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Today chemical research is hardly conceivable without nuclear magnetic resonance. It has 
proved to be an exceedingly rich source of information for exploring the structure of 
molecules in solution, for the investigation of solid materials, andfor the study of molecular 
dynamics. In order to cope with the overwhelming information content, an extension to 
two-dimensional spectroscopy turned out to be indispensibel. Two-dimensional spectroscopy 
has contributed, since its introduction twelve years ago, a large number of new powerful 
techniques for the elucidation of coupling networks by 2D correlation spectroscopy, for the 
measurement of internuclear distances by 2D cross-relaxation spectroscopy, and for the 
investigation of chemical exchange networks by 2D exchange spectroscopy. These new 
techniques are particularly useful for the analysis of large molecules in chemistry and in 
biology.

1. Introduction
The development of nuclear magnetic 

resonance (NMR) during the past decade 
has been truely exceptional. Very few fields 
of chemistry are left that are not yet highly 
dependent on results obtained by NMR 
spectroscopy. Moreover, its importance 
extends nowadays into all fields of natural 
science from solid state physics to molec­
ular biology11-31. Most recently, magnetic 
resonance has also entered medicine and 
became a most informative diagnostic tool 
in clinical applications, both for non-inva- 
sive imaging as well as for in-vivo chemical 
spectroscopy[1,41.

Nuclear spins act like local reporters 
that provide information on molecular

structure in their close vicinity. For chemi­
cal applications it is most important that 
the information is obtained directly in 
chemical terms. Chemical substituents can 
readily be identified. Bonding networks as 
well as bond angles are easily deduced. 
Even the three-dimensional molecular 
structure can be determined directly in 
solution, an achievement which is not 
matched by any other technique. In addi­
tion, NMR spectroscopy is an ideal techni­
que for the study of slow chemical dynam­
ics. A great advantage is that chemical 
reactions may be studied at leisure in dy­
namic equilibrium. No fancy stopped flow 
experiments are needed although they can 
be combined with NMR if desired.

Much of the recent development has 
proceeded towards applications for large 
biomolecules, such as proteins and nucleic 
acids121. It soon turned out that the infor­
mation content of an NMR spectrum can 
become overwhelming. And not even the 
highest conceivable magnetic field strength

is sufficient to resolve and identify all 
spectral features in a conventional one-di­
mensional NMR spectrum of a biomole­
cule. Extensions of NMR spectroscopy to 
more than one dimension seem to be indis- 
pensible in order to accommodate the 
wealth of information in a frequency plane 
instead on a frequency axis. This calls for 
two-dimensional (2D) spectroscopy.

Actually, some of the information con­
tained in an NMR spectrum is of truely 
two-dimensional nature. Consider, for 
example, the spin-spin couplings for pairs 
of nuclear spins. In old-fashioned one­
dimensional spectroscopy, spin-spin cou­
plings lead to multiplet splittings of the 
different chemically shifted resonance 
lines. Sometimes it is easy to identify spins 
with mutual couplings based on a detailed 
analysis of the multiplet structure and 
comparison of the splittings. But the suc­
cess of such an analysis might be fortu­
itous. Who knows whether two lines that 
apparently form together a doublet repre­
sent not two independent chemical shifts? 
This is an unsolvable question when hav­
ing just a conventional NMR spectrum at 
hand.

In fact, spin-spin couplings correlate nu­
clear spins that are near in terms of the 
chemical bonding network. But correla­
tion information is two-dimensional infor­
mation and is best represented by a corre­
lation matrix. Rows and columns can be 
identified with individual spins, and off-di­
agonal elements indicate couplings be­
tween specific nuclei. Such a correlation 
map can indeed be measured directly as a 
2D correlation spectrum where the diago-
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nal contains just the conventional one-di­
mensional spectrum and cross peaks indi­
cate the strength of coupling between nu­
clear spins at different chemical shift posi­
tion (cf. Figs. 5, 13, 20, 23).

The situation is very similar for nuclear 
cross relaxation which presents an invalua­
ble tool for the measurement of inter- 
nuclear distances for molecules in solution. 
Cross relaxation relies on magnetic dipole­
dipole interaction between spins. It is the­
refore also a pair interaction that leads to 
mutual magnetization exchange between 
spins at different chemical shifts. Again 
cross relaxation is most naturally repre­
sented by a 2D cross-relaxation spectrum 
(cf. Fig. 3) where cross peaks measure the 
rate of magnetization exchange and there­
fore spatial proximity.

The third phenomenon that also calls 
for a two-dimensional representation is 
chemical exchange. Molecular fragments 
exchange between different chemical envi­
ronments which are manifested in an 
NMR spectrum by different chemical 
shifts. Chemical exchange processes that 
relate origin and destination of molecular 
fragments can be visualized in a highly in­
structive manner by 2D exchange spectros­
copy (cf. Fig. 2). In fact, such a 2D spec­
trum directly represents the chemical ex­
change matrix. Both, pathways of ex­
change and rate constants can be deter­
mined in a unique manner.

It may have become apparent that 2D 
spectroscopy has a very central position in 
NMR spectroscopy. Indeed it has become 
an indispensible and powerful tool in many 
fields of application. Before the experi­
mental techniques of 2D spectroscopy 
shall be described in detail, three prototype 
applications will be presented in order to 
motivate the reader to work also through 
the more technical Sections 5-13. To ac­
quire some basic knowledge on the modern 
tools of NMR seems to be a must for most 
practical chemists.

2. Chemical Exchange Processes 
Studied by 2D NMR Spectroscopy

It is known that heptamethylbenzenium 
ion can undergo a dynamic exchange pro­
cess where methyl groups are moved be­
tween the six possible sites[5]. A priori it is 
unclear whether the dynamics is exclusi­
vely due to a 1-2 bond shift as indicated in 
Fig. 1, or whether intra- or inter-molecular 
jumps to more remote positions are also 
feasible. The one-dimensional proton 
NMR spectrum in Fig. 2, recorded at 
40°C, shows the four chemically inequi­
valent methyl groups, but it does not reveal 
an indication of exchange. At higher tem­
peratures, however, severe line broaden­
ing, coalescence of the four lines, and line 
narrowing into a single sharp line occur 
successively. This behavior can be inter­
preted in terms of a chemical exchange 
process. Very careful lineshape studies of 
one-dimensional spectra in connection 
with computer simulations led to the con­
clusion that a 1-2 bond-shift mechanism 
prevails although the distinction of 1-2 
bond-shift and random exchange pro­
cesses is very difficult151.

Fig. 2 shows a 2D chemical exchange 
spectrum of a solution of heptamethylben­
zenium ion in 9.4 m H2SO4 recorded at 
40 °C161. The 2D spectrum displays along 
the marked diagonal four peaks with in­
tensities 2:2:2:1 corresponding to the four 
types of methyl groups visible also in the 
ID spectrum. Three pairs of symmetrically 
positioned cross peaks, all of equal inten­
sity, indicate exchange exclusively between 
positions (1, 2), (2, 3), and (3,4). This con­
firms immediately and beyond any doubt 
the predominance of a 1-2 bond-shift 
mechanism.

The 2D exchange spectrum can be 
related to the kinetic exchange matrix of 
the process. The kinetic matrix for a 1-2 
bond shift in heptamethylbenzenium ion, 
formulated in terms of the magnetization 
of the four magnetically distinct sites, M,,

Fig. 2. Contour plot of a 60 MHz proton 
resonance 2D chemical exchange spectrum 
of heptamethylbenzenium ion dissolved in 
9.4 m H2SO4 measured at 40°C with a mix­
ing time rm = 280 ms (adapted from 
Ref.161J. A one-dimensional spectrum is 
shown on top. The assignment of the four 
peaks is in agreement with Fig. 1.

