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Abstract: The NMR of oriented molecules gives detailed structural information, but isotopic substitution is often required
for analysis. An alternative to synthesizing labeled molecules is to observe multiple-quantum spectra. Symmetry arguments
show that multiple-quantum transitions yield similar information and that the spectra can be predicted by analogy with labeling
experiments. Several examples are shown to illustrate the versatility of this technique for determining molecular conformations
and rates of intramolecular processes.

Introduction
N M R spectroscopy of molecules dissolved in liquid crystal
solvents has proven to be a powerful technique for determining
molecular configurations and for studying intramolecular motion?
The liquid crystal causes a partial ordering of dissolved species
so that the dipole-dipole coupling constants Dij between each
intramolecular pair of spins can be recovered from the spectrum.
D , is proportional to ( (ri,)-3),so that, once all the lines of the
spectrum have been assigned, the physical interpretation is
straightforward. Unfortunately, the number of allowed transitions
in the conventional N M R spectrum increases very rapidly as the
number of like spins increases, and the spectrum of a large
molecule is often unresolvable. As an example of this spectral
complexity, consider the proton spectrum of oriented cyclooctatetraene, which is a fairly small molecule. The symmetry
dictates that there are only six unique dipolar couplings, yet there
are 2070 distinct transition^.^ Clearly most of the lines give
redundant information, and these additional lines can make
analysis impossible.
One approach to simiplifying spectra is isotopic substitution
(for example, replacing protons with deuterons). This N M R
version of a spin-labeling experiment4 is useful, since replacing
most of the protons will reduce the number of possible transitions.
Thus, one way to find the three coupling constants of oriented
benzene, e.g., would be to synthesize the three different species
which have only two protons; each of these species would have
(1) Department of Chemistry, California Institute of Technology,
-_ Pasadena, CA- 91125.
(2) Epley, J. W.; Lindon, J. C. “NMR Spectroscopyusing Liquid Crystal
Solvents ; Pergamon Press: Oxford, 1975.
(3) Luz, Z.; Meiboom, S . J. Chem. Phys. 1973.59, 1077-1091.
(4) Gaffney, B. J.; McConnell, H. M. J . Magn. Reson. 1974, 16, 1-28.
Seelig, J.; Niederberger, W. J. Am. Chem. Soc. 1974,96,2069-2072. Seelig,
J.; Niederberger, W. Biochemistry 1974, 13, 1585-1588. Seelig, A.; Seelig,
J. Ibid. 1974, 13, 4839-4845. Schindler, J.; Seelig, J. Ibid. 1975, 14,
2283-2287. Biochem. Biophys. Res. Commun. 1974, 57,406-41 1.
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only one pair of lines in its deuterium-decoupled spectrum. This
approach has been extensively used to study large molec~les,29*~
but it has two important disadvantages: isotopic substitution may
change the molecular configuration, the order parameters,s or the
rate of internal processes and synthesis of selectively labeled
molecules is often difficult.
Pulse sequences have been designed which overcome the selection rule AM = 1 of normal NMR spectroscopy, thus permitting
the observation of coherences between states with arbitrary MeGL3
