non-selective multiple
quantum correlation and resolved techniques
for the simplification of the analyses of complex
proton NMR spectra of scalar coupled spins. For
more detailed conceptual understanding and the
applications of multiple quantum NMR techniques
readers are referred to excellent reviews1,2.

2. The analyses of the isotropic spectra
In the conventional high resolution single quantum
(SQ) NMR spectra of diamagnetic materials in
liquid or solution states the line positions and
the line intensities depend on chemical shifts (δi)

and the scalar couplings (Jij). The information
on the molecular structure and conformation is
generally obtained using these parameters. The
three bond Jij’s are particularly employed for
obtaining the dihedral angle restraints3–5. The
number of spectral parameters required to be
derived depends on the chemical or magnetic
equivalence of the spins in the molecules. For
N coupled spins, theoretically there are 2N CN−1

possible transitions from which N chemical shifts
and N ∗ (N −1)/2 spin-spin couplings are to be
determined. The spectral analysis to obtain these
parameters could be either first order or second
order depending on whether the spin system is
strongly or weakly coupled, where the definition of
strong and weak coupling is determined by the ratio
of the spin-spin coupling to that of the chemical

shift difference between the interacting spins. In a
weakly coupled spin system, where the chemical
shift separation between the interacting spins is
several orders of magnitude larger than the spin-spin
couplings, the first order analyses of the spectra is
generally feasible. Several methodologies have been
developed for the analyses of the spectra and the
measurement of scalar couplings in weakly coupled
spin systems, viz., J-resolved6–8, E-COSY type9–16

and quantitative J correlation experiments17–19. As
far as the determination of the relative signs of the
coupling constants is concerned several strategies
have been developed over the years, viz., the two
dimensional correlation experiments that provide
reduced multiplicities like z-COSY20, Soft-COSY21

and E-COSY14. There are also one dimensional
techniques practiced from the early days of NMR to
derive such information by spin tickling22, double
and triple resonance23 experiments.

3. Spin state selective detection
Another methodology which is widely practiced is
the spin state selective detection, where the high
field and low field components of both resolved
and unresolved multiplets are either separated
or individually detected, for the measurement
of scalar couplings in biological macromolecules
and also in high resolution NMR studies in
the solid state. The phase sensitive and spin
state selective double quantum (DQ) and zero
quantum (ZQ) coherence24–26 studies, where
the couplings evolve as sums and differences
respectively, provide the magnitudes and signs
of scalar couplings. The information on the
development of pulse sequences, for spin state
selective detection and their implementation in
many one and multidimensional experiments, is
available in the literature. These include suppression
of differential relaxation effects27, measurement of
heteronuclear one-bond coupling constants28, for
accurate measurement of small spin-spin couplings
in biological macromolecules dissolved in liquid
crystalline phase, wherein the compensated spin-
state filter called DIPSAP (Double In Phase Single
Anti Phase) is introduced for J-mismatch29, in
triple resonance experiments to determine three-
bond scalar couplings between 13C/ and 1Hα

in proteins30, to remove contributions of the J-
coupling to the line width in solid-state NMR31,
resolution enhancement in Multidimensional Solid-
State NMR Spectroscopy of Proteins Using Spin-
State Selection,32, efficient strategy has been
introduced using In Phase Anti Phase (IPAP)
to achieve spin-state-selective editing for all
multiplicities in the detection dimension of the
HSQC experiment33, for enhanced resolution in
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the 13C solid-state INADEQUATE spectra through
Spin-State-Selection by removing J-couplings in
both the dimensions of the 2D experiment34, to
distinguish the intra and interresidue connectivities
without using the HN(CO)CA experiment35, to
mimic the selective decoupling36, for measuring
the heteronuclear one-bond and homonuclear two-
bond couplings from an HSQC-type spectrum37,
COCAINE experiment for the detection of C/,
Cα correlations in proteins using a new time
and sensitivity optimal experiment.38, for the
accurate measurement of scalar and residual dipolar
couplings using Spin-State-Selection and editing
in three dimensions39, for accurate monitoring of
chemical shift in multidimensional NMR40, for
simultaneous spin-state selection for 13C and 15N
from a time-shared HSQC-IPAP experiment41,
for increased confidence in cross-correlation rates
measurements42. Application of spin state selection
is most easily employed when the coupling partner
has only a single spin with a sizeable J coupling34.
Thus most of the spin state selective studies are
restricted for the weakly coupled spin systems,
excitation of double / zero quantum coherence for
the heteronuclear correlation and for the extraction
of homo- and heteronuclear J couplings between
two coupled pairs of spins.

4. Multiple quantum NMR
In spin systems having detectable couplings among
the entire coupled spin network, the spectral
complexity increases with the increase in the
number of interacting spins and with the decrease
in the spin symmetry of the molecules. As an
example, for a molecule with seven interacting
spins and without any spin symmetry there are 3003
theoretically allowed transitions, from which seven
chemical shifts and twenty one scalar couplings
are to be derived. Thus number of single quantum
transitions detected is highly redundant. One of
the ways of simplifying the analyses of the spectra
is to detect single quantum transitions that are
sufficient for extraction of the spectral information.
This is achieved by detecting the higher quantum
transitions. The direct detection of the higher
quantum transitions are forbidden and have to
be detected indirectly. This subject documented
in the NMR literature as multiple quantum (MQ)
NMR resulted in numerous applications1,2. A brief
description of the principle of MQ is given below.

