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Multiquantum coherence and multidimensional homonuclear NMR spectroscopy are reviewed.
Various types of multipulse spectroscopy are described: shift correlation spectroscopy (COSY),
relayed shift correlation spectroscopy (RCOSY), multiquantum spectroscopy, spin-echo
spectroscopy (SECSY), and spectroscopy based on the Overhauser effect (NOESY). Two-
dimensional J-spectra, zero-quantum 2D spectra, and methods for obtaining 3D NMR and
ACCORDION spectra are also described. The review ends with a brief description of new
methods of ID NMR spectroscopy. The discussion is carried out in terms of spin product
operators.
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1. INTRODUCTION

Nuclear magnetic resonance (NMR) arises for nuclei
with nonzero spins. This phenomenon can be observed if a
test sample is placed in a uniform magnetic field and subject-
ed to a radio-frequency (rf) magnetic field. Although NMR
is associated with the internal mechanical and magnetic mo-
ments of a nucleus and is of a quantum-mechanical nature,
classical models are frequently valid for describing it. For
example, if the nuclear spin is 1/2, and if the spins are cou-
pled only weakly with neighboring spins and with the lattice
of the sample, a graphic vector model is sufficient for de-
scribing many (but not all!) methods of NMR spectroscopy.

The static magnetic field is required in NMR spectros-
copy so that the sample will acquire an induced macroscopic
magnetization. This magnetization is directed along the field
lines of the static field and is proportional to the magnetic
induction at the position of the sample. The macroscopic
magnetization of the sample persists as long as there is a
magnetizing magnetic field or until the system of nuclear
spins is removed from it by the flow of a liquid or by a me-
chanical motion of the sample. However, only the transverse
component of the magnetization vector of the sample is di-
rectly observable in NMR spectroscopy. In a steady state,
this transverse component is zero. In order to create such a
component, one "irradiates" the sample with a short pulse of
a resonant rf field, which is directed perpendicular to the
macroscopic magnetization vector of the sample (Fig. la).
The amplitude and duration of the rf field pulse are chosen
such that the magnetization vector of the sample after the rf
pulse is rotated through 90° in the rotating coordinate sys-
tem. The transverse magnetization of the sample which is
produced with the help of the w/2 pulse of rf field precesses

in the magnetic field at resonance frequencies and induces an
emf in an induction coil which either completely surrounds
the test sample or is positioned near the irradiated region.
The NMR spectrum of a given spin is found by using Fourier
transforms to carry out a spectral-frequency analysis of the
emf signal s(t), which decays with a relaxation time of
10~2-102 s. Each spectral line in the NMR spectrum, with a
frequency a>0, makes a contribution

s (t) = e.vp (ko0t) exp ( —( ~ ) , (1)

to the emf signal, where T2 is the spin-spin relaxation time.
The profile of the line is described by

S (co) = A (w) -f iD (co).

It consists of an absorbing component (or mode)

(2)

which is the real part of the spectrum, and a dispersive com-
ponent (or mode)

(4)

which is the imaginary part of the spectrum. There are three
basic ways in which an NMR spectrum is displayed: 1) in the
purely absorbing mode, A(a>); 2) in the purely dispersive
mode, D(a>); and 3) as a power spectrum

which is called the "absolute value mode."
Each spectral line in an NMR spectrum has a chemical

shift: the relative difference between the precession frequen-
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FIG. 1. Trains of rf field pulses used in modern nuclear-magnetic-reso-
nance (NMR) spectrometers, a—A single n/2 pulse of length Af creates a
transverse magnetization of spins in the frequency interval A<u= (4A0 ~'
near the resonance frequency; b—Two TT/2 pulses, separated in time, are
used to produce a 2D NMR spectrum; c—a train of three ir/2 pulses in
systems for observing multiquantum coherence and multiquantum transi-
tions in NMR spectra. Det—The stage in which the NMR signals are
detected.

cies of the free spin and of the spin bound in the given chemi-
cal compound. The spectrum of chemical contains informa-
tion about the structure of the molecules and about the
interaction of like or different spins in different parts of a
molecule. In a solid, the chemical shifts depend on the angu-
lar orientation of the molecule with respect to the external
magnetic field and are characterized by the principal values
of the chemical-shift tensor. In an amorphous solid or a pow-
dered sample an NMR spectral line is greatly spread out and
has a distinctive "powder" structure.

Spins with a low gyromagnetic ratio and a small natural
isotopic concentration, e.g., 13C and I5N, generate weak
NMR signals. In order to amplify these signals and thus
reduce the time required to measure the NMR spectra of
such spins (which sometimes reaches 10-20 h), the sample
is subjected to rf fields at two resonant frequencies: at the
precession frequency of an abundant spin (/) and at the
precession frequency of the low-abundance spin (S), with
which spin / is coupled. The difference between the gyro-
magnetic ratios of the spins /and 5 is canceled out by choos-
ing the amplitudes of the rf fields in inverse proportion to the
corresponding gyromagnetic ratios. When these conditions
are met, the magnetization of spin / is transferred to spin S.

The interaction energy of two spins in the same mole-
cule depends on the relative orientation of these spins. For
this reason, the spectrum of chemical shifts consists of multi-
plets, which are superimposed on each other. As a result,
interpreting the spectral information becomes difficult or
ambiguous. The situation can be changed if the hyperfine
splitting in the multiplets is eliminated by a decoupling
method. For this purpose, during the recording of the emf
signal from the first spin the second spin is irradiated with an
rf field of higher power. The second spin precesses rapidly,
and a dynamic averaging of the interaction of the two spins
sets in. The multiplets shrink to singlets. A similar averaging
of spin interactions occurs in a liquid during rapid and ran-
dom translational and rotational motions of the molecules.
The spectrum of chemical shifts in a liquid thus consists of
narrow resonance lines. In solids, on the other hand, there
are no natural processes which act to average out the spin
interactions. As a result, the width of the resonance NMR

lines is 103—105 times that in a liquid. In order to reduce the
width of the NMR spectral lines in a solid, one rotates the
sample rapidly at the magic angle 9 = across Vl/3 s:54° 44'
with respect to the main magnetic field, or one applies to the
sample a train of shirt rf pulses which cause the magnetiza-
tion vector to become oriented alternately along each of the
three mutually orthogonal axes of the rotating coordinate
system. The spin interactions, which are caused in this case
by the dipole-dipole interaction of the nuclear magnetic mo-
ments, are averaged out, and the width of the resonances in
the NMR spectrum in the solid is reduced by a factor of 10-
100.

In order to obtain more-comprehensive information
about the interaction of spins in a molecule and thus about
the structure of the molecule, one applies two rf pulses to the
sample at the resonance frequency of the spin of interest, in
such a way that the two pulses are separated in time. Each rf
field pulse rotates the magnetization vector through an angle
of 90° (a IT/2 pulse; Fig. lb). At the time at which the second
rf field pulse is applied, the components of the magnetization
vector which are precessing at different frequencies and
which have different chemical shifts are not in phase, as they
are just after the first ir/2 rf pulse. Accordingly, NMR sig-
nals which are measured with different time intervals
between the two ir/2 rf pulses differ from the NMR signal
which is measured directly after the first TT/2 rf pulse. The
2D data file on s(tvt2) is subjected to spectral analysis and
converted into a 2D spectrum S( co, ,a>2), in which the chemi-
cal-shift effect is separated from the spin-interaction effect.
The structure of each spectral line in a 2D NMR spectrum

S (a>u coa)
= (A (%) A (o>2) - D (a>i) D (a>2)) - i (A (w,) D (<o2)

D (OH) A (CO2)), (6)

however, is of such a nature that neither its real part nor its
imaginary part is purely absorbing or purely dispersive. In
order to represent the 2D NMR spectrum in a pure mode,
one measures two or more independent signals s (t,, t2), vary-
ing (for example) the orientation of the initial magnetiza-
tion vector after the first TT/2 rf pulse.

The 2D NMR spectra contain so-called cross peaks
with <j>x^a>2, which contain information on which spins in
the molecule are coupled with each other and also on the
distances separating these spins in the given molecule.

Experiments carried out to observe multiquantum co-
herence and multiquantum transitions can be judged the
most interesting experiments in high-resolution NMR spec-
troscopy. Multiquantum transitions arise when a spin sys-
tem consists of two or more coupled spins with a spin of 1/2
or when the spin of a resonating nucleus satisfies /> 1. In
these experiments, the sample is subjected to three rf field
pulses (Fig. lc). The first of these pulses creates the initial
transverse magnetization of the sample, as usual. During the
evolution stage, the different components of the magnetiza-
tion vector precess at different frequencies. The second rf
pulse (the "mixing pulse") puts the magnetization of the
sample in a state with a multiquantum coherence, which is
not directly observable after the second rf pulse. After the
third rf pulse, the multiquantum coherence then becomes a
single-quantum coherence. The NMR signals are measured
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with various time intervals between the second and third rf
pulses.

Multiquantum coherence has the following important
properties: If the frequency of the carrier oscillations of the
electromagnetic field in the rf field pulse is separated from
the center of the resonance line, the signals with a/?-quantum
coherence experience a detuning which is p times that for
single-quantum signals. A phase shift of A<p of the carrier in
the rf field pulse is observed in signals with a /^quantum
coherence as a phase shift of pAp. Finally, if a linear field
gradient G is imposed on the main magnetic field, a signal
with a/>-quantum coherence will be subjected to an effective
magnetic field gradient which isp times the actual gradient.
In particular, the effect of a variation in the magnetic field is
not seen at all in signals with a zero-quantum coherence.
From an NMR signal which contains several components of
a multiquantum coherence one can filter out an NMR signal
with a given coherence p. The customary approach in NMR
spectroscopy is to use methods to form a zero-quantum and
two-quantum coherence, particularly in a study of a system
of two spins. The maximum number of quanta which have
been observed in multiquantum experiments in a solid is
about 100.