These multiple-quantum coherences can also be used to determine
the dipole-dipole coupling constants. In addition, because the
number of possibly distinct transitions falls off rapidly as AM
increases, multiplequantum spectra do not require isotopic labeling
to make them resolvable. In fact, in this paper we show that the
observation of multiple-quantum transitions is a practical alternative to isotopic labeling and that there is a great deal of similarity
between these two techniques. Roughly speaking, the coherent
flipping of n out of N spins inherently labels the (N - n) spins
left behind. Thus, an alternative to synthesizing the three isomers
of benzene-d, would be to look at the four-quantum spectrum of
( 5 ) Diehl, P.; Khetrapal, C . L. Can. J. Chem. 1%9,47, 1411-1416.
( 6 ) Vega, S.; Shattuck, T. W.; Pines, A. Phys. Rev. Lett. 1976,37,43-46.
Pines, A.; Wemmer, D.; Tang, J.; Sinton, S . Bull. Am. Phys. Soc. 1978, 21,
23.
(7) Drobny, G.; Pines, A,; Sinton, S.; Weitekamp, D.; Wemmer, D. Symp.
Faraday Soc. 1979, no. 13,49-55.
(8) Bodenhausen, G.; Vold, R. L.; Vold, R. R. J. Mag.Reson. 1980,37,
93-106.
( 9 ) Stoll, M.E.; Vega, A. J.; Vaughan, R.W. J . Chem. Phys. 1977, 67,
2029-203 8.
(10) Aue, W. P.; Bartholdi, E.; Ernst, R. R. 1. Chem. Phys. 1976, 64,
2229-2246. Wokaun, A.; Emst, R. R. Chem. Phys. Lett. 1977,52,407-412.
(11) Hatanaka, H.; Terao, T.; Hashi, T. J. Phys. Soc. Jpn. 1975, 39,
835-836. Hatanaka, H.; Hashi, T. J. Phys. Soc. Jpn. 1975,39,1139-1140.
(12) Wokaun, A.; Ernst, R. R. Mol. Phys. 1978, 36, 317-341.
(13) Warren, W. S.; Sinton, S.; Weitekamp, D. P.; Pines, A. Phys. Rcv.
Lett. 1979,43, 1791-1794. Warren, W. S.; Weitekamp, D. P.; Pines, A. J.
M a g . Reson. 1980,40, 581-583. Warren, W. S.; Weitckamp, D. P.; Pinar,
A. J. Chem. Phys. 1980, 73,2084-2099.
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Spin-spin interactions act on the system during the time
to produce irreducible tensor operators of arbitrarily high rank,
but these operators are still single quantum since only tensor
components of *I are present. The second pulse produces
multiple-quantum operators with arbitrarily high AM, as long as
T is comparable to or greater than the reciprocal of the singlequantum spectral width. These multiple-quantum operators evolve
during r,. The third pulse returns some of the multiple-quantum
coherences to single-quantum coherences, which are detected after
a time t2. The sequence is repeated with different values of t ,
to create a multiple-quantum free-induction decay, which is
Fourier transformed to produce a spectrum. This pulse sequence
generally produces transitions corresponding to all possible values
of AM. Other sequences can create an artifical separation of the
different values of AM (thus permitting the use of spin echoes
to eliminate static inhom~geneity)~,~
or can selectively excite only
a few different values of AM,13or do both.
T
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Figure 1. Schematic energy level diagram for a system of N spins without symmetry. All the eigenstates can be nondegenerate, and there
are many single-quantum transitions. However, there is only one Nquantum transition. There are only N pairs of (N - 1)-quantumtransitions and N(N - 1) pairs of (N - 2)-quantum transitions, plus a central