M2, M3, and M4, can be expressed by the 
rate constant k for an elementary reaction 
step between two sites on the Born-Oppen­
heimer surface:

(1)

AT. -2k 0 2k 0 ~M~
M3 0 -4k 2k 4k m3
m2 2k 2k -4k 0 m2
m4 0 2k 0 — 4k m4

Fig.l. Chemical exchange processes in heptamethylbenzenium ion. The true chemical ex­
change network is very complicated and the Born-Oppenheimer surface contains 2520 
equivalent minima that differ in the arrangement of the methyl groups. By NMR only four 
sites, 1, 2,3, and 4, can be distinguished. In principle, exchange could proceed by a 1-2 bond 
shift (solidlines) or in addition by random exchange steps (broken lines).

Note that the sites have been ordered ac­
cording to their appearance in the 2D spec­
trum. In the initial rate approximation one 
finds the solution
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where Mo is the equilibrium magnetization 
of a single CH3 group and f^q)... f4(q) are 
modulation functions caused by the evolu-
tion during a variable time t{ that precedes 
the exchange period and is needed in all 2D 
experiments as described later. While the 
matrix in Eq. (1) is asymmetric, the one in 
Eq. (2) is symmetric. The matrix of Eq. (2)
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gives directly the intensities of the peaks in 
the 2D spectrum. Obviously there is close 
agreement with the experimental spectrum 
of Fig. 2. All visible off-diagonal peaks 
have equal intensities, and connect neigh­
bouring sites as expected for 1-2 bond 
shift. Indeed, it is possible to measure di­
rectly the exchange matrix by a simple and 
straightforward NMR technique.

3. Tertiary Structure of Proteins 
Determined by 2D NMR Spectroscopy

NMR spectroscopy is in the moment the 
only technique that allows the deter­
mination of the 3D structure of proteins in 
solution, in contrast to X-ray and neutron 
scattering which require the sample in sin­
gle crystalline form. It is known that the 
crystallization process may alter the ter­
tiary structure and may inhibit motional

processes that proceed in solution where 
the molecules exert their biological func­
tion. The solution structure is therefore of 
first-rate interest. It can be determined by 
2D NMR as has been demonstrated first 
by Wuthrich and coworkers'21.

The basic sources of geometric informa­
tion are the cross-relaxation rates RA be­
tween protons i and k which are induced by 
magnetic dipole-dipole interactions. They 
depend on the internuclear distance rik and 
on the rotational correlation time tc of the 
molecular tumbling process in solution 
that modulates the dipole-dipole inter­
action and causes relaxation according to

4 °c vjr^ (3)

Assuming a constant rotational correla­
tion time rc throughout the entire mole­
cule, it is possible to estimate distances rik 
for nuclear pairs in the molecule from mea­
sured cross-relaxation rates Rik.

Cross-relaxation processes can be visu­
alized by 2D cross-relaxation spectroscopy 
that is usually known under the name 2D 
nuclear Overhauser effect spectroscopy, 
abbreviated NOESY. A cross peak be­
tween two chemical shift positions indi­
cates cross relaxation between these two 
sites, the intensity being proportional to 
the rate constant. The maximum distance 
rik for sizeable cross peaks is about 5 A. 
Together with constraints imposed by 
atomic radii and known bond angles, it is 
then possible to deduce a most likely struc­
ture by a sophisticated computer program 
such as the distance geometry algorithm171 
or by molecular dynamics calculations'81.

Among numerous further biomolecules, 
the procedure has been applied to the glo­
bular protein basic pancreatic trypsin inhi­
bitor (BPTI) with the amino acid sequence 
RPDFCLEPPYT GGCKARIIRYFY NA 
KAGLCQTFVYGGCRAKRNNFKSAE 
DCMRTAGGC, using the one-letter 
codes for the 58 amino acid residues'21. A
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NOESY spectrum of BPTI is given in 
Fig. 3. Cross peaks between NH and CaH 
protons belonging to adjacent amino acid 
residues are apparent (e.g. F33NH- 
T32CaH, Q31NH-C30CaH). There are, 
however, also further proximities among 
protons of different amino acids more 
remote in the sequence that lead to strong 
NOE cross peaks (e.g. Y23C3 5H-A25C0(H) 
and are important for establishing the ter­
tiary structure of the protein.

However, before such a determination 
of the tertiary structure of a biomolecule 
can be attempted, it is necessary to arrive 
at a proper assignment of the backbone 
protons to the different amino acid resi­
dues. Two sources of information are used

Fig. 4. Nuclear spin coupling network in a polypeptide chain. The broken lines indicate the 
pathway of the vicinal spin-spin coupling interaction between NH and C^Hprotons which is 
mediated by the electron density and proceeds through the bonds. It is revealed in 2D 
correlation (COSY) experiments. The arrows indicate through-space magnetic dipolar 
interaction ccl/r^ which leads to nuclear cross relaxation with a l/r^ distance dependence. 
It is responsible for cross peaks in NOESY spectra. The two mechanisms of coupling provide 
a continuous network of interactions extending through the entire polypeptide chain.

Fig. 5. Triangular combination of a COSY and a NOESY spectrum of BPTI to facilitate the 
sequential assignment of the backbone protons. J connectivities in the lower half and NOE 
connectivities in the upper half are indicated by connecting lines starting at the N24 
CaH-NH J cross peak and ending at the R20NH-I19CaH NOE cross peak. The connectivity 
«snail» allows unambiguous assignments of the backbone resonance (adapted from 
Ref.™).

for the assignment, as illustrated by Fig. 4: 
(i) NH and C„H proton pairs within the 
same amino acid residue are assigned 
based on their mutual J coupling constant 
that is revealed in a 2D correlation 
(COSY) spectrum. Cross peaks arise in a 
COSY spectrum between two chemical 
shift positions whenever the two nuclei are 
related by scalar spin-spin coupling. It is 
known that all measurable spin-spin cou­
plings are limited to proton pairs within an 
amino acid residue, (ii) NH and CaH pro­
ton pairs in adjacent amino acid residues 
can be assigned due to their dipolar cross 
relaxation which is manifested by cross 
peaks in a 2D cross-relaxation (NOESY) 
spectrum. A combination of both spectra

permits a step-by-step sequential assign­
ment, often of all backbone protons.

For this sequential assignment of back­
bone protons, it is convenient to use a tri­
angular combination of a COSY and a 
NOESY spectrum as shown in Fig. 5. 
Because of the basic diagonal symmetry of 
the individual spectra, all relevant infor­
mation is contained in a triangular cut. 
The assignment can now proceed sequent­
ially, for example starting with the N24 
QH-NH COSY cross peak. Cross relax­
ation between N24NH and Y23CaH is re­
sponsible for a NOESY cross peak that 
leads to the next residue Y23 where again a 
NH-CaH COSY cross peak identifies the 
NH proton of Y23. This proton exhibits 
cross relaxation to F22C„H and leads to a 
further NOESY cross peak, and so on. The 
assignment can easily be done by inspec­
tion.

As an example for the structure deter­
mination of proteins in solution, Fig. 6 
shows five backbone structures of another 
protein, the proteinase inhibitor IIA from 
bull seminal plasma (BUSI IIA). These 
structures have been derived by the de­
scribed procedure and are compatible with 
the distance constraints obtained from 
NOESY spectra1"1. Such liquid state struc­
tures determined by NMR allow for the 
first time a comparison with the crystal 
structures obtained by X-ray scattering.