MQ coherence is a coherent superposition of
states for which the total spin quantum number is
anything other than ± 1. The spins which undergo
flipping between any two energy states are said to
be active in the coherence and all the remaining
spins are said to be passive. The detected coherence

depends both on the order of the quantum and on
the properties of active spins and their interactions
with the passive spins. The group of active spins can
be considered as the super spin and the remaining
passive spins as spectator spins. As the size of
the super spin increases, the number of spectator
spins, consequently the scalar fields experienced by
the active spins decreases. Therefore the multiplet
pattern of higher quantum coherence will become
simpler. The number of allowed transitions for the
zeroth and higher order quantum coherence of N
interacting spins is given by

Z0 = 1/2[2N CN −2N ] (1)

Zm = 2N !/(N −m)!(N +m)! (2)

where Z0 refers to ZQ and Zm refers to mth quanta
for m �= 0. Thus for the N non-equivalent spin 1/2
system, N = m gives the highest quantum and it
pertains to a situation wherein all the spins are
participating spins and there are no spectator spins.
This corresponds to a situation where all the N
spins flips simultaneously from the state |α〉 to the
state |β〉 or vice versa. This implies that the scalar
fields do not influence the spectrum. Thus the N th
quantum spectrum of N coupled spins will be at
the additive value of their chemical shifts.

N −1 quantum is a situation in which N −1
spins flip in the presence of one left over spin. The
super spin is then split by the scalar field of the
spectator spin providing a doublet centered at the
sum of the chemical shift positions of the active
spins whose separation provides the sum of the
couplings of the active spins to the passive spin. N
non-equivalent spins thus provides N doublets in
the N −1 quantum. The N −2 quantum spectrum
is a situation where N −2 spins flip at a time in
the presence of remaining spins. This will have
more number of transitions than N −1 quantum,
but significantly less compared to SQ transitions.
Thus the number of transitions and thereby the
complexity of the spectrum increases by going to
lower quantum. The N −1 and N −2 quantum
spectra have sufficient number of transitions to
provide all the spectral parameters2. Furthermore,
the sensitivity of the precessional frequency of
any higher quantum coherence is proportional
to its order. Thus the magnetic field inhomogeneity

broadens the mth quantum order by m times.
However, the zero quantum coherence is insensitive
to the field inhomogeneity.

In isotropic solutions the concept of MQ is
utilized in experiments such as multiple quantum
filtered correlation spectroscopy (MQF-COSY).
Another category of experiments belongs to the
detection of multiple quantum-single quantum
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Figure 1: (A) The pulse sequence used for the non selective MQ-SQ correlation experiments. The delay,
τ, to be optimized for the excitation of proton homonuclear MQ, The phases are �1 = (p)x,
�2 = �1 = X for even quanta and �R = Y for odd quanta (receiver phase) = x, where p is the order of
coherence. (B) The pulse sequence used for the spin selective MQ-SQ correlation experiments. All the
pulses are selectively applied on super spin. (C) Pulse sequence used for MQ-J resolved experiments,
which is identical to B, but the 180◦ pulse in the middle of t1 period is non-selective.

(MQ-SQ) correlation. The MQ-SQ experiments
can be broadly classified as homonuclear and hetero
nuclear type based on the types of nuclei involved in
the coherence transfer. The term coherence is used to
indicate the precession of nuclear spins in a 3D basis
set of spin operators; Ix , Iy and Iz along x, y and z
axes. Thus the existence of non-vanishing couplings
among the spins is a requirement for coherence
transfer to occur. Therefore in the molecules such as
benzene and pyrazine where the scalar couplings
among the protons are not reflected in the spectrum,
it is not possible to detect any higher quantum
transitions. In order to represent the MQ coherences
the two spin operators like 2Ix Sx , 2Ix Sy , 2Iy Sx and
2Iy Sy and their linear combinations are essential.

5. Multiple quantum using spin-selective
and non-selective pulses

The MQ experiments generally employ a three
pulse sequence. The multiple quantum orders are
created during the evolution period and are later
converted into detectable transverse magnetization.
Depending on the information to be derived the
appropriate excitation and detection pulse sequences
are constructed. The pulse sequences generally
employed in selective and non-selective MQ

experiments are given in Fig. 1. The information on
the MQ spectrum and the derivable information for
different types of spin systems are available in the
literature43. Excitation and detection sequences
can be designed from either selective or non-
selective pulses. As an example in a homonuclear
three spin system of the type AMX, one can non
selectively excite all the three possible double
quantum transitions, viz. AM double quantum
(where A and M spins are active spins), AX double
quantum where A and X spins are active spins),
and MX double quantum where M and X spins are
active spins). In the MQ-SQ correlation experiment
the MQ dimension provides three sets of doublets at
the sum of the chemical shifts of the two active
spins. The separation of the doublets pertains
to sum of the passive couplings, viz., JAX+MX ,
JAM+MX and JAM+AX respectively for AM, AX and
MX double quantum. Each component of these
doublets corresponds to the |α〉 and |β〉 states of the
passive spin. The cross sections taken along the SQ
dimension for any of the spin states of the passive
spin, gives all the twelve transitions expected for
an AMX spin system, whose intensities depend on
the flip angle. Thus in a non selective detection each
|α〉 and |β〉 state of passive spins correlate to all the
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allowed transitions in the SQ dimension. The flip
angle dependence of the intensities for an AMX spin
system has been reported44.