In a uniform magnetic field, one usually studies samples
which have a homogeneous structure. If the sample is in-
stead inhomogeneous, one will detect a set of NMR signals,
each corresponding to a small part of the sample. In such a
situation one uses a gradient of the magnetic field and spa-
tially selective rf field pulses in the presence of a magnetic
field gradient; alternatively, one uses surface induction coils
which are spatially selective.

Methods of NMR spectroscopy are widely used in or-
ganic chemistry, biophysics, biochemistry, and medicine.
Nuclear-magnetic-resonance spectroscopy competes suc-
cessfully with the methods of x-ray structural analysis in
research on polycrystalline samples. The NMR phenome-
non is utilized in radiationless tomography (NMR subsur-
face imaging) to generate anatomical and biochemical im-
ages of the head and internal organs of humans and for
microscopy of cells.

The "spin industry" now includes tens of large compan-
ies and about a hundred research institutes, which are deve-
loping new methods of NMR spectroscopy and which are
also producing NMR equipment and dedicated computers.
Today's NMR spectrometers, equipped with superconduct-
ing or resistive electromagnets, generate high- and ultra-
high-resolution NMR spectra, both ID and 2D. Apparatus
is being manufactured to rotate a sample rapidly at the magic
angle and to irradiate solids with multipulse rf field trains.
Experiments with multiquantum coherence which investi-
gate pairings of I3C nuclei in organic molecules and also the
diffusion of molecules have become conventional. Finally,
several types of NMR subsurface imaging apparatus have
been developed and tested successfully for producing NMR
images, for visualizing liquid flows (in particular, the mo-
tion of blood in human blood vessels), and for generating
localized high-resolution NMR spectra. The scale of the ef-
fort can be seen from the fact that no less than two billion
dollars was devoted to the manufacture of NMR imaging
equipment in the US in 1986.' Methods of NMR spectrosco-
py have acquired much practical importance, and the num-
ber of specialists who have become part of the "spin indus-

try" at various stages of the development and use of NMR
equipment is constantly growing. The present review, which
may be thought of as a supplement to the monographs of
Refs. 2 and 3, is devoted to multiquantum coherence and
multidimensional homonuclear NMR spectroscopy. The
physical and mathematical foundations of the most typical
methods of modern NMR spectroscopy are presented using
the example of two-spin systems. This review does not cover
the problems of the analysis of heterogeneous or multispin
systems or the use of these methods to analyze the structure
of complex molecules in liquids.

2. MULTIQUANTUM COHERENCE

A system of several interacting spins goes into a state
with a transverse magnetization after the first TT/2 rf field
pulse. This state is a coherent state, since all the spins are
precessing at the same initial phase, for example, from a po-
sition in which the transverse magnetization vector of the
sample is directed along the>> axis in the rotating coordinate
system. The coherence is not lost in the stage of evolution
after the first TT/2 rf pulse, in which the spins precess at dif-
ferent frequencies in accordance with the chemical shifts.
According to the quantum-mechanical treatment, the NMR
signal detected after the end of the first TT/2 rf pulse corre-
sponds to single-quantum transitions between energy levels
of the spin in the static magnetic field. The difference
between the magnetic quantum numbers of these levels be-
fore and after this transition, minit and wfin. obeys the condi-
tions AM = mina — wfin = + 1.

Under the influence of the chemical shift at the frequen-
cy ft, the x and y components of the magnetization vector /
evolve freely after the TT/2 rf field pulse, rotating in the xy
plane of the rotating coordinate system4:

Ixcos\Qt+IysinQt,
st i,

• /„ cos 9.1 ~ Tx (7)

where t is the time which has elapsed after the TT/2 rf pulse.
After the second TT/2 rf pulse, the system of spins goes into a
state with a multiquantum coherence. This state is coherent,
as is the macroscopic magnetization of the sample, which
begins its evolution after the first TT/2 rf pulse. The state with
multiquantum coherence, however, cannot be reduced to a
magnetization of the sample, since in this state there are
components of quantum-mechanical transitions with
AM = winit - /nfin ^ ± 1, e.g., AM = 0 or AM = + 2. The
multiquantum coherence formed after the second TT/2 rf
pulse does not contribute to the NMR signal detected after
the second TT/2 rf pulse. The task of a researcher carrying out
NMR experiments with a multiquantum coherence is to
form a state of a system of several spins with a given multi-
quantum coherence and then, after the evolution stage, to
use a detecting rf pulse to transform this coherence into an
observable single-quantum coherence. A third TT/2 rf pulse is
ordinarily used for this transformation, along with a certain
programmed alternation of phases of the rf pulses and of a
reference signal in the receiver, followed by an averaging of
the file of the measured NMR signals.

In a system consisting of two spins A and X with values
of 1/2, two types of single-quantum coherence arise. Corre-
spondingly, two types of transverse magnetization of the
sample arise4: an in-phase transverse magnetization, with
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the magnetization vectors of A and X parallel to each other,
and an out-of-phase (or antiphase) transverse magnetiza-
tion, with these vectors being antiparallel to each other (Fig.
2). The out-of-phase magnetization of spin A is nonzero
when the energy levels of spin X have unequal populations,
e.g., when the A, X spin system is at thermal equilibrium.
The in-phase magnetization of spin A is described by the
component IX

A) of the vector liA\ while the out-of-phase
magnetization is described by a product of components of
the vectors I M ) andlc*> ofthetype2/^)/<*) (Ref. 6). After
a time interval r = (2 / ) ~ ' where / is the constant of the
scalar coupling of the interacting spins A and X, the in-phase
x magnetization of spin A becomes an out-of-phase y magne-
tization.

The process by which the in-phase x magnetization in
the A, X spin system transforms into an out-of-phase y mag-
netization under the influence of the scalar spin-spin cou-
pling is described by the expression

IX
A) cos KJX + 2l\fl(X) sin nJx. (8)

angle of 6 radians. The two-quantum coherence transforms
in accordance with

The transition of the in-phase y magnetization into the out-
of-phase x magnetization is described by

HA)
1 V l[A) cos nJx - 2JiA)lf) sin nJx. (9)

The corresponding processes by which the out-of-phase
magnetization transforms into an in-phase magnetization
are described by

2liA)liX) cos JIJTT + Il
y
A) sin nJx,

z z-+ 2lf)l[x) cos nJx - IiA> sin nJx.

(10)
The two-quantum (DQC) and zero-quantum (ZQC)

coherences in a system of two spins A and X are described by
products of the type IxIy,IxIx, and IyIy. A pure multiquan-
tum coherence corresponds to a linear combination of these
products. Under the influence of the sum of the chemical
shifts in the system of two spins A,X the components of a
pure two-quantum coherence and of a pure zero-quantum
coherence evolve at frequencies which are respectively equal
to the sum and difference of the chemical-shift frequencies
ilA and flx.

In order to detect a two-quantum coherence in a spin
system A, X, one irradiates spin X with a 8{x) pulse of an rf
field at a time t2 after the second v/2 (y) rf pulse; after a time
interval (2J) ~~\ one begins to detect the NMR from spin A.
The rf pulse 6{x) rotates the magnetization Ix through an

— ̂  2/<*)/<A> cos 9 + 2 / ^ / ^ sin 9. (11)

The first term in (11) corresponds to a weakened and still
unobservable two-quantum coherence. The second term
represents the out-of-phase magnetization of spin A, which
transforms over a time (2/)~* into an in-phase magnetiza-
t i o n / ^ ' sin 6. To produce an NMR signal of maximum am-
plitude, one chooses the angle 6, through which the spin is
rotated in the third rf pulse, to be equal to TT/2 radians. In an
A J( spin system with a scalar coupling, the NMR signal does
not depend on the duration of the evolution stage, t2, since
the two-quantum coherence Do which is the only one that
exists in this stage does not evolve between the second and
third rf pulses.

A train of rf pulses which is symmetric with respect to
excitation and detection (Fig. 3) is used for the uniform
excitation of multiquantum coherence and detection of the
NMR spectra in some one mode.7-27 The first part of the
train is the same as the standard pulse train a. At point 1 of
train a, after a ir/2(x) rf pulse, a transverse magnetization
arises: - (Iy

A) +Iy
X)). By the end of the evolution stage, at

point 2, this magnetization reaches a state

02 =_- (/</" -j- /£*>) cos n/T - (2/<v4)/(/) -I- 2liA)Il
x
X)) sin nJx.

(12)

The chemical-shift effects are suppressed in this state by the
first IT pulse. The second TT/2(X) rf pulse transforms the sec-
ond term in (12) into a pure two-quantum coherence
(DQC)y at point 3:

(13)

The effect of the first term in a3 is eliminated by an alterna-
tion of the phases of the rf pulses.

