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Analogy of Multiple-Quantum NMR

to Isotopic Spin Labeling
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Abséract
The MR Qf'oriented molecules gives detéiled struétural information, but
isotopic substitution is usually-fequired for analysis. An alternative to
synthesizing labeledvmolecules 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 1abe1ing experiments. Several
~examples are shown to illustrate the yersatility of this technique for

determining molecular conformations and rates of intramoiecular processes.

*Author to whom correspondence should be addressed.



Introduction

NMR spectroscopy of molecules dissolved in liquid crystal solQents has
proven to be a powerful techniquevfor determining molecular configurations and
for studyihg intramolecular motion.} The liquid crystal causes a partial ordering
of dissolved species so that the dipole~-dipole coupling constants Dij betweéﬁ-each
intraﬁolecular pai? of spins can be recovered from the spectrum. Dij is propor-
tional to <(rij)—3>, so that, once all fhe lines of the spectrum have been
assigned, the physical interpretation is straightforward. Unfortunately, the
number of allowed transitions in the conventional NMR spectrum increases very
rapidly as the number of like spins increases, and the spectrum of a large

molecule is often unresolvable. As an exampie 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 transitions.2 Clearly most of the lines

give redundant information and these additional lines can make analysis impossible.

One appfoach to simiplifying spectra is isotopicysubétitution (for example,
replaéing protons with deuterons). This NMR version of a spin labeling experi-
ment ’4.15 useful, since replacing most of thé protons will reduce the number
of possible transitions. Thﬁsi one way to finthhe three céupling constants
of oriented benzene, e.g., would be to synthgsize the three different species
which have only two protons; each of these species woﬁld-have only one pair of
lines in its deuterium decoupled spectrum. This approach has been extensively

1,2,5 . . . o
*>7*7 but it has two important disadvantages:

used to study large molecules,
isotopic substitution may change the molecular configuration, the order parameters,

or the rate of internal processes, and synthesis of selectively labeled molecules
is often difficult. -

Pulse ‘sequences have been designed which overcome the selection rile AM=1

of normal NMR spectroscopy, thus permitting the observation of coherences between
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states with arbitrary A These multiple-~quantum cqherences can also be

used to determine the dipole-dipole conling constants. In addition, because

.the number of possibly distinct transitions falls off rapidly aé M increases,
multiple-quantum spectré'do not require isotopic labeling to make them resolvable.
. In- fact, in‘this paper we show that the obsetvation of m;ltiplefquantum transitions
is ‘a practical alternative to isotopié labeling, andvthat there is a great déal

of similarity Betwéen these two techniques. Réughly_speaking; the coherent
flippihg of n out of N spins inhereﬁtly labels the (N-n) spins left behind.

Thus, an alternafive to synthesizing tﬁé»three isomers of benzene-—d4 would.be

to look at the four-quantum spectrum of the ful}y protonated species: we will
show létér‘that,the_four—quantﬁm spectrum contains exactly one pair of lines

for each possible specigs,¥plus a nhighly dégene;atevcentral peak. Three pairs

of lines give three coupling cbnstants without any synthesis aﬁd without any
possibility of isotopic distortions.  Finally, we wili Qork out sgveral examples
to show the w;de range of molecules that can be analyzéd by multip;e—quantum

techniques.

Determination of Hultiple—Quéntum Spectra

The MMR Hamiltonian for the N spins-1/2 of an oriented molecule can be
written in the rotating frame (in units of fi=1) .as

(1)

H=(rD (31 .1 -1 - , : - Awl .-
= _(i>jf‘>3v( 2112573 "I’j) + Jij('fi ~fj)) + ul_.