If a pulse is applied selectively on any two
spins and no pulse is applied on the third
spin, then the states of the passive spin remain
unperturbed both in MQ and SQ dimensions. It
may be emphasised that in the selective excitation
the spins must be weakly coupled and selective
excitation is not possible in strongly coupled spin
systems. Due to large chemical shift difference,
the heteronuclear spins are weakly coupled. The
non-selective excitation of homonuclear highest
quantum coherence in heteronuclear spin systems
retains the spin states of heteronucleus undisturbed.
This is analogous to the selective excitation in a
homonuclear spin system and in both the situations
the states of the passive spin(s) are unperturbed.
This is termed spin state selection and each spin state
of the passive spins in the MQ dimension encodes
the spin states involved in the SQ transitions that
arise only due to coupling among active spins and
results in the selective detection of SQ transitions.
The cross section taken along SQ dimension for any
one of the passive spin states has less number of
transitions compared to the normal single quantum
spectrum but are suffice to determine the chemical
shifts of active spins and the couplings among them.
For example in the selective AM double quantum
excitation of AMX spin system, the cross section
taken along SQ dimension for each spin state of
passive X spin provides only four transitions instead
of eight. Thus the spin state selection has a power of
reducing the spectral complexity. The interesting
feature of the experiment is that it also achieves, in
homonuclear spin systems, separation of passive
couplings and active couplings in the MQ and
SQ dimensions respectively. In the heteronuclear
spin systems it achieves separation of homo and
heteronuclear couplings respectively in direct and
indirect dimensions.

The selection of particular higher quantum is
achieved by the application of pulsed field gradients
before and after the last pulse (G1 and G2 in Fig.
1), which converts MQ coherence to detectable
SQ coherence. The gradient ratio “n” (G2/G1)

defines the order of the quantum to be detected.
This also implies that zero quantum selection is
impossible by the application of gradients. The
detection of zero quantum coherence is achieved
by phase cycling. In the following sections the
application of the spin selective MQ experiments for
spectral simplification, such as spin system filtering
and the utilization of higher quantum J-resolved
techniques for the determination of scalar couplings
of smaller magnitudes are discussed taking specific
examples.

6. Spin system filtering
As discussed before the SQ transitions are highly
redundant. Further the spectra could also be
complex due to numerous scalar couplings
experienced by each interacting spin. The closely
resonating protons present in the same molecule
under different chemical environments result
in degenerate or near degenerate transitions.
Discerning of these degenerate transitions is a
prerequisite for spectral analyses. One of the ways of
simplifying the analyses is the filtering of spin-
coupled networks of different topologies using
multiple quantum single quantum correlation45,46.
These pulse schemes can distinguish molecular
fragments containing same number of spins but
different coupling topologies. But the creation of
multiple quantum coherence is inhibited when the
system departs from the specified spin topology. In
bigger molecules containing different spin systems,
it is possible for their separation by employing non-
selective excitation of highest quantum, provided
the cumulative additive values of the chemical shifts
of active spins are substantially different among
different spin systems. Further the spectrum of
each such spin system itself may be complex due to
the presence of several scalar couplings of diverse
magnitudes. Additional spectral simplification can
be achieved by the blend of the spin system filtering
with spin-state selection. This concept is briefly
discussed for homo and heteronuclear spins.

7. Spectral simplification using MQ spin
state selection

In homonuclear case, the spin state selection is
achieved by the pulse sequence depicted in Fig. 1B.
As an example the selective excitation of proton
double quantum (DQ) (spins A and K) in a five spin
system of the type AFKPX (where X =19F and the
remaining spins are protons), is discussed. Proton
is detected in both F1 and F2 dimensions and 19F is
decoupled in F1 dimension.

The selective double quantum excitation of
A and K spins results in two energy states
corresponding to their |αα〉 and |ββ〉 spin states.
This is depicted in Fig. 2A. In the DQ dimension
each of these states are further split into four energy
states corresponding to four possible spin states
αα〉, |αβ〉, |βα〉 and |ββ〉 of F and P spins giving
rise to only four transitions. This is depicted in Fig.
2B. Since 19F is decoupled in F1 dimension, there is
no additional splitting. In the F2 dimension, normal
one dimensional spectrum (SQ) including coupling
with 19F spin is detected.

The spin state selection for a heteronuclear spin
system AFKPX (where X = 19F and the remaining
spins are protons) is pictorially represented by an
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Figure 2: The schematic representation of energy level diagram depicting the proton detected DQ-SQ
correlation and the spin state selection. (A) homonuclear active spin states in DQ dimension, (B) spin
state selection resulting only from passive spin states |αα〉, |αβ〉, |βα〉 and |ββ〉 of protons in DQ
dimension as 19F is decoupled by refocusing pulse, and (C) Each spin state in B splits in to |α〉 and |β〉
states of 19F in the SQ dimension.