An important feature of expression (13) is that the
magnitude of the pure two-quantum coherence, a3, depends
on the preparation time r through sin irJr, which does not
allow averaging over the many times r which would be re-
quired for the uniform excitation of a multiquantum coher-
ence. After the detection of the v/2 (x) rf pulse at point 4, an
out-of-phase magnetization arises:

(14)

by the end of the stage of free precession, of length r, this
magnetization reaches the state7

,60 ,00

FIG. 2. Vector model used to explain the difference between the
(a) in-phase and (b) out-of-phase magnetizations ofa sample in
a system of two coupled spins A and X.
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r/z t/2 t, r / 2 r/z \ f to/-cleansing pulse

FIG. 3. Train of rf field pulses used for the uniform excitation of
multiquantum coherence and to produce NMR spectra without
phase distortions, a—Standard train of rf field pulses for the
excitation of a p-quantum coherence [here (p = kir/p
(k = 0,1,2,...2p - 1), and the signs of the NMR signals are al-
ternated in turn during the data acquisition]; b—train of rf field
pulses which are symmetric with respect to excitation and detec-
tion (a cleansing rf pulse or z-filter is used in this trains); c—
equivalent train of rf field pulses in which there is no refocusing
IT pulse, and the phase £ is alternated in accordance with £ = 0,

After an average is taken over the variable r, we are left with
only an out-of-phase magnetization

5 2 ' " +yi / )• (16)

which does not depend on the coupling constant J. It has
been shown7 that a corresponding averaging process makes
it possible to arrange a uniform excitation of a /^-quantum
coherence in a system of N spins with a value of 1/2. The
primary distinctive feature of the train in Fig. 3b is that the
third (detecting) tr/2 rf pulse "scatters" the multiquantum
coherence in the form of a transverse out-of-phase magneti-
zation uniformly among the/? active spins. To suppress the
contributions of the out-of-phase magnetization in the stage
in which the NMR signal is detected, a "cleansing" TT/2 (y)
pulse is introduced in each even-numbered experiment, just
before the beginning of the detection of the NMR signal.7 In
a system consisting of two spins A, X, the n/2 (y) cleansing
pulse changes the sign of the first term of state cr5 in (15). If
the even-numbered experiments are taken with a plus sign,
and the odd-numbered ones with a minus sign, this term will
disappear when an average is taken over many NMR signals.

In a corresponding way, one constructs a train of rf
pulses in multiquantum filters. For example, if we wish to
excite only the/?-quantum coherence we would use the train
in Fig. 3c. The phase q> of the first v/2 pulse and of the first v
pulse is changed 2p times: <p = kn/p, k = 0,1 2p - 1. The
even-numbered NMR signals are taken with a plus sign, and
the odd-numbered ones with a minus sign. The phase i/> of the
second and fourth v/2 pulses is taken to be 0 for even/? or IT/
2 for odd p.

There are several techniques for arranging a spectral
separation or spacing of the NMR of overlapping or adjacent
lines of multiquantum transitions.'' The direct method of
tuning the reference signal away from the center of the NMR
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signal has not been adopted widely because in systems in
which a spin-echo signal is formed in the evolution stage the
frequency-separation effect disappears at the same time as
the effect of the variation in the magnetic field is established.
Accordingly, one introduces phase shifts of the rf field in a
preparation stage. The signal representing the /^-quantum
transition undergoes a phase shift which is/? times the origi-
nal shift. In order to separate the multiquantum transitions
which are marked with different phase shifts one alters the
phase of the rf field, <p, (2/>max + 1) times in the interval
between the values of 0 and 2v radians, where pmax is the
greatest order of the coherence in the NMR spectrum. The
2D data file is subjected to not only the standard Fourier
transform in the variable t but also to a discrete Fourier
transform in the variable <p. As a result, the coordinate <p is
converted into the conjugate coordinate/;.

In a method for separating multiquantum transitions
which has been adopted widely the phase of the rf field in the
preparation stage, q>, is increased monotonically with the
duration of the evolution stage, f,: <p = A<a-r,, in steps of
Acp = Aw A?,. The separation of the multiquantum transi-
tions occurs after discrete Fourier transforms in the variable
t, are taken." In contrast with the preceding method, the
separation of the multiquantum transitions occurs in a single
measurement, precisely as in a direct method with a frequen-
cy difference. If all the multiquantum transitions up to/>max

are to be represented without an overlap, the increment Att

in the evolution stage must be reduced by a factor of at least
(2/?max + 1).

The refocusing v pulse, introduced in the evolution
stage, can be used to separate multiquantum transitions by a
phase-shift method. In this approach, the phase of the rf field
of the IT pulse is altered sequentially, from experiment to
experiment. Each /^-quantum transition acquires a phase
shift larger by a factor of 2p than the initial shift. The addi-
tional factor of 2 arises here because the v pulse causes a
transfer of coherence from the + p state to the — p state.
Multiquantum transitions can be marked on the basis of the
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angle of the rotation around the z axis with the help of com-
posite pulses.12 Finally, a pulse/? of a given resonance line in
the original NMR spectrum can be identified "passively,"
on the basis of the width of the spectral line in a nonuniform
magnetic field, which increases linearly with/?.

Spatial variations in the magnetic field do not influence
zero-quantum coherence. Accordingly, a spectrum with a
zero-quantum coherence has a high resolution (s;10~10)
without the assistance of refocusing TT pulses of an rf field.
Another interesting point is that zero-quantum coherence
can be excited and detected without the help of any rf
pulses.11 For this purpose, one sends the spin system from
one state to another rapidly enough that the initial and final
Hamiltonians, ^ i n i t and ^"fin- do not commute with each
other. The off-diagonal elements of the density matrix, akJ

(k =£j), then acquire oscillatory factors exp( — icojkt), as
during the application of an rf pulse. For example, zero-
quantum coherence arises under conditions such that react-
ing spins A and X are strongly coupled. A difference in mag-
netization arises if the chemical components are placed in a
magnetic field just before they are mixed. Under these condi-
tions, zero-quantum coherence arises essentially instanta-
neously, and there is no need for a preparatory stage.67

The sequence of events in multipulse experiments can
be described in a graphic way by means of a coherence-trans-
fer diagram (Fig. 4).8 Transitions between diagram levels
(not between energy levels!) with different values of/> occur
only during the application of rf pulses, and they cannot
occur in the stage of free precession. All paths on the coher-
ence-transfer diagram begn at diagram level/? = 0 and end at
diagram level p = — 1.

Coherence-transfer diagrams make it possible to inter-
pret clearly various types of 2D NMR spectroscopy.8 For
example, corresponding to 2D single-quantum homonuclear
correlation spectroscopy (2D COSY) using a train of two rf
pulses,

IT (x) — ?, — /?(<£>) — t2 — detection of data,

there are two coherence-transfer paths:
[/> = 0]-»[ + l]->[ — 1 ]. In exchange spectroscopy (2D
NOES Y) with three rf pulses, two coherence-transfer paths

arise: [p = 0] - [ + 1 ] - [0] - [ - 1 ]. The coherence-
transfer paths in relayed shift correlation spectroscopy (2D
RCOSY) and also in two-quantum correlation spectroscopy
(COSY © DQC filter) have the form (Fig. 4, b and c)
[/* = 0] -• [ + 1 ] - [ + 2] — [ - 1 ]. Coherence-transfer
diagrams make it possible to interpret known pulse se-
quences and to synthesize new ones in multipulse experi-
ments. The coherence-transfer diagrams discussed above are
once again a clear demonstration that the program of alter-
nation of the phases of the rf pulses is the main consideration
in the selection of a certain coherence-transfer path. It was in
this manner that it was discovered that experiments with
four rf pulses could be replaced by equivalent three-pulse
experiments.

Multiquantum NMR spectroscopy in solids has some
fundamentally new features.5'9'10 In contrast with molecules
in a liquid, which usually contain a small number of interac-
tion spins, and in which case the NMR spectra which are
recorded are characterized by a small value of/?max, in a solid
there are dipole-dipole bonds spanning large groups of spins
(clusters). The number of multiquantum transitions in-
creases under these conditions to the extent that individual
spectral lines merge into unresolved bands. The subject ob-
served in corresponding multiquantum experiments be-
comes, for example, the dependence of the intensity of multi-
quantum bands on the value of/?, rather than the individual
spectral lines. Because of the destructive interference of the
spectral components within each band, however, the intensi-
ty of the latter becomes very low. In an effort to prevent this
destructive interference, multiquantum coherence in a solid
is excited by repeated sequences of short, powerful rf pulses,
which are characteristic of NMR spectroscopy in a solid.
The condition of time reversal, under which it is possible to
form a uniform spin echo, becomes important.

Figure 5 shows a train of rf pulses with time reversal,
intended for experiments in a solid.9 The stage of prepara-
tion and also of mixing contains trains of four pairs of TT/2
pulses which repeat k times, with alternating orientations of
the axes around which the magnetization vector is rotated in
the rotating coordinate system: x, — x, — x, x. The time
intervals between pairs of pulses are equal to A, while those
between pulses within each pair are 2A. With this type of
alternation of the phases of the rf pulses, each eight-pulse

u

< r J ft

V

t'

FIG. 4. Coherence-transfer paths in experiments with three rf pulses, a—
2D NOESY; b—RCOSY; c—2D spectroscopy; d—COSY © DQC filter.

FIG. 5. Trains of rf pulses used in multiquantum spectroscopy of solids,
a—Schematic diagram of a sequence of rf pulses containing a preparation
stage of length r with a propagator U, an evolution stage of duration f,, a
mixing state of duration r' with a mixing propagator V, and a detection
stage of duration t2; b—train of rf pulses with time reversal: U = V +.
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train excites a two-quantum coherence. The orders with dif-
ferent values ofp are separated under conditions of zero fre-
quency difference by varying the phase of the rf pulses in
accordance with q> = La>-tv while ?, is varied simultaneous-
ly. The TT/2(X) detection pulse is applied 2 ms after the end
of the mixing stage; then a spin-locking pulse 100 ̂ s long is
applied along they axis. The phase of the v/2(x) pulse is
changed alternately by 180° in order to weaken the aritfacts
caused by the unstable operation of the receiving apparatus.