4. Heterogeneity of Solid Material 
Investigated by 2D NMR Spectroscopy

The structure of solid materials can be 
investigated by NMR spectroscopy based 
on a phenomenon that is related to cross 
relaxation in liquids. The dipolar inter­
action among static protons imbedded in a 
rigid solid leads to «spin diffusion». When 
the dipolar coupling between spins is 
stronger than their chemical shift differ­
ence, energy conserving flip-flip processes 
among the spins are feasible that transfer 
spin order in a diffusive manner over dis­
tances up to 100 A and more. The spin 
diffusion rate constant is again propor­
tional to 1/r^ where rik is the distance of 
nearest neighbour spins. It should be noted 
that spin diffusion in solids is based on a 
purely static Hamiltonian and describes 
the evolution of non-equilibrium spin 
states, while cross relaxation in liquid 
phase requires rapid molecular motion and 
is not restricted to spins with similar chem­
ical shifts.

Spin diffusion can be exploited to inves­
tigate heterogeneity in solids. Nuclear 
spins in different, sufficiently large do­
mains do not cross-talk while spins in the. 
same domain may take part in spin diffu­
sion. A 2D experiment analogous to 2D 
exchange spectroscopy in liquids allows 
one to visualize spin diffusion. Cross peaks 
between the resonances of two spins in a 
spin diffusion spectrum indicate then spa­
tial proximity in a solid.
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Fig. 6. Stereographic views of 5 computer-optimized backbone structures of BUSI HA based 
on distance constraints derived from NOESY spectra. The first 4 residues and the disulfide 
bonds have been omitted for clarity. In addition, a schematic drawing of the backbone 
structure is included ( reproduced from Ref. [11]J.

The utility of spin diffusion shall be il­
lustrated by an investigation of polymer 
blends obtained by casting the blends from 
a solution of two or more polymers in a 
suitable solvent. It is known that the phy­
sical properties of polymer blends depend 
on the heterogeneous or homogeneous do­
main structure of the blend. It is also 
known that the micro structure can be af­
fected by the solvent and by the casting 
procedure.

Fig. 7 shows the solid state one-dimen­
sional proton NMR spectra of two blends 
of polystyrene and polyvinylmethylether 
cast by adding petroleum ether to a solu­
tion either in toluene (blend BT) or in chlo­
roform (blend Bc)[12]. The spectra differ 
only very slightly and do not allow conclu­
sions on heterogeneity.

Fig. 7. Solid state proton resonance spectra of two polymer blends. BT: blend consisting of 44 
mol% polystyrene and 56 mol% polyvinylmethylether cast from toluene; Bc: blend con­
sisting of 53 mol% polystyrene and 47 mol% polyvinylmethylether cast from chloroform. 
The dots represent the experimental signal, the solid lines indicate a computer fit from which 
the concentrations were determined. Multiple pulse dipolar decoupling by MREV-8 and 
magic angle sample spinning were employed to enhance resolution (reproduced from 
Ref."2').

2D spin diffusion spectra of the two 
blends are presented in Fig. 8. The aroma­
tic proton peak is characteristic for poly­
styrene while the OCH3, OCH peak arises 
from polyvinylmethylether. Spin diffusion 
between these two peaks provides the re­
quired information. Indeed the two 2D 
spectra differ significantly. The 2D spec­
trum for the blend Bc shows no cross peaks 
between the mentioned resonances and 
must be fully heterogeneous. There seems 
to be no mixed domain containing the two 
polymers. The 2D spectrum for the blend 
Bt, on the other hand, exhibits strong cross 
peaks between the resonances of different 
polymers. It contains therefore a homoge­
neous domain in which the two polymers 
are mixed on a molecular scale.

It has turned out1131 that the exact com-

position of the various domains cannot be 
determined based on a 2D spin diffusion 
spectrum alone. However, in combination 
with selective saturation experiments, it 
proved possible to obtain the composition 
of blend BT in terms of a simple three- 
phase model1121. The pure polystyrene 
phase contains 8%, the mixed phase 79%, 
and the pure polyvinylmethylether phase 
13% of the total polymer mass. The mixed 
phase consists to 63 % of polystyrene.

Although the experiment is conceptually 
very simple and the resulting spectra easy 
to interprète, the experimental require­
ments for solids are more stringent than in 
solution. Magic angle sample spinning and 
multiple pulse dipolar decoupling are 
needed in order to obtain sufficient 
spectral resolution.

Fig. 8. 2D spin diffusion spectra of the two 
polymer blends BT and Bc obtained with the 
experimental scheme of Fig. 11. The posi­
tion of expected cross peaks between aroma­
tic protons of polystyrene (PS) and the 
OCH3 and OCH protons of polyvinyl­
methylether (PVME) are marked by 
broken lines (adapted from Ref.[131/

5. The Basic 2D Experiments
The 2D spectra described so far have 

been obtained by the same basic experi­
mental scheme, shown in Fig. 9: A signal 
s(q, t2) is measured as a function of the real 
time variable t2, while the time parameter I 
is incremented from experiment to experi­
ment in a extended series of measurements. 
The two-dimensional time domain signal
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Fig. 9. Schematic representation of a 2D experiment consisting offour periods: preparation, 
evolution, mixing, and detection. The evolution period tx is varied systematically in duration 
in a series of experiments. The signal s(tx, t2) is measured in the detection period as a 
function of t2. The precession during the evolution period causes an oscillatory dependence on 
tx of the initial signal amplitude s(tx,O). A two-dimensional Fourier transformation delivers 
the 2D spectrum shown at the bottom. It can be perceived as a represen tation of the mixing 
process that transfers coherence between different transitions.

s(tx, tf) is then Fourier-transformed in two 
dimensions and leads to the 2D spectrum 
S(fflj, cof). This type of time-domain Fou­
rier-transform spectroscopy is the most 
frequently used approach to 2D spectro­
scopy although further procedures are 
conceivable[1!. It is for example possible to 
compute 2D spectra from the stochastic 
response of non-linear systems1141.

The notion «coherence» is of central im­
portance in 2D spectroscopy111. It denotes 
the in-phase motion of an ensemble of par­
ticles, in our case of spin magnetic mo­
ments. This is in contrast to motion of 
spins with random phases. Coherence is 
induced by radio frequency (rf) pulses and 
its components can be attributed to indi­
vidual transitions between levels in an ener­
gy level scheme that proceed in a coherent 
manner. Sometimes, coherence can be as­
sociated with precessing transverse magne­
tization of a particular spin 7k. In this case, 
it may be represented symbolically by one 
of the transverse spin operators Zkx or 1^, 
depending on its phase. (The z axis is the

direction of the external static magnetic 
field.) In the presence of an additional spin 
7, with spin quantum number 7, = 1/2, one 
may also speak of «anti-phase coherence», 
or more specifically of coherence of spin 7k 
anti-phase with respect to spin f. This im­
plies that the amplitude of coherence of 
spin Zk has a sign that depends on the sign 
of polarization of spin Ix with respect to the 
external field. Anti-phase coherence may 
symbolically be represented by the opera­
tors 7kx7lz and 7ky7lz[1-151 or more losely visual­
ized by antiparallel transverse vectors 
belonging to the two 7k transitions with 
different 7, polarization. This operator de­
scription, although useful, will no extensi­
vely be applied in the following.

The basic four-phase time-domain expe­
riment, sketched in Fig. 9, starts with the 
preparation period that serves to excite co­
herence. Numerous excitation processes 
are conceivable. In the simplest case a non- 
selective nj2 pulse is used as in Figs. 10a- 
lOd, which can be extended into a sequence 
of several pulses, for example to excite

multiple quantum transitions (Fig. lOe) or 
in order to transfer polarization to another 
less sensitive spin species (see Fig. 25).