energy level diagram in Fig. 3. The homonuclear
highest quantum achievable in this spin system is
4Q, where all the four protons are allowed to flip
simultaneously. This pertains to a spin selective
excitation of 4th quantum of a five system. Then all
the active protons can be regarded as a super spin
with two possible orientations, i.e, |αααα〉H and
|ββββ〉H (Fig. 3A). The absence of any pulse on
19F leaves its |α〉 and |β〉 spin states unperturbed in
both F1 and F2 dimensions. In such a correlation,
4Q coherence of |α〉 spin state of 19F is correlated to
corresponding |α〉 spin state of 19F in SQ dimension.
The same analogy holds good for |β〉 domain
MQ coherence. Thus in 4Q dimension the scalar
coupling is absent among the protons and the spins
do evolve at the cumulative additive values of their
chemical shifts. However, the active spins evolve
with the sum of prevailing passive heteronuclear
couplings (sum of JHF ’s). The two 4Q spin states
are further split into a doublet due to |α〉 and |β〉
spin states of passive 19F (Fig. 3B). From the first
order interpretation of the coupling pattern it is
obvious that there are sixteen transitions possible
for each proton. However, |α〉 and |β〉 spin states of
19F in 4Q dimension correlate respectively to the
corresponding |α〉 and |β〉 spin states of 19F in the
SQ dimension as depicted in Fig. 3C. Thus for each
proton eight possible transitions are detected for
each |α〉 and |β〉 spin states of 19F. Therefore, the
cross section for particular spin state of 19F results

in half the number of transitions thereby reducing
the redundancy in the number of single quantum
transitions by a factor of two which is depicted in
Fig. 3D.

8. Application of MQ to molecules
containing single aromatic ring

In single aromatic ring systems with a substituted
NMR active heteronucleus, such as 31P or 19F,
the spectral simplification is achieved by the
non-selective excitation of homonuclear highest
quantum coherence of protons. This is a situation
where 19F or 31P acts as a passive spin providing
spin state selection. This is demonstrated on
the molecules 2-fluoropyridine and 1-chloro-2-
fluorobenzene47. Both the molecules pertains to
weakly coupled spin system of the type AFPKX
with 19F as X spin and the remaining spins are
protons. The non-selective excitation of 4Q-SQ is
achieved by the pulse sequence given in Fig. 1A. The
4Q-SQ spectra along with the chemical structures
and numbering of the molecules are reported in
Figs. 4B and 4D. Further one can also detect proton
2nd or 3rd quantum coherences in this molecule.
The cross section taken along SQ dimension
for a particular spin state in the 4Q dimension
contains sufficient number of transitions required
to determine chemical shifts of all the active spins
and all the couplings among them. The relative
displacement of cross sections along F1 dimension
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Figure 3: The schematic representation of energy level diagram depicting the 4Q-SQ correlation in
AFKPX spin system and the spin state selection achieved in an AFPKX spin system (where X spin is 19F
and the remaining spins are protons). (A) homonuclear active spin states in 4Q dimension, (B) spin
state selection resulting from the passive spin states |α〉 and |β〉 of 19F in 4Q dimension and (C) Each
|α〉 and |β〉 spin states of 19F in 4Q correlates to its corresponding |α〉 and |β〉 states in the SQ
dimension giving rise to spin state selection. D) Demonstration of spectral simplification across the
passive spin states of 19F.

Figure 4: (A) Molecular structure and numbering of interacting spins in 2-Fluoropyridine and (B) 500
MHz 1H 4Q-SQ spectrum of (A). (C) Molecular structure along with numbering of interacting spins
1-chloro-2-fluorobenzene (D) The 500 MHz 1H 4Q-SQ spectrum in the solvent acetone-d6. Two signals
along 4Q axis (F1 dimension) corresponded to the |α〉 and |β〉 spin states of Fluorine separated by the
sum of all JHF couplings. The assignment to different protons are also marked for both the molecules.
It is evident that the spectral complexity is reduced by a factor of two due to spin-state selection.

at each chemical shift position provides magnitude
of heteronuclear couplings. The direction of tilt of
the displacement vector provides relative signs of the
heteronuclear couplings. Further one can also detect
proton 2nd and 3rd quantum coherences in these

molecules. These are the situation pertaining to
spin state selection of homo/hetero nuclear passive
spins in MQ dimension either selectively or non-
selectively using pulse sequences given in Fig. 1A or
1B respectively.
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Figure 5: (A) The 500 MHz 1H 4Q-SQ correlated spectra of the 2-fluoro-N-(2-fluorophenyl)benzamide along with F1 and F2

projections. For A the size of the 2D data matrix is 4096 X 1024. The optimized τ delay is 35.7 ms. The digital resolution in F1

and F2 dimensions are 1.66 and 0.23 Hz respectively.; (B) The 500 MHz 1H 4Q-SQ correlation spectrum of
3-fluoro-N-(3-fluorophenyl)benzamide along with F1 and F2 projections. The size of the 2D data matrix is 2048×1024. The
optimized τ delay is 41.67 ms. The time domain data was processed with the sine bell window function in both the dimensions.
The digital resolution in F1 and F2 dimensions are 1.17 and 0.4 Hz respectively. For both the molecules the time domain data is
processed with the sine bell window function in both the dimensions. The four transitions in the 4Q dimension pertain to two
spin states of 19F of each phenyl ring marked |α〉 and |β〉 respectively. Chemical structure and number of interacting protons are
given at the top of the 2D Spectra; assignments of chemical shifts for different protons are also marked.