-

Simplicity of High Multiple-Quantum ( A M = N, N - I, N
2) Spectra
The major advantage of observing multiplequantum transitions
line.
is that the spectra corresponding to large values of AM are readily
interpreted. For example, there is only one transition with AM
9ox
= N, because there is only one state with M = N/2 (all spins a)
0)
tl
I <Ix>, <Iy>
and only one state with M = -N/2 (all spins 8). The spinspin
coupling in bilinear, so the dipolar energies of these two states
are identical, and the transition frequency is NAw. Therefore,
the N-quantum transition gives the resonance offset (or, if chemical
shifts are present, the sum of all the shifts) directly. In a typical
9ox
9ox
9ox
T
b)
11
'2
I <Ix>,<Iy>nonselective experiment, the average transition intensity does not
decrease as AM increases.14 However, some individual transitions
may be weak, just as in the normal single-quantum experiment.
Figure 2. Simple pulse sequences for NMR experiments. The sequence
in Figure 2a prepares and detects only single-quantumtransitions. The
Of course, the frequency of a single transition contains very
sequence in Figure 2b prepares and detects multiple-quantum transitions.
little information about complicated molecules. The ( N - 1)quantum and (N - 2)-quantum spectra are still far simpler than
the fully protonated species: we will show later that the fourthe single-quantum spectrum but contain enough transitions to
quantum spectrum contains exactly one pair of lines for each
be useful. There are N states with M = f((N/2) - 1) and (M
possible species plus a highly degenerate central peak. Three pairs
- N ) / 2 states with M = *((N/2) - 2). The number of allowed
of lines give three coupling constants without any synthesis and
transitions involving these states depends on the symmetry of the
without any possibility of isotopic distortions. Finally, we will
Hamiltonian. Even if the molecule has no symmetry, the dipole
work out several examples to show the wide range of molecules
Hamiltonian is bilinear and is unaffected by flipping all spins.
that can be analyzed by multiple-quantum techniques.
In this case the ( N - 1)-quantum spectrum has N pairs of lines
(M
= (N/2) - 1 M = N/2 or M = N/2 M -((N/2) Determination of Multiple-Quantum Spectra
1)) and is symmetric about ( N - 1)Aw. This spectrum is similar
The NMR Hamiltonian for the N spins - ' / 2 of an oriented
to the single-quantum spectrum that could be produced if all the
molecule can be written in the rotating frame (in units of h =
molecules were cooled down into the ground state.ls The ( N 1) as
2)-quantum spectrum is also symmetric and has N ( N - 1) pairs
of lines (M= N/2
M = -((N/2) - 2), M = (N/2) - 1 M
= -((N/2) - l), or M = (N/2) - 2 M = -N/2) plus a highly
degenerate peak at ( N - 2 ) A q arising from transitions between
The first term in eq 1 contains the direct and indirect spinspin
any M = N/2 - 1 eigenstate and the M = -((N/2) - 1) eigenstate
couplings, and the second term reflects any resonance offset. Other
generated by flipping all the spins. There are N ( N - 1) possibly
interactions such as chemical shifts or heteronuclear couplings
different direct and indirect couplings, so roughly this many pairs
will generally provide small corrections to this Hamiltonian.
of lines are n d e d for complete characterization. Typically, each
However, these additional interactions are usually suppressed in
transition would be a few hertz wide, out of a total spectral width
the experiments we will consider, so we will not discuss them here.
of many kilohertz. Therefore, the (N - 1)-quantum and (N If only the second term of eq 1 present, the 2N spin energy levels
2)-quantum transitions are usually resolvable, and assignment of
would be divided into small manifolds according to their total I,
these two spectra is sufficient to determine all dipolar couplings.
quantum number M,with the degeneracy of each manifold given
If the Hamiltonian has additional symmetry operations on a
by a binomial distribution. The first term in eq 1 breaks this
NMR time scale, the number of transitions decreases, because
degeneracy, so that, in the absence of any molecular symmetry,
the eigenstates can be assigned to several irreducible representall eigenstates are nondegenerate. This distribution is shown
ations (Figure 3). Since the multiple-quantum spectra contain
schematically in Figure 1. If N is large, there are many allowed
few lines to begin with, symmetry effects are easily noticed. The
single-quantum transitions (transitions between adjacent maninumber of transitions can be determined by generating symmefolds) and the lack of degeneracy in the eigenstates also makes
try-adapted states, and this has been done for general isotropic
the transitions nondegenerate, so the spectrum is complicated.
systems.12 However, for anisotropic systems this process can be
Single-quantum transitions can be observed after a single 90"
quite involved. If only the number of transitions is required,
pulse on a system with an initial spin density matrix proportional
to I, (Figure 2a). After the pulse, the density matrix is pro(14) Wemmer, D.;Ph.D. thesis, University of California, Fkrkeley, 1979
portional to I, which is purely a single-quantum operator; ( I x )
(published as Lawrence Berkeley Laboratory report LBL-8042). Wemmer,
and (I,),which are also single-quantum operators, are detected.
D.;Sinton, S.;Pines, A., to be submitted for publication.
Multiple-quantum transitions must be prepared and detected by
(15) Smalley, R. E.; Ramakrishna, B. L.; Levy, D. H.; Wharton, L. J .
Chem. Phys. 1974,61,4363-4364.
a more complicated sequence such as the sequence in Figure
+
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F i p e 3. Schematic energy level diagram for a system of N spins with symmetry. The states with M = fN/2 belong to the totally symmetric representation AI, so all N-quantum or (N - 1)-quantum transitions are in that representation. (N - 2)-quantum transitions can come

from other representations as well.