The purpose of the evolution period is to 
determine the characteristic resonance fre­
quencies of the molecules before the trans­
fer of coherence by pulses, chemical ex­
change, or cross relaxation. The' evolution 
during this period is responsible for the 
frequency spread of the 2D spectrum in the 
Gij direction. It may take place under the 
natural Hamiltonian or under an effective 
Hamiltonian caused by a suitable rf per­
turbation, such as a central refocusing it 
pulse or a spin decoupling sequence. We 
may understand the function of the evolu­
tion period that precedes the mixing or ex­
change period by visualizing that the indi­
vidual spins are «labeled» with their pre­
cession frequencies measured during the 
evolution period in order to determine 
their origin after the mixing or exchange 
process.

The following mixing period is in many 
experiments the most important period. It 
serves to effect the coherence transfer that 
is mapped in the form of a 2D spectrum. 
Coherence transfer can be induced by an 
unitary transformation caused by a series 
of rf pulses (cf. Fig. 10a, 10c, lOe). On the 
other hand it is also possible to initiate an 
incoherent transfer process that transfers 
coherence («coherence» can in fact be 
transferred incoherently!) by chemical ex­
change, cross relaxation, or by spin diffu­
sion (Fig. 10b and Fig. 11). In some 2D ex­
periments, designed for 2D separation, the 
mixing period may be absent altogether.

In the final detection period, the coher­
ence resulting from the coherence transfer 
process is detected and recorded. Again it 
is possible to let proceed the evolution dur­
ing detection under a suitably modified 
Hamiltonian.

A principal and general characteristic of 
time-domain 2D experiments is the mode 
of recording. The observation of the signal 
s(t(, t2) is strictly limited to the detection 
period t2. The information on evolution 
during the evolution period tx is obtained 
indirectly by systematic incrementation of 
the evolution time tx in an extended series 
of experiments that delivers the 2D data set 
s(t„ tf). The 2D array of time-domain data 
is then subjected to a 2D Fourier transfor­
mation producing the 2D spectrum S(c»|, 
a>2). This recording procedure is responsi­
ble for the often considerable performance 
time of 2D experiments requiring fre­
quently several thousand individual expe­
riments for different tx values. Usually no 
reduction in performance time is possible 
because the amount of information inher­
ent in the 2D spectrum S(co„ co^ must be 
matched by the data acquisition process. 
Nevertheless time-saving tricks are known 
that are applicable in special situations.

It should have become clear that an al­
most unlimited multitude of 2D techniques 
is conceivable of which many are already 
of practical importance. The basic princi­
ple is quite general and can be applied to all
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Fig. 10. A collection of some important 2D experiment pulse sequences. The four relevant 
periods are denoted P = preparation, E = evolution, M = mixing, and D = detection. - (a) 
Homonuclear 2D correlation spectroscopy (COSY) with a single tt/2 preparation and a 
single mixing pulse of rotation angle p.-(b) 2D exchange spectroscopy for the investigation 
of chemical exchange (EXSY) or for cross relaxation (NOESY). During the mixing period 
z magnetization is exchanged between different sites. Two n/2 pulses are needed to rotate 
magnetization from the transverse plane to the z axis and vice versa, -(c) 2D relayed 
correlation spectroscopy (RELAY COSY). The mixing period involves a two-step coher­
ence transfer effected by two if 2 pulses. The central it pulse serves to refocus chemical shift 
precession. Note the similarity to the NOESY experiment of (b). Different coherence 
transfer pathways are selected in the two experiments by phase cycling. - (d) Total 
correlation spectroscopy (TOCSY) and rotating frame NOE spectroscopy (ROESY). The 
transfer of coherence takes place in the presence of an extended period of rf irradation («in 
the rotating frame»). - (e) 2D multiple quantum spectroscopy. The initial creation of 
multiple quantum coherence requires a three-pulse preparation sequence. A single mixing 
pulse converts non-detectable multiple quantum coherence into observable single quantum 
coherence.

fields of spectroscopy although practical 
difficulties outside of NMR might be se­
vere. So far, most 2D experiments have 
been performed in NMR together with a 
few experiments in nuclear quadrupole res­
onance and in electron spin resonance.

The 2D spectroscopy techniques can be 
grouped in three classes:

(i) Experiments of 2D separation. This 
class comprises techniques that do not re­
quire a mixing period and effect a 2D 
spread of a ID spectrum by evolution un­
der two different effective Hamiltonians. 
Unlike 2D correlation, the number of 
peaks in the 2D separated spectrum is' 
identical to the number of resonances in 
the ID spectrum. Proton and carbon-13 
2D J spectra of liquid samples as well as 
separated local field spectra of solids be­
long to this category111. Experiments of this 
type will not be covered by this essay.

(iii) 2D exchange experiments. The 
transfer of spin order during mixing is ef­
fected by an incoherent process. The goal 
of this class of experiments is the investiga­
tion of processes such as chemical ex­
change, cross relaxation, and spin diffu­
sion in the laboratory or in the rotating 
frame (Fig. 10b and Fig. lOd).

(ii) Experiments of 2D correlation. The 
coherence transfer during mixing is caused 
by an unitary transformation induced by rf 
pulses. This experiment serves for the in­
vestigation of connectivity through J cou­
pling and possibly through dipolar inter­
action. The simple pulse scheme of the pro­
totype experiment for homonuclear 2D 
correlation spectroscopy, first proposed by 
JeenerI,q, is shown in Fig. 10a. It uses a ?r /2 
preparation pulse that excites all allowed 
single quantum coherences. The coherence 
transfer in the mixing period is effected by 
a single it fl pulse which transfers coher­
ence exclusively between transitions of 
spins that are scalar coupled.

Coherence transfer is restricted to anti­
phase coherence, such as fj^. A (n/2)y 
mixing pulse causes the transformation1151

4x4 (7^ ► _ Itjix (4)

Fig. 11. Experimental pulse scheme for 2D proton spin diffusion measurements. The tt/2 
preparation pulse is followed by a MREV-8 multiple pulse dipolar decoupling sequence 
applied during the evolution period bracketed by two 45° pulses needed in order to rotate the 
magnetization to and from the average quantization axis. The same procedure is applied 
during the detection period. During the mixing period, no decoupling is applied in order to 
allow for spin diffusion. Magic angle sample spinning (not shown) is used throughout the 
entire experiment to eliminate chemical shielding anisotropy (reproduced from Ref. 1131).

Coherence of spin f anti-phase with re­
spect to spin f is thereby transferred into 
coherence of spin f anti-phase with respect 
to spin 4- This is the basic transfer process 
in pulsed coherence transfer. It leads to an 
anti-phase square cross-peak multiplet 
pattern with positive and negative intensi­
ties in the arrangement [± qz ] which is the 
basic structure element of all cross peaks in 
2D correlation spectroscopy. It is visible in 
the schematic Fig. 18 and in the experi­
mental Figs. 16, 19, 20, 23. Further exam­
ples are heteronuclear 2D correlation spec­
troscopy (Fig. 25), 2D relayed correlation 
spectroscopy (Fig. 10c), total correlation 
spectroscopy (TOCSY, Fig. lOd), and 2D 
multiple quantum spectroscopy (Fig. lOe).
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The 2D exchange experiment used for 
Fig. 2 employs the pulse scheme of 
Fig. 10b. After evolution for a time (,, ait/2 
pulse re-establishes z magnetization that 
depends in an oscillatory manner on t}. In 
the course of the mixing time rm chemical 
exchange may take place. The second % /2 
mixing pulse is used for sampling magneti­
zation that exchanged or that remained on 
the original site.

The same pulse sequence is also used 
for 2D cross-relaxation spectroscopy 
(NOESY), an example of which is shown 
in Fig. 3. Regarding NMR phenomena, it 
is immaterial whether magnetization is ex­
changed by chemical exchange or by cross 
relaxation.