9. Applications of MQ to molecules
containing two or more phenyl rings

Although the advantage of MQ excitation is
conclusively evident for mono aromatic ring
systems, the apparent spectral complexity of
multi-aromatic ring systems, such as aromatic
polymers, and bio-macromolecules is entirely
different. For example aromatic amides are one
such interesting family of molecules that find
potential applications in building their higher
analogues called supramolecular clusters, helical
foldamers and dendrimers. The NMR spectral
complexity of these molecules drastically increases
as the number of phenyl rings in the molecule
increases, which in turn is determined by several
factors like, isomerism based on the type of hetero
atoms as substituents, their chemical and magnetic
equivalence48,49. Moreover, in the aromatic region
the transitions from different phenyl rings overlap
in a small spectral width of 1–2 ppm. The spectral
complexity also differs significantly depending
on the spin topology of the interacting spins in
phenyl rings. In the following sections the use of
MQ technique for the analyses of spectra for such
molecules are discussed.

10. Molecules containing two phenyl
rings of identical spin topology

The each isomer of benzanilides viz, 2-fluoro-N-
(2-fluorophenyl) benzamide and 3-fluoro-N-(3-
fluorophenyl)benzamide, contains two phenyl rings

of identical spin topology. The molecular structure
along with number of interacting spins is shown in
Fig 5. Each molecule has eleven interacting spins.
Consequently the complex proton spectrum of the
molecule pertains to ten interacting spins with eight
protons and two fluorines. It is obvious from the
F2 projections of Fig. 5 that due to degeneracy of
the transitions the one dimensional 1H spectrum
does not display eight distinct chemical shifts in
both the molecules. For the unambiguous analyses
of the spectrum, the unravelling of the overlapped
transitions is a prerequisite. Being separated by
seven bonds, the coupling between interring spins
are undetectable and hence the spectrum of each
molecule can be construed as an overlap of two
independent five spin spectra. In both the molecules,
four coupled protons and the fluorine of each phenyl
ring pertains to the weakly coupled spin systems
of the type AFKPX, where X is the 19F spin and
the remaining spins are protons. The 1H detected
spectrum is the AFKP part of this AFKPX spin
system. The highest homonuclear multiple quantum
excitation possible in each of the two independent
five spin systems is 4th quantum of protons. The 4Q-
SQ correlation spectra of these molecules reported
in Fig. 5 clearly identifies the sub-spectra from the
two phenyl rings.

In 2-fluoro-N-(2-fluorophenyl)benzamide
(Fig. 5A), the difference in the cumulative additive
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Figure 6: (A) The 500 MHz 1H 4Q-SQ correlated spectra of the 2-fluoro-N-(3-fluorophenyl)benzamide along with F1 and F2

projections. The size of the 2D data matrix is 4096×1024. The optimized τ delay is 166.7 ms. The digital resolution in F1 and F2

dimensions are 1.26 and 0.23 Hz respectively; (B) The 500 MHz 1H 4Q-SQ correlation spectrum of
3-fluoro-N-(4-fluorophenyl)benzamide along with F1 and F2 projections. The size of the 2D data matrix is 2100×700. The optimized
τ delay is 33.33 ms. The data was zero filled to 4096×1024 points before processing. The digital resolution in F1 and F2

dimensions are 0.49 and 0.12 Hz respectively. The sine bell window function was used in both the dimensions for processing. In
both the molecules, the four transitions in 4Q dimension pertain to two spin states of 19F of each phenyl ring. Chemical structure
and number of interacting spins are given at the top of the 2D spectra. The assignment of chemical shift positions for individual
protons is marked.

values of all the proton chemical shifts between
the phenyl rings (δH1 + δH2 + δH3 + δH4) –
(δH7 + δH8 + δH9 + δH10) is 171.54 Hz and the
corresponding value in the 4Q dimension is
171.43 Hz. The multiplicity pattern enabled the
assignment of the doublet centered at 6.88 ppm
in the indirect dimension, to the phenyl ring with
spins numbered 1–5. Accordingly the other doublet
centered at 6.54 ppm is assigned to the phenyl
ring with spins numbered 6-10. The respective
doublet separations in the 4Q dimension for these
rings are 23.06 and 25.23 Hz. These values are
the algebraic sums of all JHF with appropriate
sign combination. Similarly, for 3-fluoro-N-(3-
fluorophenyl)benzamide , the difference in sum
of the chemical shifts [(δH6 + δH9 + δH10 + δH8) –
(δH1 +δH5 +δH4 +δH3)] between the phenyl rings
is 435.11 Hz and the corresponding value in the
4Q dimension is 435.74 Hz. The doublet centered
at 7.94 ppm is assigned to the phenyl ring which
has spins numbered 1–5 and the other doublet
centered at 7.07 ppm is assigned to the phenyl
ring which has spins numbered 6–10. Assignments
to individual protons are significantly simplified
after separation of the two independent five spin
spectra. For both the molecules, cross section
taken parallel to F2 dimension in each phenyl
ring position either for |α〉 or for |β〉 spin state
of 19F provides all the proton-proton couplings
corresponding to the particular phenyl ring. Thus

the significant simplification achieved by the use
of MQ is clearly evident from the sub spectrum of
each cross section which contains only one fourth
the number of transitions compared to that of the
one dimensional 1H spectrum. The assignment
of peaks to the individual protons of the phenyl
rings is straightforward and is marked in the figure.
From the multiplicity pattern many homonuclear
couplings could be determined48,49. The measure
of displacement of the spectra between the cross
sections and the inspection of the direction of tilt at
the chemical shift position of each proton pertaining
to |α〉 and |β〉 states provided the magnitude of
JHF and their relative signs. It is clearly evident
that three of the heteronuclear couplings (JHF )

have their displacement vectors tilted in the same
direction and the tilt of one of the displacement
vector is opposite to these three.