simpler symmetry arguments will suffice.
Symmetry Considerations and Analogy to Isotopic Spin
Labeling
Consider first the ( N - 1)-quantum spectrum. The states with
M = N/2 (all spins a)and M = -N/2 (all spins 8) are invariant
to all molecular symmetry operations, hence they belong to the
totally symmetric representation A,. Therefore, the ( N - 1)quantum transitions all have Al symmetry, and each AI eigenstate
for M = (N/2) - 1 will generate one transition, as will each Al
eigenstate for M = -((N/2) - 1). There is no symmetry reason
for any of these transitions to be degenerate. In the spin product
(SP) basis set, the states with M = ((N/2) - 1) are the N states
with ( N - 1) spins a and the remaining spin 8; the opposite is true
for M = -((N/2) - 1). A, symmetry-adapted states can be
generated from this basis set by taking one SP state and applying
all the symmetry operations of the spin system to it.16 If this
process is repeated for all the SP states, all the AI states are
generated.
The symmetry operations of the spin system can be described
from two different perspectives. Symmetry operations such as
planes or axes of rotation can be defined, and eigenstates can be
classified according to their behavior under these symmetry o p
erations.16 A more versatile approach, which we will use here,
is to describe symmetry operations by allowed permutations of
the nuclei.” Two nuclei a and b are magnetically equivalent if
there is a symmetry operation which turns a into b; this same
symmetry operation need not convert b into a. If no such operation
exists, the nuclei are inequivalent. Since each state in the SP basis
for M = f((N/2) - 1) can be described by its single different
spin, this definition implies that the number of AI symmetryadapted states will be equal to the number of inequivalent spins.
Thus each inequivalent spin produces one pair of ( N - 1)quantum
lines.
Spin product states are more easily visualized than are symemtry-adapted eigenstates, and therefore it is convenient to work
in this basis. It can be shown readily that the number of distinct
n-quantum transitions can be determined from any convenient
basis set (not necessarily the eigenbasis) by counting the number
of n-quantum matrix elements which can evolve independently.
Therefore, the number of transitions (but not the transition frequencies) can be determined in the spin product basis. In this
basis, an ( N - 1)-quantum matrix element corresponds to flipping
(N- 1) spins in the local field of one spin which is left behind.
This process inherently “labels” the remaining spin; it is still a
proton, but it is distinguishable from all the other spins. The spin
can be either a or 8, so we expect one pair of lines for each
(16) Tinkham, M. “Group Theory and Quantum Mechanics”; McGrawHill: New York, 1964.
(17) Jones, R. G. “NMR: Basic Principles and Progress”;, SpringerVerlag: Berlin, 1969; Vol. 1, pp 97-174. Longuet-Higgins, H. C. Mol. Phys.
1963,6, 445-460. Hougen, J. T. J . Chem. Phys. 1963, 39, 358-365.
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inequivalent spin; if two spins are equivalent, there is a symmetry
element which forces the two corresponding ( N - 1)-quantum
matrix elements to be equal. The number of inequivalent spins
is equal to the number of possible monosubstituted species, so we
assign one pair of lines to each of those species.
The number of ( N - 2)-quantum transitions can also be easily
determined in the SP basis set, and symmetry arguments show
that the following counting scheme is correct. There are two
fundamentally different ways to generate an ( N - 2)-quantum
transition in the SP basis set. One way to generate an ( N 2)-quantum transition is to flip all N spins, starting from a state
with one spin 8 and the rest a;therefore, these transitions correspond to M = (N/2) - 1 M = -((N/2) - 1). Since all the
spins flip, these N transitions have no dipolar energy, so they all
occur at ( N - 2)Aw. A ( N - 2)-quantum transition can also be
generated by flipping ( N - 2) spins in the local field of the remaining two, which we label x and y . The number of distinguishable ways in whiich two spins can be chosen out of N is
determined by the symmetry of the molecule. It is equal to the
number of different species with ( N - 2) isotopic labels. The two
remaining spins may be aa,ab,pa, or 88, which gives a quartet
x, and a triplet if
if there is no symmetry element x y , y
there is such a symmetry element (because then a8 and pa are
equivalent). Therefore, each unique ordered pair ( x y ) of spins
in the molecule gives one pair of lines; in addition, there is always
a highly degenerate peak at ( N - 2)Aw.I8
( N - 3)-quantum transitions and lower orders can also be
counted by similar schemes. However, the arguments above show
that there is always at least one pair of lines in the ( N - 2)quantum spectrum for each unique direct coupling constant, so
the ( N - 3)-quantum spectrum mainly provides redundant
structural information. In addition, the effects of intramolecular
motion, if they can be detected at all by NMR, can be detected
in the ( N - 1)- or ( N - 2)-quantum spectra. Any process which
causes exchange or pseudoexchange (rotation about a bond, for
example) between inequivalent sites would decrease the number
of possible monosubstituted species and therefore would affect
the ( N - 1)-quantum spectrum. If only magnetically equivalent
sites are involved, the motion operator commutes with the Hamiltonian in eq 1 unless the ordered pair of spins (ij) is transformed
into an inequivalent ordered pair (kl). Since this process would
decrease the number of possible disubstituted species, it affects
the ( N - 2)-quantum spectrum. The main advantage of assigning
transitions in the ( N - 3)-quantum spectra or lower quantum
spectra is that the additional line assignments give coupling
constants with better accuracy.