The first térm'iﬁ equétion (l) contains the direct and indirect spin-spin
couplingé, and the éeéond:téfm reflécts any resonance offset.’ Other interéctions, v
such as chemital shifﬁs or héteroﬁucléar couplingSi'Qill'genérally provide small
corrections to this Hamiifonian. HoweVer, theég additiénal'interactions are
usually suppressed in ﬁﬁe experiménts we‘will‘conéidér;fédfwé:will not discuss
them here. If only the second term of‘equation (1).were_presént3 the ZN spin -

Aénergy levels would be divided into small manifolds according to their total Iz



quantum number M, with the degeneracy of each manifold given by a binomial
distribution. The first term in equation (1) breaks this degengracy,Aso that,
in the absence of any molecular symmetry, all eigenstates are nondegenerate.
This distribution is shown schematically in figure (1). If N is large, there are
many allowed single-quantum transitions (transitions between adjacent manifolds) Z
and th; lack of degeneracy in the eigenstates also makes the fpansitions non—.
degenerate, so the spectrum is complicétedw |

Single-quantum transitions can be observedvafter a single_90o pulse on a
system with an initial spin density matrix proporfional to Iz (figure z(a)).
After the pulse,‘the density matrixris proportional to Ix‘which_is_purely a
single-quantum operator; <Ix> and <Iy>, which are also single—qgantum operators;
afe détected. Multiple-quantum transitions must be prepared and detected by

' ' . .6,7,10,13
a more complicated sequence, such as the sequence in figure 2(b)5 Spin-
spin interactions act on the system during the time T to produce irreducible
tensor operators of arbitrarily high rank, but these operators are still single-
quantum sincé only tensor components of +1 are present. The second pulse produces
multiplé—quantuﬁ operators with arbitrarily high AM, as long as t ié comparable
to or greater.than‘the reciprocal of the single-quantum spectral width. These

multiple-quantum operators evolve during t The third pulse returns some of

1°

the multiple-quantum coherences to single-quantum coherences, which are detected

7 B

after a time t The sequence is repeated with different values of tl to create

2"
a multiple-quantum ftee-induction decay, which_is Fourier transformed to.produce

a spectrum}_ This pulse‘sequence generally produces-transitions'correqunding

to all possible values of AM. _Other sequénces can create an artificial separation
of the different values of AM.(thus permitting the use of spin ecﬁoés to eliminate

8

static inhomogenéity)7’ or can selectively excite only a few different values

of i3 or do both.
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Simplicity of High Multiole-Quantum (& = N, N-1, N-2) Spectra

The major advantage of observing multiple—quantum transitions is that
the spectra corresponding to large values of AM are readily interpreted. For
enample, there is only one transition with AM=N, because there is only one state
with»M=N/2 (all spins d) and only one state with M=-N/2 (all spins é). The
spin—spin coupling in hilinear, S0 the'dipolar energies df 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 ali the shifts) directly. 1In a typical nonselective experiment, the
average transition intensity does not.decrease'as AM increases.14‘ ﬁowever, some
individualbtransitions may be weak, just as in the normal single—quantumi
experiment. | . o |

Of course, the frequency of a single transition contains very little
‘information about complicated molecules. The (H-1)-quantum and_(N—Zj—quantum_
spectra are‘still far simpler than the single-quantum spectrum, but contain
'~ enough transitions to be useful. There are N states with_ﬁ%ﬁ((N/Z)—l), and
(N -N)/2 states w1th M—+((N/2) 2) The number of‘allowed transitions involuing
these states depends on the symmetry of the Hamlltonlan. Even if the molecule
has no symmetry, the divolar Hamiltonian is bilinear, and}is unaffected by
flipping all spins, in thisvcase the tN—l)—quantum spectrum has N‘pairs of
1ines(M=(N/2)—l > M=N/2 or M= N/2 > M—-((V/Z) l)) and is symmetric about (N- 1)Aw.
This spectrum is 51m11ar to the 51ng1e quantum spectrum that could be produced
if all of the molecules’were cooled down into the ground state.l. The (u 2)—
quantum spectrum is also symmetrlc, and has N(N 15 palrs of ilnes (M-N/Z ->

=—((N/2)—2), I—(N/Z) 1~ W——((N/Z) 1), or M—(N/Z) 2 > W«—V/Z) plus a hlgnly

deoenerate peak at (N- Q)AH arisine from transitions between any M=1/2-1 eigen-
state and the M;-((N/Z) l) elgenstate generated by fllpping all the spins. |

There are N(N-1) p0531bly dlfferent direct and 1nd1rect coupllnos, so roughly
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this many pairs of lines are needed for complete characterization. Typically,