11. Molecules containing two phenyl
rings with different spin topologies

Unlike the molecules discussed in the previous
section, the present section is focussed on the
molecules with different spin topologies of the
two phenyl rings. The molecular structures and
the numbering of atoms along with the 4Q-SQ
correlation spectra are given in Fig. 6. In 2-fluoro-N-
(3-fluorophenyl)benzamide (Fig. 6A), topology of
both the phenyl rings is AFKPX but with different
coupled networks of protons. On the other hand
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Figure 7: (A) The 400 MHz 1H 4Q-SQ correlated spectra of the 3-chloro-N-(2-fluorophenyl)benzamide
along with F1 and F2 projections. The size of the 2D data matrix is 2048×256. The optimized τ delay is
35.7 ms. The data was zero filled to 4096×2048 points before processing. The digital resolution in F1

and F2 dimensions are 0.17 and 0.27 Hz respectively; (B) The 400 MHz 1H 4Q-SQ correlation spectrum
of 2-bromo-N-(2-fluorophenyl)benzamide along with F1 and F2 projections. The size of the 2D data
matrix is 2100×700. The optimized τ delay is 38.53 ms. The data was zero filled to 4096×2048 points
before processing. The sine bell window function was used in both the dimensions for processing. The
digital resolution in F1 and F2 dimensions are 0.15 and 0.39 Hz respectively. In both the molecules, the
transitions in the 4Q dimension pertain to two spin states of 19F are marked. The assignment of
chemical shift for protons is also given.

in 3-fluoro-N-(4-fluorophenyl)benzamide (Fig. 6B),
the spin systems are of the type AA′MM′X and
AFKPX. The distinctly different peaks for both
the phenyl rings could be filtered out in this
molecule also. The first order analyeis of the spectra
corresponding to both the phenyl rings in the
molecule 2-fluoro-N-(3-fluorophenyl)benzamide
and the ring with fluorine in the meta position in the
3-fluoro-N-(4-fluorophenyl)benzamide molecule
are carried out analogous to the molecules discussed
in the previous section. However, the protons of
the phenyl ring with fluorine in the para position
form “nearly” an AA′XX′ spin system due to
accidental equivalence of some protons and the
first order analysis of the spectrum of this strongly
coupled spin system is not possible. Furthermore,
the cross section taken along SQ dimension at
any of the spin state of 19F in the 4Q dimension
provided a deceptively simple spectrum with only
four transitions of significant intensity. Although
heteronuclear couplings with the relative signs are
determined precisely for this ring, three of the
homonuclear couplings could only be estimated.

12. Dihalogenated benzanilides
In this section we concentrate on the spectra
of dihalogen substituted benzanilides. Though
the basic molecular framework is similar to
difluorinated benzanilides discussed in the previous
sections, the substitution of different halogens at

different positions of the phenyl ring drastically
alters the complexity of the proton NMR
spectra50. This is evident from the F2 projection
of the 4Q-SQ for the molecules, 3-chloro-N-
(2-fluorophenyl)benzamide and 2-bromo-N-(2-
fluorophenyl)benzamide given in Fig. 7. Moreover,
the identification of peaks corresponding to
fluorinated phenyl ring is another task in these
classes of molecules.

MQ analysis of these molecules is similar to
those discussed in earlier except the absence of spin-
state selection for the phenyl rings substituted with
halogens other than fluorine. The 4Q dimension
has three peaks, one of which is from the non-
fluorinated ring and other is the doublet arising due
to heteronuclear splitting with 19F. This enables the
easy identification of the peaks for each phenyl ring.
The first order analyses of these spectra are pretty
straightforward and all the spectral parameters
could be measured precisely. Therefore, the higher
quantum correlation studies have several distinct
advantages in these class of molecules also. They are;
(a) filters the sub spectra for different spin systems,
(b) reduces the redundancy in the single quantum
transitions for each spin state of 19F, (c) simplifies
the complexity of the spectrum by a factor of two,
as far as the determination of the scalar couplings
between the protons of the 19F substituted phenyl
ring is concerned, and (d) provides relative signs of
the heteronuclear couplings. All these advantages
enabled the spectral analyses of all the molecules.
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13. Determination of magnitudes of
smaller couplings

In all the above examples, the 4Q-SQ correlation
experiment fails to resolve very small remote 1H-1H
couplings. For example the extraction of remote
couplings 4Jij and 5Jij from these experiments are
severely hindered as they are of negligible strengths
and hidden within the natural line widths. One of
the ways of combating this problem is by in the
introduction of homonuclear spin state selection
of remote passive couplings such as 5Jij . For this to
be achieved the remote proton must be a passive
spin and its spin states should not be disturbed
both in MQ and SQ dimensions. Moreover to
avoid any further displacement due to spin state
selection of 19F spin, the decoupling of 19F spin is
essential. The design of such a pulse sequence is
possible by selective or biselective excitations of two
spins leading to multiple quantum coherence47.
The pulse sequence for such a technique is
reported in Fig. 1C. The application of a non-
selective refocusing pulse in such a sequence
in the middle of the t1 dimension on protons
mimics 19F decoupling. This is analogous to the
spin selective J-resolved experiment employing
multiple quantum (MQ) excitations and retains
only the active couplings in the double quantum
dimension thereby achieving spin state selection.
Though small, these remote passive couplings lead to
relative displacements which are measurable in such
resolved experiments. Depending on the spectral
complexity the appropriate 2Q and 3Q-J-resolved
technique with a blend of spin state selection have
been developed.