Another application of the 2D exchange 
pulse sequence is the measurement of pro­
ton spin diffusion as exemplified in Fig. 8. 
The detailed pulse scheme, shown in 
Fig. 11, has however to take account of 
two complications: In order to obtain suf­
ficient spectral resolution to distinguish 
the inequivalent protons it is necessary to 
eliminate the dipolar interactions during 
evolution and detection periods. For this 
purpose one of the well-known multiple 
pulse dipolar decoupling pulse sequences is 
applied, such as the MREV-8 sequence. In 
addition it is also necessary to rotate with 
about 3 kHz the sample about the magic 
angle axis to suppress the chemical shield­
ing anisotropy which would otherwise also 
ruin resolution1'21. These refinements are 
required for the resolution shown in Figs. 7 
and 8.

6. Extensions of
2D Correlation Spectroscopy

Numerous useful extensions of the basic
2D experiments have been proposed. We
concentrate in the following on the rich
family of 2D correlation techniques. The
hierarchical tree of techniques is given in
Fig. 12 with various members grouped ac­
cording to the degree of complexity of the
resulting 2D spectra in terms of the num­
ber of possible cross peaks.

On complexity level “0” is the primor­
dial ancestor, 2D correlation spectroscopy
COSY, and also 2D spin echo correlated 
spectroscopy (SECSY)111 that differs exclu­
sively in the spatial arrangement of the
peaks in the 2D frequency plane and re­
quires in favourable cases fewer experi­
mental scans to be performed.

The techniques on complexity level “1” 
produce cross peaks also among next nea­
rest neighbours within the scalar coupling 
network, displayed either in two dimen-

It should be noted that the extremely 
successful NMR imaging experiments used 
in magnetic resonance (MR) tomography 
for medical diagnosis are predominantly 
based on the very same principles141. In par­
ticular the Fourier imaging method is inti­
mately related to 2D spectroscopy11, l7].
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Fig. 12. Hierachical tree of 2D correlation techniques. The various methods are grouped 
according to the degree of complexity of the resulting 2D spectra.

sions by relayed COSY and 2D multiple 
quantum spectroscopy, or in three dimen­
sions by 3D COSY. The maximum number 
of cross peaks can be obtained by total 
correlation spectroscopy (TOCSY or HO- 
HAHA) on complexity level “2”.

On the other hand, various means for 
simplifying 2D spectra by restricting co­
herence transfer have been proposed. On 
complexity level “-1” one finds techniques 
that select coherence transfer according to 
an intermediate multiple quantum coher­
ence stage (MQF COSY) or according to 
connectivity of transitions in the energy 
level diagram (E.COSY, ^-COSY, z- 
COSY). Spin decoupling (  ̂-decoupled 
COSY) and selective excitation (soft- 
COSY) are additional means of simplifica­
tion. Further reduction of the number of 
cross peaks can be attained on complexity 
level “—2” by selecting spin systems with a 
predetermined number of spins (NSF 
COSY) or with a specific topology of the 
spin coupling network (topology selec­
tion).

Some of these possibilities will be illus­
trated in the following.

7. Relayed Correlation Spectroscopy
In a conventional 2D correlation 

(COSY) spectrum cross peaks occur exclu­
sively between nearest neighbours in a spin 
coupling network. In the case of incom­
plete spectral resolution, this might some­
times lead to ambiguities in the assignment 
of resonances. They may be resolved when 
also two-step relayed coherence transfers, 
relating next nearest neighbours, are made 
allowed.

It is easy to conceive a suitable technique 
for this purpose1181. Instead of a single mix­
ing pulse as in Fig. 10a, two mixing pulses 
are needed, leading to the scheme of 
Fig. 10c. Chemical shielding precession is 
undesired during the mixing period rm and 
is refocused by a 7t pulse applied at the 
center of the mixing period.

The two-step relayed coherence transfer 
can conveniently be followed in terms of 
product operators representing the actual 
state of the system (density operator). Let 
us assume a linear three-spin coupling 
network of the type

4 - f, — 4 (5)

with the two scalar coupling constants Jkl 
and Jlm. The transfer of f coherence to spin 
Zm proceeds as follows (disregarding chemi­
cal shift precession)1151

7kz F ^ky-'lz

W2XV4k _ r

(^■4?m)2ZkJlz + (ttJ^TjlfJ™
27iy4z

— 7T J
lzJ my (6)

The single operators above the arrows in­
dicate it/2 rotations of the corresponding 
spin about the indicated axis. The operator 
products above the arrows, on the other 
hand, represent (bilinear) transformations 
induced by the J couplings whereby it has 
been assumed that (itJati) = it/2 and 
(^Jklrm) = (nJ^) = n/2. The latter rela-
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Fig. 13. 300 MHz proton resonance double quantum-filtered COSY spectrum of the nonapeptide buserilin dissolved in dimethyl sulfoxide. 
The pulse sequence of Fig. 17 was used. A phase-sensitive plot with equal representation of positive and negative contours is shown. The 
resonance connectivities of leucine are indicatedll9].

tion leads to maximum transfer efficiency 
and puts a condition on the selection of the 
mixing time ?m. It can be fulfilled exactly 
only for equal couplings JB = Jlm. This 
shows that relayed coherence transfer re­
quires a delicate compromise in the selec­
tion of t„ and transfer will in practice of­
ten be far from optimum for many relayed 
correlation peaks in a spectrum.

Relayed coherence transfer will be dem­
onstrated with 300 MHz proton spectra of 
the linear nonapeptide buserilin, pyro- 
Glu-His-Trp-Ser-Tyr-D-Ser-Leu-Arg-Pro- 
NHCH2CH3 (p-E-H-W-S-Y-S-L-R-P-

NHEt). Fig. 13 shows the COSY spectrum 
and Fig. 14 a relayed COSY spectrum1191. 
In both spectra the resonance connectivi­
ties of the residue leucine are marked. It is 
seen that in COSY only nearest neighbour 
cross peaks occur: NH-CaH, CaH-C^H12, 
C^Hj j-CjH, and C^H-C^H. On the other 
hand, in the relayed COSY spectrum also 
the next nearest neighbour cross peaks 
NH-C|SH12 and C^H12-C^H occur. The 
third pair of relayed cross peaks CaH—C,H 
is weak due to the high multiplicity of the 
C7H resonance and not visible in the con­
tour representation of Fig. 14.

8. 2D Spectroscopy in the 
Rotating Frame

Having achieved coherence transfer 
over two steps, it is easy to generalize the 
experiment to an arbitrary number of 
transfer steps. It is just necessary to expand 
the mixing sequence of Fig. 10c to a large 
number of mixing pulses. In the end, vir­
tually a continuous rf irradiation for the 
time rm is obtained as indicated in Fig. lOd. 
This experiment leads to coherence trans­
fer throughout the entire coupled spin sys­
tem, limited only by relaxation decay of 
the coherence1201. This experiment is called
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Fig. 14. 300 MHz relayed COSY spectrum of the nonapeptide buserilin dissolved in dimethyl sulfoxide. The pulse sequence of Fig. 10c was 
applied with a mixing time rm = 25 ms. A phase-sensitive plot with equal representation of positive and negative contours is shown. The 
resonance connectivities of leucine are indicated [19L

total correlation spectroscopy (TOCSY)[20] 
or homonuclear Hartmann-Hahn (HO- 
HAHA) spectroscopy1211.

The latter term puts the experiment in 
connection with Hartmann-Hahn cross 
polarization in the rotating frame1221 and 
with spin diffusion as explained in Section 
4. The evolution of the spin system can be 
conceived in a frame rotating with the ap­
plied rf field. In the resulting time-indepen­
dent rotating-frame Hamiltonian, the 
chemical shift differences are effectively 
quenched and energy conserving flip-flop 
processes of the spins connected by scalar 
couplings become feasible. This leads to

spin diffusion processes that are limited 
only by the extensions of the coupling net­
work. The efficiency of the chemical shift 
quenching over a large spectral range can 
be enhanced by the application of more 
sophisticated pulse sequences[21].