It has been established'0 that coherences of progressive-
ly higher order appear gradually in the NMR spectras as the
duration of the preparation stage, r, is increased from 66 to
792 /us. In addition, the orders of the multiquantum coher-
ence become redistributed, and the effective size of a cluster
of interacting spins increases monotonically with r. An im-
portant aspect of the dynamic process in which multiquan-
tum coherence is excited within a cluster of spins in a solid is
that this process is reversible and can be "refocused." For
example, with r = 528 {is one observes a spectrum up to
p = 32. If this time is changed from 66 to 462 /us, this multi-
quantum spectrum gradually shrinks to a two-quantum
spectrum. It has thus been shown that the coherent evolu-
tion of a system with a large number of spins (p~ 100) is
reversible and that multiquantum phenomena in solids can
be utilized as a method for counting the spins in a cluster.

3. MULTIDIMENSIONAL NMR SPECTRA"

3.1. Shift correlation spectroscopy <2D COSY). This
spectroscopy version is based on the fundamental difference
between the effects of chemical shifts (fl) and of a scalar
coupling of two spins ( /) . As can be seen from (7), the evo-
lution under the influence of a chemical shift may be thought
of as a rotation of the magnetization vector of spin A or X in
the coordinate system (Ix ,Iy ) at an angular velocity fl. Each
of the operators of the sum IX

A) + IX
X) or of the product

2IX
A)IX

X> of two noninteracting spins ( / = 0) evolves inde-
pendently under the influence of the chemical shifts flA and
ilx. We thus have

(liA)cosQAt+llA)sinQAt)

(IiX) cos Qxt + I[X) sin QJ),

2/<•*>/<*

X (I{
X

X) cos Qxt + I\f] si u Q
xt).

(17)

(18)

The evolution under the influence of a scalar coupling of two
spins is different. It follows from (8) and (10) that the rota-
tion of the magnetization vectors of spins A and X occurs in
the coordinate system IX

A),2Iy
A)I[X) (Fig. 6) and is accom-

panied by a transfer of coherence between the spins. The in-
phase magnetization transforms into an out-of-phase mag-
netization, and then the out-of-phase magnetization changes
back into an in-phase magnetization, but with the opposite
sign.4'13 This process repeats with a period T= 2/JAX.

In 2D spectroscopy of the correlation of chemical
shifts,14 like spins A and X, e.g., protons, are subjected to two
nonselected w/2(x) rf field pulses (Fig. 7a). After the sec-
ond w/2(x) pulse, the state of a system with one-quantum
coherence is described by an expression with four terms4:

cr3 = (IiA) sin QAtt + IiX) sin Qxtt) cos nJAXt^ •

- (2Il
v
A)l[x) sin Qxtl+2IiA)lf sin QAtt) sin nJAXtv

(19)

It can be seen from (19) that after the second n/2{x) pulse
the in-phase magnetization of the first spin, A, precesses at a
frequency equal to the precession frequency of the second
spin, ilx (!), and, on the other hand, the out-of-phase mag-
netization of the second spin, X, precesses at the precession
frequency of the first spin, ilA . As a result, cross peaks ap-
pear in the 2D COSY spectrum.

The first term in (19) corresponds to a directly observ-
able magnetization of spin A, which precesses at two fre-
quencies: ilA + TTJAX and ilA — irJAX. The second term de-
scribes the magnetization of spin X, which precesses at two
frequencies: ilx + wJAX and ClA — wJAX. Because of the fac-
tor cos 'vJAXt\, the first two terms contribute in-phase doub-
lets which lie on the diagonal, and their centers are at the
point with the frequencies co, = co, = ClA for spin A and at
the point with co, = co2 = £lx for spin X.

The third term in (19) describes the out-of-phase mag-
netization of spin A, which is precessing at frequencies
flx + wJAX. The center of the doublet of spin A is at the
point co, = flx ,co2 = £lA, which does not lie on the diagonal.
The fourth term corresponds to a doublet of spin X, whose
components precess at the frequencies ClA + irJAX; the cen-
ter of the doublet is at the point co, = ViA , co2 = flx • Doub-
lets which do not lie near the diagonal, cot = co2, are also
called "cross peaks."

The COSY experiment is performed twice in order to
detect both the sx and xy components of the NMR signal:
first with a pulse train ir/2(x) — tx — w/2(x) and then with

FIG. 6. Vector model of the evolution of spins in a system of two
like spins A, X (e.g. protons) which are coupled, a—Under the
influence of a chemical-shift effect; b—under the influence of a
scalar coupling J\x.
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FIG. 7. Trains of rf pulses used in various versions of 2D COSY
spectroscopy. a—Traditional 2D COSY with two ir/2 rf field
pulses (x, x experiment); b—x, y experiment in 2D COSY; c—
SUPER COSY; d—relayed COSY (RCOSY); e—two-step
RCOSY; f—two-quantum 2D COSY for spins A, X; g—COSY
ffi multiquantum filter; h—isotropic mixing.

a pulse train ir/2(x) - t x - ir/2 (y) (Fig. 7b). In the first
case, the second ir/2(x) pulse leaves the x component of the
magnetization vector in thtxy plane, while thej> component
is rotated to the z axis and is rendered unobservable. In the
second case, the j> component of the magnetization vector is
left transverse in the xy plane.

In order to intensify the cross peaks corresponding to
remote couplings of spins, whose intensity increases over
time in accordance with sin irJAXt\ [see (19) ], time delays
are introduced in the program of the COSY experiment both
in the evolution stage (?,) and after the second ir/2 pulse,
before the beginning of the detection of the NMR signal,
depending on t2 (Refs. 36 and 37). For an increased intensi-
ty of the doublets in the cross peaks, the latter are converted
from the out-of-phase mode into the in-phase made by a
train of rf SUPER COSY pulses1718 (Fig. 7c). The doublets
on the diagonal are sent into the out-of-phase mode. If
A = (4JAX) ~~', the spin system AX at point 5 is in the state

or5 = (l[X) sin QAt{ + 7^A) sin Qxtt) cos nJAXt,

- (2I{
v
A)liX) sin QAtt + 2I\A)I{

V
X) sin Qxtt) sin nJAXt{.

(20)

It can be seen from (20) that the cross peaks described by the
first two terms in (2) have an in-phase magnetization and
are in the dispersive mode. To put it into the absorbing
mode, the phase of the reference signal in the receiver is
changed by 90°, and the signal sx is detected. The cross peaks

in a SUPER COSY experiment are more intense than those
in the traditional COSY arrangement (Fig. 8c), and we can
clearly see cross peaks which are near the diagonal, &>, = co2.
It thus becomes possible to observe remote spin couplings.

3.2. Relayed shift correlation spectroscopy (2D R COSY).
In shift correlation spectroscopy (2D COSY), the transfer
of magnetization occurs only between spins which are cou-

A -

M

X

A -

- (i) •—C

' 0̂

J- •—$

/

A X M
b

6),

1

FIG. 8. Structures of the spectra in various versions of 2D COSY, a—
Traditional 2D COSY spectrum; b—2D RCOSY; c—SUPER COSY; d—
DQ COSY; e—TOCSY.
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pled by a scalar coupling with J ^ 0 . In relayed shift correla-
tion spectroscopy (2D RCOSY) the magnetization is trans-
ferred between spins which are not directly coupled to each
other, although each is coupled with a third spin (the
"partner"). The transfer of magnetization is carried out in a
relay fashion by means of a train of rf pulses which contains
three TT/2 pulses and one refocusing IT pulse 19~22 (Fig. 7d).
The first two n/2 pulses (2D COSY) initiate a transfer of
magnetization between two directly coupled spins, while the
refocusing w pulse eliminates the effect of the chemical shifts
during the time interval between the second and third tr/2
pulses. The third TT/2 pulse initiates a transfer of magnetiza-
tion to the third spin, the signal from which is detected im-
mediately after the third v/2 pulse. In order to eliminate
undesirable axial peaks and the Overhauser effect, the
phases of the three TT/2 pulses are alternated in accordance
with22

<PJ ->- x , x , x , x ,

ep2 —*- x , x , — x , — x ,

(f3 - > X, —X, X, —X.

The mechanism for the influence of the relayed transfer
of magnetization can be explained using the example of three
spins, AXM, in which spins A and M are not directly cou-
pled429 (JAM = 0). The first TT/2{X) pulse creates a trans-
verse magnetization ( — Iy

A)) of spin A. Under the influence
of the chemical-shift effect (fl) and the scalar spin-spin cou-
pling (JAX) the transverse magnetization of spin A evolves
between the first and second n/2 rf pulses in accordance
with

'

2IZ
A)I(X)

+ 2 (IiA) cos QAtt + I(
V

A) sin QA<4) I
{X) sin nJ (21)

The second TT/2{X) pulse at the end of the evolution stage
converts the out-of-phase magnetization of spin A, described
by the second term in (21), in accordance with

sin QAtj

(22)

The first term on the right side of (22), I'x
A)Iy

x\ contains a
two-quantum coherence (DQC) and a zero-quantum coher-
ence (ZQC), which cannot contribute to the transfer of
magnetization from spin A to spin M. The second term in
(22) represents the y magnetization of X which was trans-
ferred from A. It is out of phase with respect to the magneti-
zation of A and in phase with respect to that of M.