14. Higher quantum J-resolved
experiments

In the 4Q-SQ spectrum of the molecule 3-fluoro-
N-(3-fluorophenyl)benzamide reported in Fig. 5B,
a triplet pattern is observed at the chemical shift
position of proton 9. The topology of the spin system
suggests that 3J89 and 3J9,10 are of comparable
magnitudes and can account for this triplet. The
5J69 coupling is undetectable because of very small
magnitude and is hidden in the natural line width.
Therefore it is very difficult to determine small
remote 1H-1H couplings from the sub spectrum of
the 4Q-SQ correlation experiment. This problem
has been circumvented by the use of homonuclear
spin state selection. For achieving spin state selection
the coupling to this remote proton must be retained
in both the dimensions and its spin state must not
be disturbed during MQ-SQ conversion. It implies
that the remote proton must be retained as a passive
spin throughout the correlation like a heteronucleus.
This necessitates the application of spin selective

pulse and a nonselective refocusing pulse on protons
in the middle of MQ dimension to avoid further
splitting by 19F spin. However 19F-1H coupling
together with active coupling is present in the single
quantum dimension. For such an experiment the
spin state selective homonuclear MQ-J-resolved
pulse sequence has been developed and is reported
in Fig. 1C. In order to measure all the remote
couplings, two independent spin selective DQ-J
resolved (SSDQ-J-resolved) experiments have been
performed on this molecule. The Fig. 8B contains
the spin selective DQ-J-resolved spectrum with
selective excitation of protons 9 and 10 and with
the simultaneous application of a nonselective 180◦
pulse on protons in the middle of t1 dimension.
In the DQ dimension the pulse sequence retains
only the sum of passive couplings to protons 6
and 8 (i.e. J69 + J6,10 and J89 + J8,10) while the
couplings to fluorine spin are completely refocused.
In such a situation the remaining two passive
protons (6 and 8) of the phenyl ring mimics the
heteronuclei. Each of the protons 6 and 8 has spin
states |α〉 and |β〉 and in the spin product basis
has four Eigen states |α6α8〉, |α6β8〉, |β6α8〉 and
|β6β8〉, where the subscript refers to protons 6 and
8. The spin states of the passive protons are not
disturbed providing spin state selection. Thus the
DQ dimension will have four transitions with the
large doublet separation providing J89 + J8,10, while
the smaller doublet separation provides J69 + J6,10.
The separation in the DQ dimension would be
identical at the chemical shift positions of both the
active spins. In the SQ dimension there are two
displacement vectors for each of the spins 9 and 10
which provide both active and passive couplings.
The two displacements at the chemical shift position
of proton 9 can be utilized to determine individual
values of J89 and J69. The displacements at the
chemical shift position of proton 10 can be exploited
to derive individual values of J8,10 and J6,10. Thus
from this experiment the couplings, which were
difficult to extract from the 4Q-SQ experiment,
could be determined more precisely. The technique
also overcomes the problem of field inhomogeneity
contributions because of the application of 180◦
pulse in the middle of the t1 dimension.

As far as the extraction of the coupling among
protons in the phenyl ring with protons numbered
7–10 is concerned, it is very tedious due to severe
overlap of the transitions from the protons 7, 8
and 9. This is due to identical spin topology in all
the molecules. Therefore, the selective excitation
of any two protons of this ring is impossible
without disturbing the remaining protons. However,
selective excitation of protons 7, 8 and 9 is not
precluded. Therefore analogous to SSDQ-J-resolved
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Figure 8: (A) The SS3Q-J-resolved spectrum of 2-fluoro-N-(2-fluorophenyl)benzamide in the isotropic
solvent CDCl3 with the selective excitation of protons 7, 8 and 9. The size of the 2D data matrix is
4096×2048. The number of t1 increments is 128. The time domain data was processed with the sine
bell window function in both the dimensions. The digital resolution in F1 and F2 dimension are 0.02
and 0.01 Hz respectively. The seduced shape pulses are of duration 8.33 m is used for the selective
excitation with optimized τ delay is of 62.5 m. The marked spin states |α〉 and |β〉 in the 3Q
dimension corresponds to the passive spin states of proton 10. Displacements provide the coupling
information are a = J89, b = J79, c = J910, d = J78, e = J7,10, f = J67, g = J78, h = J8,10 and i = J89.
Notice the smaller values of the coupling, J7,10 that could be measured from this experiment which was
difficult to obtain from the other experiments. The direction of the tilts indicate that the couplings J7,10,
J8,10 and J9,10 have similar signs. B) The SSDQ-J-resolved spectra of 3-fluoro-N-(3-fluorophenyl)benzamide
in the isotropic solvent CDCl3; Spectrum corresponding to the selective double quantum excitation of
protons 9 and 10. The size of the 2D data matrix is 512×96. The optimized τ delay is 2.08 ms. The
data was zero filled to 2048×1024 points before processing. The sine bell window function was used in
both the dimensions for processing. The digital resolution in F1 and F2 dimension are 0.07 and 0.06 Hz
respectively. The displacements providing the coupling information are; a = J9,10, b = J79, c = J89, d =
J69, e = J8,10 and f = J6,10. The marked spin states in the DQ dimension corresponds to the passive
spins 6 and 8.