Fig. 15 gives a TOCSY spectrum of 
buserilin that can be compared with the 
COSY and relayed COSY spectra of 
Fig. 13 and Fig. 14, respectively1191. Again 
the resonance connectivities for leucine are 
marked. Here also three-step transfers 
QH-CJI and even four-step transfers 
NH-CjH are visible. Again some expected 
cross peaks involving C.H are missing

because of the extensive multiplet structure 
of C H. Similar features are also apparent 
for other residues.

It should be mentioned that in addition 
to the coherent transfer through J coupling 
also incoherent transfer of magnetization 
through cross relaxation can occur under 
the application of an rf field during mixing. 
This leads to additional cross peaks that 
are analogous to NOESY cross peaks. 
Cross relaxation in the rotating frame has 
favourable properties in comparison to 
laboratory frame cross relaxation. For 
molecules of intermediate size, the labora­
tory frame cross-relaxation rate changes
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Fig. 15. 300 MHz TOCSY spectrum of the nonapeptide buserilin dissolved in dimethyl sulfoxide. The pulse sequence of Fig. lOd was applied 
with a mixing time vm = 112 ms. The mixing process was effected by an MLEV-T7 pulse sequence. A phase-sensitive plot with equal 
representation of positive and negative contours is shown. The resonance connectivities of leucine are indicated1'9'.

sign as a function of the rotational correla­
tion time and can become very small. In 
the rotating frame, on the other hand, the 
cross-relaxation rate is always of the same 
sign and is larger than in the laboratory 
frame.

The cross-relaxation experiment in the 
rotating frame is called CAMELSPIN1231 
or ROESY1241 and uses the same pulse 
sequence as TOCSY. In order to distingu­
ish the origin of cross peaks it is possible to 
suppress TOCSY peaks by using their 
strong offset dependence1251 or by special 
pulse sequences1261.

9. Multiple Quantum Filtering
Among the experiments designed to sim­

plify 2D correlation spectra, multiple 
quantum filtering plays a dominant role. 
Although it can also be applied to ID spec­
tra, it proved particularly useful in the con­
text of 2D spectroscopy.

Multiple quantum coherence of order p 
can be understood as a coherent motion of 
p distinct spins in a molecule. It can be 
associated with a transition between two 
levels in the energy level diagram that dif­
fer in magnetic quantum number by 
AM = p. In other words, p spins change 
simultaneously their polarization in the

course of a p-quantum transition. These 
transitions are so-called forbidden transi­
tions in the sense that they cannot be ob­
served directly. It is however possible to 
use an indirect detection scheme.

The basic idea of multiple quantum fil­
tering is to eliminate from a spectrum the 
response of all those spin systems for 
which it is impossible to excite p-quantum 
coherence. Numerous cross peaks can be 
suppressed in this way based on the follow­
ing principles11,271:
(i) It is impossible to excite p-quantum 

coherence in spin systems with less 
than p coupled spins I = 7z.
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Fig. 16. Exerpts from 2-quantum, 3-quantum, and 4-quantum filtered COSY spectra of BPTI recorded at 360 MHz. The region shown 
contains primarily geminal cross peaks of aliphatic chains (reproduced from Ref.1291J.

(ii) For the appearance of the diagonal 
peak of spin f in a p-quantum fil­
tered COSY spectrum, the spin f 
must be directly coupled to at least 
p — 1 further spins.

(iii) For the appearance of the cross 
peaks between spins Ik and I, in a 
p-quantum filtered COSY spectrum, 
both spins must simultaneously be 
coupled to at least p — 2 further 
spins.

Violations of these coherence transfer 
selection rules occur for strong coupling 
and for certain special relaxation situa­
tions1281.

Fig. 16 shows excerpts from 2-, 3-, and 
4-quantum filtered COSY spectra of BPTI 
in 2H2O. There is no restriction for the oc­
curence of cross peaks in double quantum 
filtered COSY. However, in the 3- and 4- 
quantum filtered spectra many cross peaks 
are missing. The absence of the peaks 
C5^’, F22^’, K24[fT, Y35^’, and 
N44/3/T in the 4QF COSY spectrum fol­
lows already from rule (i) as the two ^-pro- 
tons form together with the single a-pro- 
ton a three-spin system. That the peaks 
N24^’ and N44^’ are also absent in the 
3QF COSY spectrum indicates that one of 
the couplings QH-QH or C^H’-QH is 
very small and leads to peak suppression 
according to rule (iii). It is then possible to 
resolve the peak R42<5<5’ in the 4QF spec­
trum which was hidden in the 2QF and 
3QF spectra. In addition, also the region of 
the E49 cross peaks has become much 
clearer by 4-quantum filtering.

The principle of multiple quantum filter­
ing relies on the selection of coherence 
transfer pathways as demonstrated by 
Fig. 17[301. The preparation pulse of the ex­
periment excites coherence of order p = ±1 
(precession of a single spin). In the course 
of the evolution period anti-phase coher­
ence is established which can be transfer­
red by the first mixing pulse into multiple 
quantum coherence of all allowed orders p 
(coherent precession of p spins). The al-

lowance depends on the stated rules. At 
this moment a filtering operation is ef­
fected before the filtered coherence is made 
perceptible with the second mixing pulse 
by conversion into single quantum coher­
ence.

The actual filtering operation is per­
formed by a phase cycle of the first two 
pulses with the variable phase T> indicated 
in Fig. 17. The phase of the multiple 
quantum coherence after the phase-shifted 
two-pulse excitation is proportional to its 
order p1311

^ = P"^ (7)

This can easily be understood by the invol­
vement of p spins. Different orders experi­
ence therefore different phase shifts and 
can be separated by a suitable linear com­
bination of results obtained by phase- 
shifted pulse sequences1311. Double

Fig. 17. Principle of multiple quantum filtering. The pulse sequence is shown together with a 
coherence level diagram in which each level designates coherence of a particular order p. 
Pulses cause a change of coherence order. The p-quantum filtering process (here p = 2) is 
performed by a phase cycle of the first two pulses, coadding the signals obtained for various 
phases <P (here d> = 0°, 90°, 180°, 270°).

quantum filtering requires 4, 3-quantum 
filtering 6, and 4-quantum filtering 8 dif­
ferent phase-shifted experiments.

Another application of multiple 
quantum filtering is the famous INADE­
QUATE experiment, introduced by Bax et 
al.[321. It allows the selection of those very 
rare molecules that carry two 13C isotopes 
in natural abundance, and suppression of 
singly labeled molecules by double 
quantum filtering. The experiment is im­
portant for establishing connectivity of the 
carbon framework in medium-size mole­
cules based on 13C-13C J couplings.

So far, multiple quantum transitions 
have been used just for filtration purposes. 
They are present only for a very brief pe­
riod of a few microseconds between the 
second and third pulse in Fig. 17. On the 
other hand, it is also possible to take ad­
vantage of the evolution of multiple 
quantum coherence during the evolution
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period. This leads to 2D multiple quantum 
spectroscopyll> 331341 where multiple 
quantum transition frequencies along to, 
are correlated with single quantum transi­
tion frequencies along a>2. Multiple 
quantum frequencies are just the sum of 
the precession frequencies of all involved 
spins. The corresponding pulse scheme of 
Fig. lOe starts a multiple quantum excita­
tion sequence consisting of two 7t /2 pulses 
and a central it chemical-shift-refocusing 
pulse. The single mixing pulse converts 
multiple quantum coherence into observ­
able single quantum coherence.

2D multiple quantum spectroscopy 
reveals similar information as relayed cor­
relation spectroscopy. It leads to cross 
peaks for direct and for remote connectiv­
ity, following simple rules’341. Advantages 
are the absence of strong diagonal peaks 
and the simplicity of multiplets in the co, 
direction. A practically important applica­
tion is 2D INADEQUATE spectros­
copy’351.