-

- -

Examples of Multiple-Quantum Spectra and the Isotopic
Labeling Analogy
In this section we show how multiple-quantum N M R can be
applied to specific molecules, and we illustrate the use of the
isotopic labeling analogy. The number of ( N - 1)-quantum pairs
will always be equal to the number of different species with all
but one of the protons removed. Each possible species with all
but two protons removed contributes either a triplet or a quartet
to the ( N - 2)-quantum spectrum. If we label the two remaining
protons x and y and if there is a symmetry element which exchanges x and y , a triplet results; if there is no such element, a
quartet (two pairs) results, as mentioned earlier. Thus, we can
assign one pair of lines to each different way that one proton can
be labeled x and another proton y . This scheme is used in all the
examples that follow.
Acetonitrile (Ag with C, Symmetry). The acetonitrile molecule
(CH3CN) contains only three protons, so its single-quantum
spectrum is easily resolvable. However, the multiple-quantum
spectra are useful in studying the relaxation of an oriented methyl
group.19 An unsymmetrical three-spin system would have one
three-quantum transition, six two-quantum transitions, and 15
(18) If all the allowed permutations cannot be represented as products of
allowed permutations of pairs of nuclei, further symmetry reduction is
sometimes possible. In real molecules this case rarely occurs.
(19) Tang, J.; Pines, A. J . Chem. Phys. 1980, 72, 3290-3297.

1616 J. Am. Chem. SOC.,Vol. 103, No. 7, 1981
n-Quantum

Warren and Pines

Spectro ( n = 1 , 2 , 3 )

Acetonitrile
Three-quantum' one line
Two-quontum:

/"\

H-H

YH
one pair

I

I

I

H
3kH2

n=2

n=l

n=3

H\.C-C=N

ti,'

1

H

Figure 4. The multiple-quantum spectra of the methyl group of acetonitrile. The high symmetry allows for only one monoprotonated and one
diprotonated species, so the two-quantum spectrum has one doublet, and
the three-quantum spectrum has one triplet.
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Figure 5. The multiple-quantumspectra of benzene. There is only one
possible monoprotonated species, so there is one pair of five-quantum
lines. The three diprotonated species imply three triplets (seven lines)
in the four-quantum spectrum.
one-quantum transitions (three of these are degenerate and six
others are weak if chemical shift differences are small) because
there are three eigenstates each for M = *1/2 and one eigenstate
each for M = *3/2, The high symmetry of a methyl group reduces
the number of transitions considerably, as shown in Figure 4.
There is only one pair of two-quantum transitions, since there is
only one monoprotonated species CD2HCN; the position of the
proton is labeled x in the figure. Similarly, there is only one
diprotonated species CDH2CN, and this gives a triplet in the
one-quantum spectrum because there is a symmetry operation
which exchanges the two protons. This can be seen by labeling
the two protons x and y, as in the figure, and noting that the two
ways to do this are related by a mirror plane. The three protons
are magnetically fully equivalent (each spin is coupled identically
with every other spin), so the indirect spin-spin coupling is
unobservable. The single direct spin-spin coupling can be extracted from the one-quantum or the two-quantum spectrum.
Benzene (AA'A~rA'''A"r'A'''r',
with C6" Sy mmetry). The single-quantum spectrum of a six-spin system without symmetry
would have 792 transitions, but only 15 different coupling constants. The c 6 y symmetry of benzene reduces the number of
single-quantum transitions to 76 and the number of different
couplings to three.20 All the spins are magnetically equivalent,
but they are not magnetically fully equivalent because there is
more than one coupling; this makes the spectroscopic notation
AArA"A"'A'lr'Arrr'r in anisotropic solvents, as opposed to A6 in
isotropic solvents.
The high symmetry also reduces the number of allowed multiple-quantum transitions,6.' as shown in Figure 5 . There is only
(20) Saupe, A. Z.Naturforsch., A 1965, 20, 572-580.