experiment, the novel SS3Q-J-resolved experiment
has been carried out50. The decoupling of 19F by
the π pulse in the t1 dimension, provides a doublet
in the 3Q dimension due to splitting from the |α〉
and |β〉 spin states of passive proton 10 with a
separation equal to the sum of all the couplings
to the passive spin (J7,10 + J8,10 + J9,10). The
displacement of cross sections aided the direct
measure of 3JHH , 4JHH and 5JHH to proton 10.
The displacements and the resonance separations
providing the couplings are marked in Fig. 8A. The
inspection of the directions of the tilts marked in
the figure reveals that 3JHH , 4JHH and 5JHH have
similar signs. The combined analyses of 4Q-SQ
correlated, SSDQ-J-resolved and SS3Q-J-resolved
experiments provided the precise values of long
range couplings in all the molecules.

15. Advantages of averaged τ optimization
in SSMQ-J-resolved experiments

In a complex situation, in one of the
molecules displayed in Fig. 7 (3-chloro-N-(2-
fluorophenyl)benzamide), it is impossible for the
selective excitation of any two protons without
disturbing the spins from the other ring as the
transitions are severely overlapped. Thus, the
derivation of remote couplings employing DQ-J-
resolved experiment in such situations is challenging.
In combating this difficulty the knowledge of
approximate coupling strengths has been used for

optimizing of the τ delay for selective excitation
of protons in the crowded region. The bunch of
resonances (H7 and H8) is dominated by scalar
coupling J78 (nearly 8 Hz) rather than J24 (nearly 2
Hz). The averaged τ delay has been appropriately
optimized for the DQ excitation of protons H2, H4,
H7 and H8. There is an excellent suppression of the
transitions corresponds to the protons H2 and H4
as the strength of coherence transfer is insufficient
to enhance the signal intensity. Moreover, the
signals along DQ axis are distinctly separated to
provide the required coupling information. This is
obvious from the two-dimensional (2D) spectrum
reported in Fig. 9. Analysis of this spectrum has thus
been significantly simplified. Precise long-range
couplings that were difficult to extract from the
one-dimensional spectrum could be determined.

16. Numerical analyses of the spectra
In order to determine the accuracy of precision of
experimental parameters, the numerical iterative
analysis has also been carried out on selected
molecules discussed in the previous sections. The
conventional numerical iterative analyses of one
dimensional spectra are tedious for all the molecules
due to severe degeneracy of the transitions. However,
the analysis of any one of the cross sections
corresponding to |α〉 and |β〉 spin states of 19F
provides homonuclear couplings and the combined
analysis of transitions corresponding to both the
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Figure 9: (A) The spectrum corresponding τ-averaged spin selective DQ
J resolved for the protons H2, H4, H7 and H8 for the molecule shown
in Fig 7A. The marked spin states in the DQ dimension corresponds to
the passive spins 1, 3, 6 and 9. The displacements providing the
coupling information are J12, J14, J23, J24, J34, J45, J67, J68, J78,J79 and J89.
Notice the distinct advantage of the experiment in measuring the precise
values of the smaller couplings (J14 and J68) which were otherwise
difficult to measure.

spin states provides both homo and heteronuclear
couplings pertaining to each phenyl ring. The
chemical shifts and the couplings determined
by the higher quantum correlation and resolved
experiments were used as the starting parameters
and were further refined using numerical iteration.
The experimentally measured values of couplings
were in close agreement with the numerically
calculated ones.

17. Conclusions
The one dimensional proton spectra of molecules
containing many aromatic rings are very complex
with severe overlap of transitions. The analyses of
such spectra demand the discerning of degenerate
transitions. In this review a brief discussion
is provided on the recently reported multiple
quantum techniques in combating such difficulties.
The developed methodologies employ selective
and non-selective excitation and detection of
higher quantum correlations. Irrespective of the
spin topologies of the different phenyl rings, the
non-selective excitation of homonuclear highest
quantum coherence results in filtering of sub spectra
for each aromatic ring, provided there is substantial
difference in the cumulative additive values of
proton chemical shifts of each spin system in
the higher quantum dimension. This spin system
filtering combined with spin state selective detection
reduces the redundancy in the detected single
quantum transitions. This significantly simplifies
the analyses of the 1H spectra taken along the cross

section of the single quantum dimension at the
spin state of the passive spin in the MQ dimension.
The displacement of the cross sections and the
direction of the tilt of the displacement vectors at
the chemical shift positions of each proton provided
the magnitudes and relative signs of the couplings.
The novel spin selective double and triple quantum
J-resolved experiments aided the determination
of remote couplings of smaller magnitudes which
are hidden within the line widths. The systematic
studies on several isomers of halogen substituted
benzanilides reveal that the 5JHF is negative in all
the molecules irrespective of their spin topologies.
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38. D. Lee, B. Vögeli and K. Pervushin, J. Biomol. NMR, 31, 273

(2005).
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