-each transition would be a few Hz wide, out of a total spectral width of many’

KHz. Therefore, the (N—l)—quantdm andA(N—ZJ—quantum transitions are-usﬁally.
resolvable, and assignﬁent of these two spectra is sufficient to determine all
dipolar couplings. |
If.the Hamiltonian has additionai symmetry operations on a‘NMR.timeascale,
the nqmber of transitions decreases, because the eigeﬁs;ates-can be assigned to
severallirréducible represenfétions‘(figure 3). Since the multiple~quantum
spectra contain féw lines to begin with; symmetry effects are easily noticed.

The number of transitions can be determined by generating symmetry adapted states

. and this has been done for general isotropic systems}e However, for anisotropic

systems this process can be quite involved. If only the number of transitions

is required, simpler symmetry arguménts 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 .G) and M=;N/2.(all spins B) are invariant to all molecular.symmefry opera-
tionsé hence they belong to the totally symmetric representation Al; Therefore,
the (N-1)-quantum transitions all haye Al.symmetty, and each Al eigenstate for
M=(N/2)-1 will generate one transition, as will each Al eigenstate for M=-((N/2)-1).
There is no symmetry reasonvfor‘any of these transitions to be degenerate. In
the spin product (SP) baéis set, the states with M=((N/2)+1) are the N.states
with (N-1) spins @, and the remaining spin B; the opposite is true for M=-((N/2)-1).
Al 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} 1f
this procesé is rgpeated for all the SP states,.all the Al states are generated.

| The symmetry operations of the spin system can be déstribednfrom'two different

perspectives. Symmetry operations such as planes or.axes of rotation can be
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defined, and‘eigenstates can be classified according to theif behavior under
tﬁese symhetry operations.1 A more versatile approach, which we will use

‘ o ' 17,18
here, is to describe symmetry operations by allowed permutations of the nuclei.
Two nuélei a and b are magnetically equivalgnt if there is a symmetry operation
which turns a.into b; this same symmetry operation need not convert b into a.
If hogsuch opefation exists, the nuclei are iﬁeQﬁivaleﬂt. Since each state
in the SP basis for M=i((N/2)—l) éan be described by its singie different

spin, this definition implies that the number of A, symmetry adapted states

_ 1
will be equal to the number of ineqﬁivalent spins. Thus, each inequivalent
.spin produces one pair of‘(N—l);quantum lines.

Spin produét states are more easily visﬁélized’thén‘are symmetry adapted
eigenstates, and therefore it'is éénvenient to work in this basis. It can be
shown readily that the number of distinct n-quantum transitions can be. deteérmined
ffom.any convenient basis set (not néceSsafily the eigenbasis) by counting \
fhe number of_anuantum matri% elements which can evolve independently. Theté~
fore, the number of transitions (but not the transition freguencies) can be
determined in the spin product basis. In this basis), an‘(N—l)—quantum matrix
element corresponds to flipping (¥-1) spins in the local field of one ‘spin
which is left beﬁind. This pfbcess=inherent1y "labels" the remaiﬁing spin}
it is still a proton,.but it is distinguishable from all the other spins. The
spin caﬁ be either a or B, so we expect one pair of lines for each inequivalent
spin; if two spins are équiValeht, there is a symmetry elément which forces
the two,éofreSponding (N—l)—duantum matrix elements to be equal. ‘The number
of inéquivé¥ent spins is equal to the numbéf of possible monosubstituted
species, so we assign one péi?lof lines to gaéh’of thosé sﬁEcie$}

The number of KN—Z)—quantum trénsitions>can élso‘bé easiiy determiﬁed in
the SP basis set,'and symﬁetry 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 B»and
the rest o; therefore, these transitions correspond to M=(N/2)-1 > M=—((N/2)—L).
Since all theispins flip, these N transitions have no dipplar enérgy, so they
all occur ;t'(N—Z)Aw. A (N-2)-quantum transition can also be generated by
flipping (N;Z) spins in the local field of the remaining two, which we label x
and y. The number of distinguishable ways in whiéh'two spins can be éhpsen

out éf N is detexmined by the symmetrylof the molecule. It is equal to the
numbe; of different‘specieé wiﬁh (N-2) isotopic labels. The two remaining spins
may be aa, aB, Ba, or BB, which gives a quartet if there is no symmetry element
xa-y; Y > X, and a‘triplet if there is such a symmetry element (because then
aB and Ba are équivalent);‘ Therefofe, each unique ordered pair (xy) of spins
in the molecule gives one pair of lines; in addition, there is-always a highly
degen;rate peak at (N-2)Aw,