Figure 6. The multiple-quantumspectra of maleic anhydride. The two
methyl groups would give three disubstituted species if their motion were
correlated, but only two if not, so the number of four-quantum lines
depends on the motional model. There is only one monosubstituted
species, so the five-quantumspectrum does not reflect correlations.
one species of monoprotonated benzene (C6D5HJ so the fivequantum spectrum has one pair of lines, instead of the six pairs
expected for an unsymmetrical molecule. There are only three
possible diprotonated benzenes (C6D4H2),corresponding to the
ortho, meta, and para configurations, so the four-quantum
spectrum consists of three triplets, for a total of seven lines, instead
of the 61 four-quantum lines found for an unsymmetrical six-spin
molecule. The experimental spectra verify these predictions and
therefore are consistent with the assumed geometry.
It is useful to consider how the spectra would change if distortions were present on an N M R time scale. Most distortions
(such as an elongation along an axis perpendicular to the c6 axis)
would make the spins inequivalent and therefore would create more
five-quantum and more four-quantum transitions. However, if
the bonds alternated between two different lengths, as in the
classical nonresonant structure with three double bonds, all the
spins would remain equivalent, and the five-quantum spectrum
would still have only one pair of lines. In this case, more lines
would be added to the four-quantum spectrum. However, the extra
lines might be expected to be weak if distortions are small and
would not be produced at all if the distortions were rapid (which
they certainly are in this system).21
Maleic Anhydride (A3Aiwith Uncorrelated Methyl Group
Motion). At room temperature the two methyl groups of this
molecule are expected to rotate rapidly. As a result, all six spins
are equivalent. There is only one possible monoprotonated species,
so there is only one pair of five-quantum lines, as shown in Figure
6. However, the equivalence of the spins reveals nothing about
possible correlated motion between the two groups. Multiplequantum spectroscopy provides a particularly elegant test of
correlation because the number of lines in the four-quantum
spectrum is affected. If the methyl group undergoes uncorrelated
motion, there are only two possible diprotonated species, giving
five lines; if the motions are correlated like two gears, there are
three possible disubstituted species and seven lines. Recent
studies22 have shown that only five lines are present at room
temperature and that their positions are consistent with uncorrelated motion.
Cyclooctatetraene (COT) (AArAr'ArrrArr'rArrrrrArrrrrrArr'r''r;
Symmetry Depends on Temperature). Cyclooctatetraene, CsHs,
has been shown to have D Z d symmetry a t low temperatures by
electron diffraction studies. With this tub-shaped symmetry, the
single-quantum spectrum has 2070 transitions: as mentioned
earlier. At room temperature, almost all of these transitions are
broadened by a bond shift process, as shown in Figure I. This
process can be viewed as a pseudorotation: spin 1 becomes spin
2, spin 2 becomes 3, and so forth. The transitions are not resolvable, so the bond shift process has been analyzed by isotopic
substitution;2 the spectra of a random mixture of all possible
diprotonated species were analyzed.
(21) Diehl, P.; Bbiger, H.; Zimmermann, H. J . Magn. Reson. 1979,33,
113-1 26.
(22) Tang, J.; Pines, A. J. Chem. Phys. 1980, 73,2512-2513.
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Figure 7. The multiple-quantum spectra of cyclmtatetraene. The
single-quantum spectrum has 2070 lines and is totally unresolvable when
the bond shift rate is comparable to dipolar couplings. The six-quantum
transitions also broaden, but they are still resolvable. In the high-temperature limit, six lines have disappeared since the number of diprotonated species is reduced. There is only one monoprotonated species
at any temperature, so the seven-quantum spectrum is unaffected by the
bond shifts.