10. Exclusive Correlation Spectroscopy
Exclusive correlation spectroscopy at­

tempts to simplify cross-peak multiplet 
patterns by restricting coherence transfer 
to pairs of transitions that are connected in 
terms of the energy level diagram and 
share an energy level. This often enables a 
detailed analysis of the cross-peak multi­
plets in order to determine spin coupling 
constants that are useful for the structure 
determination of molecules.

Fig. 18 demonstrates the priniciples by 
means of an AMX three-spin system. The 
multiplet structure of the AM cross peak is 
shown at the lower left. It contains 16 mul­
tiplet components that correspond to co­
herence transfer between all four A and 
four M transitions. By restricting coher­
ence transfer to connected transitions, only 
8 multiplet components remain as shown 
at the lower right. The resulting multiplet 
structure can easily be understood. It con­
sists of two basic squares with the side 
length equal to the «active» coupling JAM. 
Each of the squares originates from an 
AM(± A) spin system with spin X either in 
the mx = Yi or — ‘A state. This corresponds 
to the transitions forming the perpendicu­
lar front or rear quadrilateral in the energy 
level diagram of Fig. 18. The relative dis­
placement of the two squares in the 2D 
spectrum is determined by the two «pas­
sive» couplings JAX and JMX. Obviously, 
the determination of coupling constants is 
quite easy in an exclusive correlation spec­
trum, while COSY multiplets are often too 
complex for an analysis because of numer­
ous overlaps.

The exclusive correlation cross peak 
C^Hj-C^H, of proline8 in the cyclic deca­
peptide antamanide, given in Fig. 19, dem­
onstrates that also very small passive cou­
plings can be determined by a comparison 
of horizontal cross sections cut through the

Fig. 18. Principle of exclusive correlation spectroscopy. At the top the energy level diagram 
of a three-spin system is given. A transitions: - ------ , M transitions:------ , X transitions:
------ . A cross peak from the full COSY spectrum in the center is enlarged at the bottom for 
COSY and for exclusive correlation spectroscopy. Positive intensities are shown by open 
circles, negative ones by filled circles.

Fig. 19. CyH2-ClHI cross peak ofproline8 residue from a 300 MHz E. COSY spectrum of the 
cyclic decapeptide antamanide. In addition five horizontal cross sections are shown that have 
been obtained by vertical projection of the sections indicated by brackets. Displacement 
vectors by passive coupling constants are indicated in the contour plot. Passive coupling 
constants are determined by the horizontal displacement of cross sections (reproducedfrom 
Ref.™).

multiplet. Four displacement vectors cor­
responding to passive coupling pairs are 
indicated. It should be noted that the cou­
plings can be much smaller than the width 
of the peaks when the spread in the orthog­
onal direction is sufficiently large to avoid 
overlap. In other words, only one of the 
two couplings from a passive spin to the

two active ones must be resolved in order 
to allow the measurement of both.

Several experimental schemes have been 
proposed to obtain exclusive correlation 
spectra. The E. COSY technique employs a 
particular phase cycle, similar to multiple 
quantum filtering, in order to properly re­
strict coherence transfer’36,37’. The /J-COSY
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Fig. 20. Excerpt from a phase-sensitive double-quantum-filtered COSY spectrum of BPTI 
in 2H,O recorded at 300 MHz and 300 K (reproduced from Ref. [411J.

able multiplet structure is also produced in 
2D correlation spectroscopy when using 
selective mixing pulses. This leads to the 
so-called soft-COSY technique1401.

HDO

0

11. Spin Topology Filtering
A further step in simplifying 2D spectra 

is filtering for specific topologies of the 
spin coupling network. In this way, it is 
possible to distinguish spin systems with 
the same number of spins but different 
spin-spin coupling topology. For example, 
four-spin systems can be linear, cyclic, or 
star-like in their coupling topology.

It has been shown that spin topology 
selection by adapted pulse sequences is 
possible in some cases1411. The suppression 
of undesired spin systems is however often 
incomplete and depends not only on the 
coupling topology but also on the actual 
values of the coupling constants.

An example is shown in Figs. 20 and 21. 
The rather complex double-quantum-fil­
tered COSY spectrum of BPTI in Fig. 20 
can be simplified to the spectrum given in 
Fig.21 by means of a pulse sequence that 
selects the four-spin coupling topology of 
alanine. The CaH proton in alanine is 
coupled to each of the three equivalent 
CjH protons. The couplings among the 
CgH protons are ineffective, leading to a 
star-like coupling topology. The 2D spec­
trum of Fig.21 is quite asymmetric due to 
the special pulse sequence used (Fig. 22). It 
is of the type of «constant time evolu­
tion»1381 that leads to co,-decoupled 2D 
spectra. All six alanine cross peaks are visi­
ble in the upper half of the 2D spectrum 
together with some «leakage» from threo­
nine32 and leucine6 which contain similar 
groupings in their spin systems.

5 4 3 2 1
(Vp/ZTT ppm

Fig.21. Excerpt from an absolute value spin-topology-filtered COSY spectrum of BPTI in 
'H2O recorded at 300 MHz and 300 K. The spin topology filter is optimizedfor the reception 
of the alanine spin system using the sequence shown in Fig. 22 (reproduced from Ref.^‘V.

experiment133,381 that uses small rotation 
angles for the mixing pulse allows only ap­
proximate suppression of undesired multi­
plet components. Phase artefacts of the f-

COSY experiment for strongly coupled 
spin systems can be eliminated by z-filter- 
ing, leading to z-COSY1391.

It should be noted that the same favour-

12. Computer Pattern Recognition
It has become apparent that 2D spectra 

are very rich in information content for 
large molecules, and their analysis can be­
come quite demanding and time-consum­
ing. The structure of 2D spectra follows 
well defined rules and it should therefore 
be possible to perform a spin-system analy­
sis at least partially by a computer pro­
gram with or without operator interaction.

Several attempts have been made in this 
direction142 461. It is possible to start with a 
detailed analysis, searching for the basic 
square patterns, mentioned in Section 10, 
and to build up successively cross peaks 
and coupling networks[42,431. On the other 
hand, it is also possible to employ cluster 
analysis procedures to localize cross peaks 
or cross-peak clusters which are then fur­
ther analyzed by local symmetry analysis 
procedures144,451.

The recently developed local symmetry 
algorithm has been applied to the E.
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Fig. 22. Pulse sequence for AX3 spin topology filtering. The sequence involves a constant 
time evolution period 2c + c’ within which a it pulse is shifted as a function of the evolution­
time tx. The phases dp and df are varied to achieve four-quantum filtering (reproduced from 
Ref.mp

Fig. 23. 300 MHz proton resonance E. COSY spectrum of the cyclic decapeptide antama- 
nide represented by a 2048 x 2048 data matrix. This spectrum was the input for the 
computer analysis that led to the connectivity diagram shown in Fig. 24 (reproduced from 
Ref."5').

COSY spectrum of the cyclic decapeptide 
antamanide, [-Val-Pro-Pro-Ala-Phe-Phe- 
Pro-Pro-Phe-Phe-], shown in Fig. 23[45]. At 
first cross peaks have been localized by a 
cluster analysis procedure1441. The chemical 
shift centers together with some coupling 
constants have then been determined by a 
local symmetry analysis. By comparing 
shifts it was possible to deduce the connec­
tivity diagram shown in Fig. 24. It repre­

sents eight of the ten spin systems of the 
molecule. Two strongly coupled spin sys­
tems of proline2 and proline7 could not 
been analyzed by this procedure. Here in­
teractive fitting methods are required.