(N—3)—quéntumvtransitions and lower,orde%s‘can aléo be counted by similar
schemes. However, the arguments above show that there is always at least one
pair of lines in the (N—Z)—qhantum spectrum for eaéh‘unique direct coupling
conséant, so fhe'(N—3)-quantum spectrum mainly provides redundant structural
information. vIn_additibn, the effectéof intramolecular motion, if they can be
detected'at all by NMR, can be detected in the (N-1)- or (N-Z)—quéntum spectra.
Any proéess thch 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 tﬁe’(ﬁ—l)—quantum spectrum.
If only magnetically equivalent sites are involved; the motion operator comnutes
with the Hamiltonian in equation (1) unless the ordered pair of spins (ij) is
transforméd in;o an inequivalent ordered pair (k1). Siﬁée this process would
decrease the‘ﬁuﬁber of poésible disubétitﬁted'species; it‘affééts the (N-2)-quantum
spectrum. The maiq advantageféf assigning transitions in the (¥-3)-quantum
spectra or luwer-quaidius specira is tnat the agdéitivuar iiue assigaments.give

coupling constants with better accuracy.



Examples of Multiple-Quantum Spectra and the Isotopic Labeling Analogy

In ‘this section we show how multiple-quantum NMR can be applied to specific
mblecules, and.we illustrate the use of the isotopic labeling analogy;‘ The
number of (N-l)-quantum pairs will always be equal to the number of different
species with all-but»oqe of ﬁhe‘prbtoﬁ.removed. _Eacb possible species with-all
but two protons re?oved contributes either a triplét or a quaftet to the (N;Z)—
quantum spectrum. If we 1abél the two remaining érotons x and y, and if there is
a symmetry elemeﬁt Which'exchanges x and y, a triplet.results; if ﬁﬁere is ‘no
such element, a quartet (two pairs) results, as ﬁentionéd earlier, Thus, we
can assign one pair:of'iines to each differentwwgy that one éroton éan be
labeled x, and anothér proton vy. ThiS'scheme.is used in all the examples that
“follow. | |

' Acetonitrile (A;, with C3 symmetry)
, : v 7

3,

" The acetonitrile molécule (CH‘CN)_contains only three protons, so its single-

_ 3
quantum spectruﬁ is easily fesolvable.» However, the multiple-quantum spectra

are useful in studying the relaxation of an oriented methyl grbﬁp;lg An-
unsymmetrical three-spin system would have one three—quangum transitions, six
two-quantum transitions, and fifteen one-quantum transitions (three of these

"are degenerate and six others are weak if chemical shift differences'are'smail)
becausg there are three eigenstates each for M=+1/2 and one eigenstate eaCb.

for M=i3/2{' The high symmetry of é*methyl group reduces the number of transitions
_conSiderably,'as‘Shown in figure 4.  Therevis only one pair of ‘two-quantum
transitions, since theretis‘Oﬁly one ﬁbnoprotonated' species CDZHCN; Fhe position u
of .the proton is labeled x in the figure. Similarly, there is oniy one dipfotonated
species CDHZCN, and‘this giQes a triplet/in the bne—guantum'spectrum;‘beéausg

there is a svwmerrvbonéfétian thch'pxchnnnes the two ﬂrofons. This can be seen

by 1abeling.the’tw0'protons k ahd'y; as in the ﬁigure,-énd‘nofing that the two

ways to do this are related by a mirror plane.' The three protons are maguetically



fully equivalent (each spin is coupled identically to 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.