Multiple-quantum spectroscopy allows the fully protonated
species to be directly studied. Since all the spins are equivalent,
there is only one monoprotonated species, independent of the bond
shift rate; therefore there would be only one pair of seven-quantum
lines, and these lines give no kinetic information. However, the
six-quantum spectrum is affected by the bond shift. At low
temperatures the DU symmetry should give six independent dipolar
coupling constants (DI2,D13, DI4,D15,016, and D ~ sDl7
; = Dl3
by symmetry), so there are six diprotonated species. The species
(1,3) gives a quartet, since there is no symmetry operations, 1
3, 3
1; all the other species give triplets. Labeling the two
protons x and y as before, we find the following: x = 1, y = 2;
x = 1, y = 3; x = 3, y = 1 ( E X = 2, y = 4 by symmetry); x =
l , y = 4 ; x = l , y = 5 ; x = l , y = 6 (ex = 2 , y = 5 bysymmetry);
x = 1, y = 8 (=x = 2, y = 3 by symmetry), so there should be
seven pairs of lines. At high temperature, the rapid bond shift
makes x = 1, y = 2 equivalent to x = 2, y = 3; x = 1, y = 3
equivalent to x = 2, y = 4; and x = 1, y = 4 equivalent to x =
2, y = 5. The number of six-quantum pairs should therefore be
reduced to four.
The effective permutation group is the same as that of a regular
octagon; however, since Dij = (rir3),the coupling constants will
not have the ratios that octagonal symmetry would dictate. This
molecule is currently being studied.23
Substituted Biphenyls (AA'A''A"BB'B''B'''; Symmetry Depends
on Model). The relative motion of the two phenyl groups of
biphenyl and its derivatives can be studied by measuring the direct
coupling constants. However, the single-quantum spectrum of
biphenyl is extremely complex. Some simplification can be
achieved by removing the two protons on the ends of the molecule
since their distance is independent of the ring motion, but even
with this substitution the single-quantum lines cannot be completely resolved. Diehl and co-workersZ4analyzed the spectrum
of 4,4'-dichlorobiphenyl by picking out a number of the transitions
and iterating on their frequencies. The spectrum of 4,4'-bipyridyl
has also been analyzed.25
By contrast, the multiple-quantum spectra of substituted biphenyls are easily resolvable. The seven-quantum spectrum will
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-

(23) W. S. Warren, Ph.D. thesis, University of California, Berkeley, 1980
(published as Lawrence Berkeley Laboratory report LBL-11885).
(24) Niederberger, W.; Diehl, P.; Lunazzi, L. Mol. Phys. 1973, 26,
51 1-576.
(25) Emsley, J. W.; Lindon, J. C.; Stephenson, D. S.; Lunazzi, L.; Pulga,
S. J . Chem. SOC.,Perkin Trans 2, 1975, 1541-1544.
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Figure 8. The multiple-quantum spectra of a typical para-disubstituted
biphenyl. The two substituentsare different, but the rings should not be

strongly distorted, and the dipolar Hamiltonian is assumed to have a
symmetry operation which exchanges them. There are then two monoprotonated species, so there are two pairs of seven-quantum lines. Jumps
between four equivalent values for the inter-ring angle would give seven
diprotonated species (four triplets and three quartets) and ten pairs of
lines.

always contain two pairs of lines if the substituents are identical,
since there are two monoprotonated species, as shown in Figure
8. Even if the substituents are not identical, the biphenyl structure
is not likely to be substantially distorted, so two pairs are still
expected (although the lines may be split26). The number of
six-quantum lines depends on the motional model. Either free
rotation or jumps between four equivalent sites (corresponding
to inter-ring angles 8, -8, u 8, and u - 8 ) will give seven diprotonated species; labeling the spins x and y shows that there
are ten pairs of lines. However, jumps between only two sites
(corresponding to inter-ring angles 8 and -8) will give 14 pairs
of lines, as will a small amplitude rocking motion around a single
site. Eight pairs of lines are visible above the noise level in the
six-quantum spectrum of 4-cyano-4'-pentyl-dl l-biphenyl,26and
their positions coincide with those of eight of the ten pairs which
a four-site model would generate. The remaining two pairs are
expected to be weak, and extensive signal averaging would
probably be required to observe them. It is interesting to note
that isotopic labeling of the substituents was combined with
multiple-quantum NMR to study this molecule. Synthesizing the
molecule with a perdeuterated chain is straightforward,*' selective
substitution on the rings is more difficult.

+

Conclusion
We have presented symmetry arguments which allow prediction
of the general features of the multiple-quantum spectra without
having to explicitly diagonalize the Hamiltonian. The number
of transitions is predicted by analogy with spin labeling, since the
high multiple-quantum transitions can be viewed as inherently
labeling most of the spins. We have given examples of the simplicity of (N - 1)-quantum and (N - 2)-quantum spectra. We
believe that multiple-quantum spectroscopy, in combination with
relatively simple isotopic substitutions when necessary (for example, perdeuterating a side chain), should be a useful future
approach for studying complex molecules.
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