The TT pulse at the center of the evolution stage elimi-
nates the chemical-shift effect, while the second term in (22)
evolves in accordance with

- J(P sin nJAX% -cos nJXMx

+ 2l\A)lf> cos nJAXx • cos nJXMx

- 4/<A)/ix)4M) cos nJAXx• sin nJXMx

- 2lflim sin nJAxx- sin nJXMx. (23)

The first term in (23) corresponds to the x magnetization of
X, and it does not change after the ir/2(x) mixing pulse. A
cross peak A,X arises in the 2D spectrum in the form of a
doublet whose components are in phase along the co2 axis
and out of phase along the co, axis. The second term in (23),
which goes into the state — I{

z
X)Iy

A\ initiates a transfer of
magnetization from A to X and then to A. Diagonal peaks
appear in the 2D spectrum. The third term in (23),
I [X) I Z

A) 12
M), converts into a three-quantum coherence,

which cannot contribute to the 2D spectrum. Only the
fourth term in (23), Iy

X)Iz
m, converts into an out-of-phase

magnetization of spin M: [ — IiX)Iy
m ] . After an alterna-

tion of the phases of the rf pulses, <pt and q>2, and also of the
phase of the reference signal in the receiver, \ , in accordance
with

q>i -»" x, x, y, y, —x, —x, —y, —y,
cf 2 ->- x, —x, y, —y, —x, x, —y, y,

an NMR signal of the following type arises:

SAM (hi = —i sin jx/AjcT-sin nJ XMX

X sin nJAXtl-sin nJXMt1

X exp (—!QA^)-exp ( + iQM (24)

In order to suppress artifacts, the eight-cycle alternation of
the phases <plt q>2 is repeated four times; the phases of all the
rf pulses and the phase x are shifted through an angle of 90°
in each case.

The relay chain of magnetization transfer can be put in
a two-step form, A ->X->M-->N, if an additional ir pulse and
a 7r/2 pulse of the rf field are introduced in the RCOSY
train.22 Figure 8, a and b, shows the structure of typical 2D
COSY and 2D RCOSY spectra.

3.3. Multiquantum spectroscopy (MQS). There are no
diagonal peaks in multiquantum spectra. This circumstance
substantially simplifies the deciphering of the NMR spectra
of large molecules and also the acquisition of data on the
relative arrangement of spins which are not coupled by a
mutually direct scalar coupling but are part of a branched
chain of spin couplings in a molecule. Because of these prop-
erties, MQS serves as a supplement to COSY and RCOSY.
Figure 7f shows the train of rf pulses used to obtain multi-
quantum spectra.24"27 The exciting sandwich of [IT/
2(x) — T — w(y) — T — n/2{x) ] rf field pulses creates a
multiquantum coherence. Under the influence of the scalar
spin-spin coupling in a system of two spins, a state of the
following form arises at the beginning of the evolution
stage4:

0, («p = 0) = (7<A)
cos nJAX2x

(25)
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where the second term describes a purely two-quantum co-
herence. In the particular case of a system consisting of two
spins 0?max = 2) the phase shift of the rf pulses is alternated
in accordance with q> = k 2TT/4, k = 0,1,2,3. For k = 0 and 2
the DQCs are identical, while for k = 1 or 3 the DQCs have
opposite signs. In the evolution stage, of duration tu the
DQC is not affected by the J coupling between spins. Ac-
cordingly, the state

a2 = [ ( 2 / W + 1I(
V

A)1(P) cos (QA + Qx) *,

- ( 2 / W - 2/(/)/<*)) sin (QA + Qx) *,]

X sm(nJAx.2i) (26)

arises at the end of the evolution stage. After the mixing n/2
pulse, only the first term goes into an observable magnetiza-
tion. At point 3, a state

a f = ( 2 / W + 2I[A)I<X
X)) cos (QA + Q

(27)

arises; it corresponds to an out-of-phase magnetization of
spins A and X. Two out-of-phase doublets appear at points
co2 = (lA and <y2 = ft^- in the 2D spectrum of MQC. There
are no diagonal peaks. To determine the sign of the two-
quantum precession, a /3 pulse with /? < w/2 radians is used
as the mixing pulse.424 As a result, the first and second terms
go into the observable one-quantum magnetization.

The cross peaks in the DQ COSY spectra39 which stem
from the scalar coupling of spins A and X at the frequencies
of the chemical shifts, flA and (lx, are found in the 2D spec-
trum S(couco2) at the points with the coordinates
(ft,, + ilx,flA) and (ClA +nx,n.x), while in a traditional
2D COSY spectrum the same cross peaks are at the points
with the coordinates (ilx,£lA ) and (flA,ilx).

In order to retain the two-quantum coherence DQC,
while eliminating the signals from the zero-quantum coher-
ence ZQC and the one-quantum coherence 1QC, the phase
of the readout pulse, a(i/>), and of the reference signal in the
receiver, %, are alternated in accordance with the program32

a •

x -
- x, y, —x, —y,
x, —y, —x, y.

The undesirable coherence has been suppressed by a coeffi-
cient as high as25 1000:1.

The quadratic detection in DQS can be replaced by two
experiments, which are carried out for each /,; a 45° phase
shift is introduced in the second experiment, at the end of the
evolution stage.47

In order to obtain simple and easily decipherable DQS
in systems consisting of many interacting spins, e.g., pro-
tons, measurements are carried out in which the rf pulse is
rotated through a = 135° instead of a = 90°, as in traditional
DQS. Under these conditions the transfer of coherence to
the passive spin (X) is reduced by a factor of 25, while the
transfer of coherence to the spin which is not actively cou-
pled (A and M) is reduced by a factor of only four. The
transfer of coherence to the spins which are actively coupled
is also reduced by a factor of 25. The result is a substantial
decrease in the number of cross peaks which are observed.
The signs of the coupling constants JAX, JAM, and JMX are
determined from the slope of the 2D multiplets.

Two-quantum spectroscopy, DQ COSY, separates the
contributions of the spins which are and which are not cou-
pled directly. The same result can be achieved by the method
of polarization transfer between coupled spins,58 in which a
multiquantum coherence is not produced.

The multiquantum spectra in solids consist of very
broad peaks. It was shown in Ref. 28, however, that the situ-
ation can be improved substantially by fixing the duration of
the evolution stage, f,, and repeating the experiments, in
each case incrementing either the phase of the rf pulse,
<p = nSr, or the frequency detuning Aco = nSco, where
n = 0, + 1, ± 2,.... The NMR spectrum is detected at a
fixed / jjxed. If a high sensitivity and narrow spectral lines are
to be achieved, 12Xed must be quite small.

3.4. COSY © multiquantum filter (DQF COSYjThe
transfer of coherence between coupled spins and those that
are not directly coupled depends differently on the rotation
angle /3 of the mixing pulse. By carrying out experiments
with different values of /?, we can thus simplify the 2D
COSY spectra substantially. For this purpose, one uses a
train of three rf pulses of the type30"32'5455 (Fig. 7g)

— {cp) — f, {cp) — (x) — detection based on t2.

The phase cp is alternated in order to bring out the purely
two-quantum coherence between the second and third rf
pulses. At point 3 after the second rf pulse, the system of the
two spins A,X is in a state in which the multiquantum coher-
ence can be represented as linear combinations of purely
zero-quantum coherence ZQC and a purely two-quantum
coherence DQC. As a result of the alternation of phases of
the rf pulses, there is an averaging of the longitudinal magne-
tization, of the zero-quantum coherence ZQC, and of the
out-of-phase one-quantum coherence. All that is left is the
purely two-quantum coherence DQC:

1 ( 2 / W f 2/W>) cos Q.Y<1]

X sin nJAXlt. (28)

^) cos QA

X*iuiixti si" aJAXt,.

After the third n/2(x) pulse, a one-quantum magnetization
arises:

«• f = [4

(29)

The first and fourth terms in (29) correspond to diagonal
peaks in the form of out-of-phase doublets along the a>x and
o)2 axes. There are no singlet components in this spectrum.
In cases in which the width of a spectral ine is comparable to
/ , these doublets are reduced in intensity to the same extent
as the cross peaks are. The second and third terms in (29)
describe cross peaks which are distinguished from the cross
peaks in COSY by intensities which are only half as high.35

A distinctive feature of traditional COSY is that the
components of the cross peaks have opposite signs. The
method of isotropic mixing is used to eliminate this disad-
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vantage and to set the stage for the appearance of cross peaks
from spins which are not coupled directly with each other, as
in relayed COSY.33 In addition to the second (mixing) rf
pulse, one uses repeated symmetric trains of rf pulses, e.g.,
consisting of four w(x) pulses or cycles of 16 pulses of the
type (-x,y; -y,-x; - x - y; - x; x, - y; y,x; x,y;
— y,x). In this way one achieves a symmetric mixing; after

this mixing, nonzero components of the following types re-
main in the A,X spin system: I ^J ^,1(A) I ^ and
Iy

A)I[X) — I{
z
A)Iy

X). At a certain fixed time of isotropic mix-
ing, rm, the COSY spectrum now contains in-phase signals
in the absorbing mode, and the out-of-phase signals due to
the component Iy

A)I(X) — I(
z
A)Iy

X) are in the dispersive
mode. The in-phase signals do not change sign as a function
of rm, while the out-of-phase signals do. In order to elimi-
nate the out-of-phase components, the COSY spectra ob-
tained at several (e.g., eight) different values of rm are aver-
aged. In the method of isotropic mixing one obtains cross
peaks not only for spins which are coupled directly with each
other but also for spins which are not. For this reason, this
method has been labeled "total-correlation spectroscopy"
(TOCSY)33 (Fig. 8d).