It appears at this moment that indeed 
much of the analysis of 2D spectra can be 
performed automatically, although a full 
analysis of a large protein or polynucleo­
tide is not yet feasible.

13. Heteronuclear Correlation 
Spectroscopy

All experiments described so far are con­
cerned with homonuclear spin systems us­
ing proton resonance. A great number of 
2D experiments has also been developed 
for elucidating heteronuclear spin sys­
tems111. In fact, even more variants are con­
ceivable in a heteronuclear environment 
where the different spin species can be per­
turbed by individual pulse sequences.

Of greatest practical importance is het­
eronuclear correlation spectroscopy147,481 
where resonances of two different spin spe­
cies are correlated. The most interesting 
pair of nuclei in this context is proton and 
carbon-13. The standard proton-carbon 
chemical shift correlation experiment 
starts with proton coherence excited by a 
proton ?r/2 pulse as shown in Fig. 25a. 
During the evolution time tx, proton coher­
ence is evolving. The following mixing pro­
cess, consisting of n/2 pulses applied si­
multaneously to protons and carbons, 
transfers coherence to the carbon-13 spins. 
Their precession is observed during the 
detection period. The similarity to the 
homonuclear COSY experiment is evident.

Many variants are possible:
- (i) In order to allow 13C decoupling dur­
ing the evolution period, a refocusing n 
pulse is applied to 13C in the center of the 
evolution period (Fig. 25b).
- (ii) Proton decoupling during detection 
can be effected by conventional hetero­
nuclear decoupling (Fig. 25b).
- (iii) In order to allow for the formation 
of anti-phase coherence necessary for the 
coherence transfer despite of decoupling, 
fixed periods of evolution must be inserted 
before and after the mixing pulses 
(Fig. 25b).
- (iv) Sensitivity can be enhanced by inter­
changing evolution and detection periods, 
i.e. to start with 13C evolution and use pro­
ton detection147,491.
- (v) To enhance the initial 13C magnetiza­
tion in variant (iv), polarization transfer 
from proton to 13C is used.

It should be noted that predominantly 
cross peaks are observed between 13C and 
directly attached protons due to the large 
one-bond couplings. The measurement of 
cross peaks to more remote protons with 
much weaker two- and three-bond cou­
plings require further modifications of the 
basic pulse sequence1501.

Heteronuclear relayed coherence trans­
fer experiments of the type H -> H -> 13C 
(Fig. 25c) are quite useful to establish con­
nectivity of X2H-, -CH2-, and -CH3 
fragments151 ■521. They provide a competitive 
and more sensitive alternative to INADE­
QUATE experiments.

An experimental example of a hetero­
nuclear relay experiment for the hexapep­
tide cyclo- [Phe7-Trp-Lys(Z)-Thr-Phen- 
Pro] is given in Fig. 26[52\ The 2D shift cor­
relation spectrum shows the direct connec­
tivity peaks filled in black and labeled with 
the one-letter codes for the amino acid seg­
ments. In addition, numerous relayed cor-
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Fig. 24. Computer-generated connectivity diagram of the eight recognized spin systems 
Pro8, Ala4, Phe5, Pro3, Phe10, Phe9, Val‘, and Phe6 of antamanide deduced from the 
experimental spectrum of Fig. 23 (reproduced from Ref [45|J.

-4

relation peaks are visible that allow an easy 
assignment. Connectivities are indicated 
for threonine and for lysine.

Properly assigned 13C resonances in bio­
molecules are of importance for the deter­
mination of local mobility through a mea­
surement of 13C T/s. This possibility is 
based on the dominant influence on relax­
ation of the directly bounded protons 
whose distances from the 13C nuclei are 
accurately known. The relaxation time Tt 
can then be related directly to a correlation 
time tc characterizing mobility.

71/2
CH
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( H n n mnn
*2
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14. Conclusions and Outlook
The realm of 2D spectroscopy is almost 

unlimited. A new dimension has not only 
been introduced into the spectrum but also 
in the experimental design resulting in a 
large multitude of novel techniques, many 
of them with interesting practical applica­
tions. This essay has provided a rather 
limited account of these techniques. Many 
sizeable classes of methods have been fully 
ignored. For a more detailed account of 
two-dimensional spectroscopy and the un­
derlying principles, the reader is referred to 
the recent monograph[1].

Although most of the information con­
tained in 2D spectra can also be obtained 
by careful one-dimensional experiments, 
2D spectroscopy is the method of choice in 
many situations. In particular for obtain­
ing a survey on the properties of a molec­
ular system, 2D spectroscopy is unbeat­
able. To perform a 2D experiment requires 
only minimum previous knowledge on the 
system to be investigate, and the danger to 
overlook unexpected but important facts is 
minimized. Obviously for obtaining an 
answer to a very specific question on a 
limited aspect of a molecule, it might still 
be easier and faster to perform a specific 
one-dimensional experiment. But very of­
ten all relevant specific questions can be 
answered based on a single two-dimen­
sional experiment.

It is likely that in the future 2D NMR 
spectroscopy will become one of the most 
powerful tools in particular for the molec­
ular biologist. Not only structure but 
hopefully also dynamics of medium to 
large size biomolecules in solution can be 
determined by this technique. In this re-

Fig. 25. Pulse sequences for heteronuclear correlation spectro­
scopy. - (a) Standard sequence with two simultaneous mixing 
pulses applied to proton and carbon spins in order to transfer 
coherence from proton to carbon, -(b) Modified sequence allow­
ing for 13C spin decoupling (by tt refocusing pulse) during evolu­
tion and ‘H spin decoupling (by continuous wave or multiple pulse 
irradation) during detection, -(c) Pulse sequence for hetero­
nuclear relayed correlation spectroscopy with the transfers 
H-^H^C.
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Fig. 26. Relayed 300 MHz 'H-I3C shift correlation spectrum of cyclo-[ Phe7-Trp-Lys(Z)-Thr-Phe"-Pro]. A pulse sequence equivalent to 
Fig. 25c was used. The full' H spectrum is correlated with the aliphatic region of the I3C spectrum. The direct connectivity peaks that are also 
visible in a standard correlation spectrum are filled in black and labeled with one-letter codes. The remaining peaks are relayed correlation 
peaks. The connectivities of neighbouring >CH-, -CH2~, and CH3 fragments are indicated for threonine (full lines) and lysine (broken 
lines) (adaptedfrom Ref. [52IJ.

spect, the method is truely unique. In view 
of further developments of instrumenta­
tion and computer procedures, 2D spec­
troscopy has the potential of becoming a 
routine technique that may lead to almost 
fully automated determination of molec­
ular structure.

Perhaps as important as the practical 
application of 2D spectroscopy are the 
conceptual aspects of the new approach. It 
has provided impetus to entire NMR tech­
nology. Numerous new techniques have 
emerged that have on the first sight no 
direct connection to 2D spectroscopy. To 
mention a few techniques, heteronuclear 
polarization transfer by methods such as 
INEPT1531 and DEPT1541 is a descendent of 
2D spectroscopy that is indispensible for 
sensitivity enhancement and spectral edit­
ing. Methods for indirect detection of reso­
nance can be considered as 2D techniques 
with one-dimensional Fourier transforma­
tion. In this context, multiple quantum 
spectroscopy1551 and zero field magnetic res-

onance with field cycling1561 should be men­
tioned.

What has initially appeared to be just a 
curiosity that produced intriguing and aes­
thetically pleasing plots became a powerful 
tool with a vast number of applications in 
fields of science ranging from solid state 
physics, through chemistry and biology to 
medicine. Further developments are to be 
expected in this field.

Incidentally, I would like to mention 
that the very first paper that has ever been 
published on 2D spectroscopy appeared in 
Chimia in 19751571. A comparison with the 
present paper reveals the enormous 
progress that has been made since 1975.
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