In shift correlation spectroscopy in which the spin echo
is detected (SECSY ),l6'40>42'53'66 the spin-echo signal is de-
tected after the second (mixing) rr/2(x) pulse, which is ap-
plied at the center of the evolution stage, /,. The COSY and
SECSY spectra are related by16

<^coiisy nSF.CSY' I Mi-i-M;
* \ 2 ' ) •

(30)

In traditional COSY with a ir/2(x) — ir/2(x) pulse
train, peaks arise at both positive and negative frequencies
o>t: P (&>|,&>2) peaks, or antiecho signals, and N ( — ai,eo2)
peaks or echo signals.15 These peaks go into corresponding
peaks in the SECSY spectrum at the sum frequency,
P'((a>2 + <o,)/2, a>2), and at the difference frequency,
N'((a>2 — &>i)/2, a>2).

3.5. 2D J spectra. The multiplets caused by J couplings
are seen in traditional ID spectroscopy as spectral lines
which are degenerate with respect to / . In the 2D spectra,
this degeneracy is lifted, and each multiplet is rotated 45° or
90° around its own center. To record a 2D J spectrum, one
uses a train of two pulses43'64 (Fig. 9a). The first (nonselec-

tive) TT/2 pulse creates a transverse magnetization and initi-
ates a precession of the spins under the influence of the
chemical shifts il and a separation of the components of the
multiplet from each other under the influence of the scalar
spin-spin coupling / . After the IT pulse, which is applied at
the center of the evolution stage, f,, the effect of the chemical
shifts is refocused, while the components of the J multiplets
continue to separate from each other. The detection of the
NMR signal as a function of the time t2 is begun at the time
t = ?,. Since the J coupling is present both in the evolution
stage and in the detection stage, the components of the mul-
tiplets in the 2D /spectrum are spread out at an angle of 45°
with respect to the cox = il axis. The values of /are plotted
along the a>2 axis. A spectral line in a 2D J spectrum consists
of a mixture of the absorbing mode and the dispersive mode;
the admixture of dispersive components greatly reduces the
resolution in the J spectra. Accordingly, the 2D J spectra are
usually presented as power spectra, i.e., in the absolute-value
m o d e 62,59,68

To improve the resolution in the 2D J spectra, the de-
tection of the signal s(tu t2) is begun immediately after the TT
rf field pulse71 (Fig. 9b). In contrast with the train of rf
pulses in Fig. 9a, the evolution stage in this case terminates
at the time at which the TT pulse is applied. Consequently, the
chemical shifts (fl) and the spin-spin coupling (/) contrib-
ute to the signal in both the evolution stage and the detection
stage. An overlap of the 2D J spectra occurs; it can be pre-
vented by changing the irradiation program, in precisely the
same way as in the COSY-FOCSY experiment.l663 A 2D J-
FOCSY spectrum is formed with a resolution and a sensitiv-
ity higher than in a conventional 2D J spectrum.

In order to suppress artifacts in the 2D J spectra, the
phase (<£>,) of the TT/2 pulse, the phase {<p2) of the w pulse,
and also the phase (%) of the reference signal in the receiver
are alternated in accordance with the following "EXORCY-
CLE" scheme72:

cPl -*• 0, 0, 0, 0,
cp2->0, 90°, 180=, 270°.
X-^0 , 180°, 0, 180°.

3.6. Spectroscopy based on the Overhauser effect
(NOESY). At thermal equilibrium, the energy levels of a spin
system are filled in accordance with a Boltzmann distribu-

t,/2 t,/2

?(?r)
Det
X

•v \

o.

FIG. 9. Train of rf pulses used in obtaining 2D J spectra; struc-
ture of the J spectra, a—Conventional train; b—train for a
FOCSY 2D /spectrum; c—conventional /spectrum; d—initial
FOCSY spectrum; e—/ spectrum after the slope has been eli-
minated; f—the same, for a FOCSY /spectrum.
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tion. If a resonance line of spin A of a system of interacting
spins A, X'v& selectively irradiated, however, the intensity of
the resonance line of spin X will change (the Overhauser
effect). This difference will increase as X moves closer to A.
The rate of change of the NOE effect in time is inversely
proportional to the sixth power of the distance between spins
A and X. From the difference between the intensities of the
resonance line of spin X which results from the selective exci-
tation of spin A one can draw conclusions about the spatial
proximity of A and X (Ref. 45). The Overhauser effect,
which is caused by a dipole-dipole interaction of spins A and
X, consists of two processes: 1) a pure change in the intensity
of the observed spectral line and 2) a redistribution of the
intensities of the spectral lines within a spin multiplet. The
process of magnetization transfer under the influence of the
Overhauser effect is incoherent by virtue of its very nature,
and it is difficult to distinguish from a chemical-exchange
effect. The same train of three pulses is used to study either of
these phenomena46"48 (Fig. 10a). The first (nonselective)
ir/2 pulse creates a transverse magnetization. The second ir/
2 pulse is a mixing pulse. In the mixing stage, of duration irm,
both a cross relaxation and a chemical exchange occur. The
NMR signal is detected after the third TT/2 pulse. In the
mixing stage, rm, it is necessary to distinguish the longitudi-
nal magnetization by suppressing all the transverse coher-
ences with p=\,2, 3,... and the zero-quantum coherence
(with/> = 0). The latter has the same response as the longi-
tudinal magnetization to phase shifts of the rf fields. If all the
components of the transverse magnetization are omitted, the
A, Xspin system at point 3 will be in the following state after
the second w/2 pulse at the beginning of the mixing stage4:

as = ( - 4 A ) cos QAtt - liX) cos Qxti) cos nJAXh

+ (1^1^ — J^rf0) (cos Qxti - cos QAit)

y.sinnJAXtl. (31)

Taking account of the nature of the evolution of zero-quan-
tum coherence, ZQC, and noting that the components of the
longitudinal magnetization are mixed by chemical exchange
and cross relaxation, we find that the observable magnetiza-
tion after the third ir/2 pulse at point 5 is

cos £lAtt + l(?axx cos Q^

+ 4X)aAX cos QAh) cos nJAXh

cos (QA - Qx) V

= axx — "2" e x P ( —'

X (cos Qxti — cos QAti) sin nJAXti. (32)

In the case of symmetric exchange the mixing coefficients
are

|[l+«ap(-2xTj],

[1-«P(-2XTJ],

(33)

where R, is the spin-lattice relaxation rate, and x is the ex-
change constant. It can be seen from (32) that the diagonal
peaks in the NOESY spectrum correspond to mixing coeffi-
cients aAA and axx and that the exchange cross peaks are
described by mixing coefficients aAX and aXA and are in
phase with the JAX peaks. In addition, there are out-of-phase

fWm i<t>x

FIG. 10. Trains of rf pulses used in NOESY spectroscopy. a—
Conventional train; b—NOESY with time reversal; c—scheme
for separating NOE from J cross peaks; d—DQ NOESY; e—
SKEWSY; f—COSY e NOESY or COCONOSY.
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diagonal and cross peaks from the zero-quantum coherence,
ZQC, in the NOESY spectrum.

Figure l la shows a typical NOE spectrum. Peak A is
due to a dipole-dipole coupling with peak C, while peak B is
related to peaks D and E simultaneously. Similar effects arise
from chemical exchange.50

If the time rm is varied systematically, the resulting
data form a 3D NMR signal s{tx,t2\rm). After 2D Fourier
transforms in t, and t2 are taken, a 3D spectrum S(auco2;
Tm) arises. Incoherent effects cause S{covco2,Tm) to vary
smoothly as a function of rm, while coherent effects of a
coherence transfer through J coupling, on the other hand,
lead to rapidly oscillating changes in S(a>l,a)2;Tm) as a func-
tion of rm. To suppress effects of ZQC, the value of rm is
varied + 10-20° for each t, and t2, and the NMR signals are
averaged. The phase coherence of the J correlation is dis-
rupted, and as a result one is left with the effects of NOE and
chemical exchange, which vary slowly rm. Finally, the
NOESY spectrum also has some interference effects from
the tranverse magnetization, which can be suppressed by
simply alternating the phases of the rf pulses. The quadra-
ture "image" along the co2 axis is eliminated in a correspond-
ing way.

To distinguish the NOE effect from that of the J cross
peaks, a refocusing IT pulse is introduced in the irradiation
scheme (Fig. 10c). This pulse is not applied at the center of
the mixing period rm but shifted in a systematic way along
with increments of ?, (Ref. 56). A characteristic modulation
of the NMR signal at the difference frequency (ZQC) and at
the sum frequency (DQC) of the precession frequencies of
spins A and X arises. After Fourier transforms are taken, the
J cross peaks (and only these peaks!) shift a distance
+ X(aA — <uA-)and +X(COA + w^) from their original po-

sitions. In order to observe the Overhauser effect exclusively
from close-lying spins A and X, the time rm is chosen to be
quite small, e.g., 100 ms. At rm ~300 ms, the Overhauser
effect from very distant spins is also observed.

FIG. 11. Structure of NOESY spectra, a—Traditional NOESY spectrum,
in which spin A is coupled in a dipole-dipole fashion with spin C, while
spin B is dipole-dipole coupled with spins D and E; b—/?-lima$on in a
COSY e NOESY spectrum; c—DQ NOESY, in which the peaks stem-
ming from J coupling are represented by filled circles, while the peak
resulting from the incoherent dipole-dipole transfer of magnetization
from spin A to spin M, which has no /coupling with either spin A or spin
X, is shown by the open circle.

If the spin-lattice relaxation rate R, is small in compari-
son with the exchange constant x, differential exchange
spectroscopy is used to eliminate the diagonal peaks, which
are unrelated to exchange processes but which are predomi-
nant at short times tx (Ref. 51). The 2D spectrum found at
rm = 0 is subtracted from the 2D NOESY spectrum (Fig.
10a). For a higher efficiency of this method, the 2D spectra
must be found in the pure mode. In this case, the amplitudes
of the diagonal peaks which remain in the difference spec-
trum will be directly related to the diagonal elements of the
exchange matrix.32'33

In an effort to suppress in this difference spectrum, the
selective transfer of populations of energy levels, due to the
different degrees of saturation of the sublevels of a multiplet,
a method of preliminary irradiation of corresponding multi-
plets has been developed.70 the two NMR signals which are
obtained are summed in the data processing stage.

An interesting development of NOESY is SKEWSY
spectroscopy.44 The exchange rate and the cross relaxation
rate in this case are measured in the absence of interference
from a relayed transfer of magnetization. For this purpose, a
perturbing ir rf field pulse is introduced in the preparation
stage in the NOESY scheme. The intensities of the peaks
become redistributed, so the intensities of the cross peaks in
the 2D SKEWSY spectrum can be greater than in conven-
tional NOESY and greater than the intensities of the diag-
onal peaks.

For a systematic deciphering of the resonance lines in
the 2D spectra, the COSY and NOESY spectra are placed
side by side on a common plot: COSY in the upper left trian-
gle and NOESY in the lower right triangle. Quite often the
squence of J couplings on a composite 2D spectrum of this
sort takes the form of a spiral (a/J-limagon16; Fig. l ib) . A
COSY © NOESY spectrum can be measured in a single
experiment by recording the COSY spectrum and NOESY
spectrum under identical conditions which do not introduce
systematic errors.59 Figure lOf shows a train of rf pulses in an
experiment of this type. The first (nonselective) w/2 (y)
pulse creates a transverse magnetization and initiates the
evolution of the magnetization over a time f,. The second ir/
2 (/?) pulse leaves the longitudinal component of the magne-
tization unchanged and initiates a transfer of this component
of the magnetization among the spins which interact in a
scalar fashion with each other. After the n/2 (/?) pulse,
while the magnetization components which remain in the x,
y plane continue to precess at different frequencies co2, mea-
surements of the 2D COSY spectrum are begun. After the IT/
2 (/?) pulse, the perpendicular component of the transverse
magnetization returns to the z axis and is subjected to cross
relaxation or chemcial exchange effects during the mixing
time rm. After the third -IT/2 (x) pulse, which transforms the
longitudinal z component of the magnetization into a trans-
verse component, the NOESY signal is detected. Axial peaks
and also the multiquantum coherence of first, second, and
third orders are eliminated from the COSY © NOESY spec-
trum through an appropriate alternation of the phases of the
rf pulses. Four additional experiments are carried out in or-
der to find a quadrature signal along the a>2 axis. The number
of independent experiments in Ref. 60 was 16.

The ambiguities which arise in the 2D NOESY spec-
trum due to the superposition of coherent (/-coupling) and
incoherent dipole-dipole effects are eliminated in two-quan-
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turn spectroscopy, DQ NOESY.49 The first and second ir/2
rf pulses are replaced by a sandwich of rf pules {TT/2-T-TT-T-

ir/2) (Fig. lOd). After the first sandwich of rf pulses has
ended, an initial z magnetization arises from the two-quan-
tum coherence, which is marked by the precession frequency
of spins A, X, summed over the chemical shift. The second
sandwich of rf pulses causes the transverse two-quantum co-
herence (DQC) to become a longitudinal magnetization. A
cross relaxation develops in the mixing stage rm. The last IT/
2 rf pulse transforms the longitudinal magnetization into an
observable transverse magnetization. The phases of the rf
pulses are alternated in a definite way.49 The DQ NOESY
spectrum for a system of spins contains three types of peaks
(Fig. l ie) . Two of them, which are positioned symmetrical-
ly with respect to the diagonal, are caused by J couplings,
while the third is at the frequency of spin M, which has no /
coupling with either spin A or spin X. Spin. M acquires a
magnetization from A directly through the incoherent trans-
fer mechanism by virtue of the dipole-dipole/4A/ interaction.

An important shortcoming of NOESY spectroscopy is
that the basic cross relaxation effect, which causes the
changes in the intensities of the peaks of the observed spin, is
accompanied by undesirable effects of a redistribution of in-
tensity among the peaks within a given spin multiplet. This
effect arises from a redistribution of the populations of the
levels of spin system AX and is called "selective population
transfer" (SPT).57 To suppress the SPT effect in a two-spin
system (AX), the frequency of the rf field is put exactly at
the center of the corresponding doublet. In more-complex
spin systems, however, the SPT effect cannot be eliminated
in this simple way. A new method for eliminating the SPT
effect was proposed in Ref. 57. That method is essentially
one of analyzing the effect which arises in the case in which
the TT/2 readout pulse does not cause an exactly 90° rotation
of the spin.65 To explain this effect, we consider an out-of-
phase perturbation of the level population, described by a
state of two spins of the type /^>/<*>. According to Ref. 69,
the readout rf pulse can be thought of as a train of two semis-
elective rf pulses, of such a nature that the first acts only on
spin A, and the second only on spin X.

In many of the methods described above for obtaining
2D NMR spectra, the phase of the rf pulses and the reference
signal in the receiver are alternated. The phase alternation
method, however, has its own shortcomings.6' For example,
it is not possible to distinguish a longitudinal magnetization
from a zero-quantum coherence ZQC through an alterna-
tion of phases. It is in NOESY that this problem arises. For
example, when a pulse train (ir/2-t-ir/2-t'-0) is used both
the longitudinal magnetization existing before the /? readout
pulse and the zero-quantum coherence ZQC contribute to
the signal which is detected. To distinguish between these
two effects, one makes use of the dependence of the signal
intensity on the spin-rotation angle0 (Ref. 34).

3.7. Zero-quantum (ZQC) 2D spectra. By virtue of its
physical nature, zero-quantum coherence ZQC contains in-
formation about spin-spin couplings. Attempts to make use
of this property of ZQC in an actual experiment, however,
run into two difficulties.41 The pulse train 77-/2 (x)-T-w(y)-r-
n/2(x) does not create a zero-quantum coherence ZQC in a
weakly coupled system of like spins. On the other hand, the
pulse train TT/2(X) -T-TT/2 (X), although it does create a zero-
quantum coherence ZQC, results in a situation in which the

amplitudes of the individual zero-quantum transitions de-
pend on both the spin-spin coupling and the chemical shifts.
To excite a zero-quantum coherence ZQC in 2D NMR spec-
tra, it is thus advisable to use an rf pulse train (Fig. 12) ir/
2(x)-T-ir(y)-T-w/4(y) (Ref. 41), which causes a fairly uni-
form excitation of zero-quantum transitions ZQC and in
which the chemical-shift effect is suppressed by the TT pulse.
Afte the TT/4 (y) pulse, a state IX

A)I Z
A) of the system of two

spins goes into a state IZ
A)IX

X) with a zero-quantum coher-
ence ZQC, while the magnetization of the uncoupled spins is
not changed by the pulse. To suppress the undesirable sig-
nals and the polarization of the type IZ

A)IZ
X) from bilinear

effects, the phases of the four rf filed pulses at t, = 0 are
alternated in accordance with

<P! -*• x, x, x, x, (f2 - > y, —y, y, —y,

<p3 ->- y , y , —y, —y, q>4 -*• s/> y . y . 2/>

X -» x, x, —x, —x.

At the time tt = 0, a magnetic field pulse (12a) is applied
and destroys the uniformity of the magnetic field.41 How-
ever, we are left with an insignificant magnetization result-
ing from the imperfections in rf pulses.

As was noted in Ref. 34, in the case a < TT/2 the transfer
of zero-quantum coherence ZQC to passive spins (Fig. 12b),
which are not participating in the formation of the ZQC, is
weakened, and the ZQC is reflected well in one version of the
2D spectrum. At short times r, the correlations with large J
are emphasized, while the couplings between remote spins
are on the contrary, weakened. The correlation between the
2D ZQC peaks for a = IT/2 radians is represented by hori-
zontal lines which run parallel to the co2 axis. For a = TT/4
radians, the correlation between peaks runs along the diag-
onal («2> — 2a>,).

3.8. 3D NMR spectra and ACCORDIANspectra. Sever-
al factors make it necessary in NMR spectroscopy to record
a three-dimensional (3D) signal s(?1,?2,r3), which depends
on three time variables. The first factor is the desire to com-
bine two methods of 2D spectroscopy in a single experiment.
The effectiveness of that approach is demonstrated by the
progress which has been achieved in joint measurements of
the COSY « NOESY effects.596"This experiment, however,
is not three-dimensional in nature. The information which is
recorded in the course of such an experiment consists of an
ordered set of two (and only two!) NMR signals,
•SCOSYUI.M and .SNOESY Ut,t2)- A truly three-dimensional
experiment may arise from a parallel combination of two

NMFP

FIG. 12. Diagram of experiments with a zero-quantum coherence, a—
With a detecting TT/2 pulse; b—with a detecting a pulse, where a < TT/2.
NMFP) Nonuniform magnetic field pulse.
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methods of 2D spectroscopy, e.g., 2D COSY and 2D/spec-
troscopy.66 The first of these methods yields the correlation
between the chemical shifts of two coupled spins A, X; the
second method forms the (ft,/) spectra of the same spins. In
a three-dimensional NMR signal s(f,,?-,,?3) there is informa-
tion on both the correlation of chemical shifts and the 2D /
spectra. After three-dimensional Fourier transforms of the
NMR signal jc(?,,r,,f3) are taken, a 3D spectrum
S(col,co2,<y3) arises in which the / spectra are separated in
frequency by an amount determined by the chemical shift of
the corresponding spin. In a 3D NMR spectrum we see all
the multiplets, all the scalar couplings, and all the chemical
shifts.

The need for recording 3D NMR signals arises in the
most natural way in NOESY upon a variation of the dura-
tion of the mixing stage, rm (Ref. 68). In this case one de-
tects NMR signals of the type s( t, ,rm ,t2), which is converted
by two-dimensional Fourier transforms into a 3D spectrum
S{co{,Tm ,tu2). This natural generalization, however, requires
a significant increase in the duration of the experiment,
renders the 3D experiment extremely expensive and inacces-
sible for many research groups, and has the further disad-
vantage that possible variations in experimental conditions
will lead to undesirable results.

The situation is different in NMR spectroscopy of the
ACCORDION type,6768 in which a 3D data file is reduced
to a 2D file. We can illustrate the working principle of AC-
CORDION spectroscopy with the example of 2D exchange
NOESY spectroscopy, in which one uses a train of three TT/2
rf field pulses. In conventional 2D NOESY the duration of
the mixing stage, rm, remains constant, and the duration of
the evolution stage is systematically changed. The NMR sig-
nals are detected as functions of the time (t2) after the last IT/
2 pulse. In an ACCODION experiment, the duration of the
mixing stage, r,n, is changed at the same time (!) that the
duration of the evolution stage, /,, is changed:

t m = ktv (34)

Here a 3D experiment in which all the time variables f ,,r2,
and rm are changed is reduced to a 2D experiment. In the
stage of Fourier transforms, relationship (34) between times
rm and /, has the consequence that ID Fourier transforms in
/, are simultaneously ID Fourier transforms in T,,,. AS a re-
sult of this sleight of hand, the frequency axes co, and com run
parallel to each other, so the spectral range along the com axis
is shorter than that along the cox axis by a factor of A:. The
frequency axes co, and co2 have different physical meanings in
an ACCORDION experiment.

Since the mixing coefficients aAA and aAX in a NOESY
experiment depend on the time r,,, [see (33) ], a ID Fourier
transform of the NMR signal along the time T,,, results in
different spectral peaks along the com axis:

— "9~ P2 i ,A I To '—o \2 I / \2~

(35)

for a diagonal peak and

: (Tm)

(36)

for a cross peak.
It can be seen from (35) and (36) that a spectral line in

a diagonal peak consists of the sum of the two Lorentzian
lines. The width of the first of these lines is determined by the
spin-lattice relaxation rate Rt, while the width of the second
is determined by the sum (2x + /?,), where x is the ex-
change constant. A spectral line of a cross peak, which is the
difference between the same Lorentzian lines, contains in-
formation about the exchange constant x which can easily be
extracted.

Finally, we take a look at the relationship between a 2D
ACCORDION spectrum and a 3D NMR spectru. The data
file of 2D spectra S(col,Tm,co2) with n values of the param-
eter rm is in the form of a stack of 2D spectra. After a discrete
Fourier transform of the function S( co,, rm ,r2) in r,,,, a stack
of n 2D spectraS(co,,rm ,co2) arises with a discrete parameter
com . We see that a ID stack of 2D spectra is equivalent to the
total 3D NMR spectrum and that the 2D ACCORDION
spectrum in an oblique projection38 of this 3D spectrum onto
the co, axis. The angle {e) at which this oblique projection is
made is determined unambiguously by the quantity k in
(34):

tge = fc. (37)

4. RENAISSANCE OF 1D NMR SPECTROSCOPY

The pronounced overlap of spectral lines in the ID
NMR spectra is eliminated in the 2D and 3D NMR spectros-
copies described in the preceding sections of this review. The
researcher thus gains access to information which makes it
possible to decipher the structure of inorganic and organic
molecules. While the corresponding evaluations of the struc-
ture of molecules were qualitative in the first stage of devel-
opment of multidimensional method of NMR spectroscopy,
advanced NMR-spectroscopy methods and equipment now
make it possible to carry out a quantitative analysis of the
structure of molecules. Shift correlation NMR spectroscopy
(COSY) is used where it is necessary to evaluate the cou-
pling constants / of spins which are directly coupled or to
transfer coherence along a chain of coupled signs in a relay
fashion (RCOSY). To obtain data on the relative spatial
positions of spins one uses Overhauser-effect spectroscopy
(NOESY). The method of 2D NMR spectroscopy has sev-
eral important disadvantages. The primary disadvantage is
that the time required for the measurements and for the pro-
cessing of multidimensional NMR spectra is very long ( ~ 10
h or more), and a large digital memory is required for stor-
ing and converting the data. It is thus not surprising that
researchers have always wanted to find appropriate equiv-
alents of the methods of multidimensional NMR spectrosco-
py, especially for problems in which only partial information
on the /couplings and the Overhauser effect would be suffi-
cient. A solution has been found through the use of the meth-
od of selective excitation of spins.73 For this purpose, the
first (nonselective) IT/2 (X) rf pulse is replaced by a selective
J7/2 pulse with a Gaussian envelope. The width of the excita-
tion spectrum in the selective TT/2 pulse is chosen so small
that only transitions pertaining to one multiplet, e.g., those
of spin A" in a spin system A, M, X, are excited. The 1D NMR
spectrum which is recorded will then not have multiplets of
spins A and M. Figure 13a shows the program of an experi-
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FIG. 13. Trains of rf pulses used in selective one-dimensional
(ID) spectroscopies. a—Traditional ID COSY- b—ID DO
COSY; c—ID COSY with a z-filter; d—ID RCOSY; e—Tradi-
tional ID NOESY; f—ID relayed NOESY; g—ID TOCSY.

ment which is a ID equivalent of a 2D COSY experiment
(Fig. 7). Remarkably, with a short evolution stage r (5 ms)
the transfer of coherence described by the function sinw/r
goes only to the nearest multiplet of spin At, which lies 0.35
md away from multiplet X in the spectrum. When the dura-
tion of the evolution stage is r = 70 ms, only the remote
multiplet of spin A (0.8 md) is excited; the nearby multiplet
is spin Mis not excited (irJr = w). At an intermediate dura-
tion of the evolution stage, r = 30 ms, the magnetization is
transferred to both the nearby multiplet of spin M and the
remote multiplet of spin A. This result shows that in a one-
dimensional ID COSY experiment it is possible to achieve a
twofold selectivity: in both fl and J.

It has been verified experimentally73 that in the case of a
/-selective transfer of magnetization to an out-of-phase mul-
tiplet the center of the multiplet acquires zero intensity. This
circumstance can be utilized to improve the accuracy of
measurements of the coupling constant J between corre-
sponding spins.

If a sample is irradiated simultaneously by pulses which
constitute a combination ID COSY ez-filter (Fig. 13c), the
out-of-phase multiplet becomes an in-phase multiplet. The
sum and difference of ID spectra with out-of-phase and in-
phase multiplets contain multiplets with half the number of
components. From the shift of the centers of the "truncated"
multiplets in the sum and difference spectra one can evaluate
the constant of the active coupling.

The one-dimensional analog, ID RCOSY, illustrated in

Fig. 13e, with a relayed transfer of magnetization can be
used to obtain ID spectra of residues of individual amino
acids.73 Figures 13, b, d, f, and g, show the diagrams of ID
equivalents of several other experiments from 2D NMR
spectroscopy.

Finally, Fig. 14 shows an example which demonstrates
that the popularity of 1D spectroscopy is on the rise, rather
than on the wane. This experiment involves a relayed trans-
fer of magnetization62 in which the pattern of nearby and
remote couplings can be studied simultaneously. Selectivity
is achieved in this experiment through the use of a train of
weak rf field pulses (DANTE).42 If the number of relay
transfers is small, an experiment of this type can be carried
out much more rapidly than the corresponding 2D experi-
ment, but equivalent information will be obtained.

FIG. 14. Train of rf pulses in one-dimensional (ID) spectroscopy with a
relayed transfer of magnetization.
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5. CONCLUSION

We have examined methods of multipulse NMR spec-
troscopy, discussing them in this review for the particular
case of a system consisting of two like (but not equivalent)
nuclear spins. These methods were developed in order to
simplify the process of interpreting complex one-dimension-
al NMR spectra. Today, in a new stage in the development of
NMR technology, researchers are developing methods for
simplifying two-dimensional NMR spectra. They are also
developing algorithms for deciphering NMR spectra by
computer. In the course of this development effort, the
methods of COSY, RCOSY, MQS, NOESY, etc., remain the
basic building blocks of the new structures. There is accord-
ingly reason to believe that this review will remain useful for
the foreseeable future (particularly for someone who is just
beginning research in the field), as a general chart of the
endless ocean of methods in NMR spectroscopy today.
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