LI I S A

Benzene (AA'A''A'''A''''A , with C6 symmetry)
— v
The'single—quantum spectrum of a six-spin system without symmetry would‘.

have 792 transitions, but only 15 different coupling constants. 'The C Syhmetry

, 6v
of benzene reduces the number of single-quantum transitions to 76 and the number
of different couplings to three.zo 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 AA"A'"A'''A''''A''''!

in
anisotropic solvents; és opposed to A6 in isotropic solvents.

The high symmetry also reduces'the.number of allowed multiple-quantum
transitions,6’7 as shown in figﬁre 5. There is only one species of ﬁonoprotonated
benzene (C6DSH1) so the five-quantum spectfumbhas oné pair'of lines, instéad of
the siﬁ pairs expected for an unsymmetrical molecule. There afe'only three
possible diprotonated benzenes (C6D4H2), correépoﬁding to the ortho, meta, and
para configuratiohs, 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\tbe'assumed geometry.

It is useful to consider how the spectra would change if distortions were
present on an NMR time scale. Most distortions,‘such as an'elongation’along;an
axis perpéﬁﬁicﬁlar to the Cé axis, would make the spins inéquivaient and therefore
would create more five-quantum and more foﬁf—qdantum transitions. However, if
the bonds alternated between two different‘lengths, as in the classical nonresonant
structura with three.dOUblé bonds, -all the sbiﬁs would remain equivalent,vand
| the*fiveéquéntuﬁ“spethum‘ﬁpﬁldﬁsfill'héVéﬂbniy"oné“ﬁair”ofkliﬁeé;*flh“thié'caSe'"

more lines would be added to the four-quantum spectrum. FKowever, the extra lines
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might be expected to be weak if distortions are small, and would not be produced

- A : o : : 21
at all - if the distortions were rapid (which they certainly are in this system).

" Maleic Anhydride (A3A3‘ with uncorrelated methyl group motion)

At roém temperature ﬁhe two methyl groups of this molecule are éxpected to
rotate rapidly. As a result, all six spins are.equivalent. There is only one
possible monoprontonatea species, so tﬁere is only one pair of five-quantum
lines, as shown in figure 6. - Howéver, the equivalence of the spins reveals
nothing ébout possible correlated motion between the two groups. Mutliple-quantum
spectroscopy,prOQides a.ﬁarticularly eleéant test of correlation, because the
ﬁumber of lines in the four-quantum spectrum is affected. If the methyl group
undergoes.uﬁcorrelated 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. bRecent studiesz_l have
shoﬁh that only five lines are present at room tempeérature, -and that“their
positions are consistgnt with uncorrelated motion.

Cyclooctatetraene (COT) (AA"A''A'"''A'"'"''A'''"'': symmetry depends on .temperature)

| Cyclooctateﬁraene, C8H8, has been shown to. have D2d symmetry at low tempera-
tures by ,electron diffraction studies. With this tub-shaped symmetry, the single-
quantum spectrum has*2070 transitidnsz, as mentioned earlier. At room temperatﬁre,
almost all of these.transitions are broadened by a bond shift»process,las,shown
in figure 7. - This process can be viewed as a pseudorotation: spin 1 becoﬁesay
spin 2,‘Spin 2 becomes: spin 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.
~Mu1tiple—quantum~specttos¢opy allows the fully proﬁonated species to- be
directly studied..’Sincé'all the spins are equivalent, there is only one mono-
protonated-species,;independent.of.theibond“shift rate; therefore there would

be only one pair of seven-quantum lines, and these. lines give no kinetic information.



11

However, the six-quantum spectrum is affected ' the bond shift. At low

temperatures the D_. symmetry should give six independent dipolar coupling

2d

D D -and D

D ; D, _=
13> 714”7157 g 18> 0177013

six diproténated‘species.- The species (1,3) gives a quartet, since‘there is

Constanté (D125 D by symmetry), so there ére
no symmetry operations 1 + 3, 3 » 1; all the other sﬁecies give triplets{
Labeling the tw§ protons x,gnd y as before, we find x=1, y=2; x=1, y=3; x=3,
y=1'(ax=2, y=4 by symmetry); x=1, y=4; x=1, y=5; x=1,'y=6 (=x=2, y=5 by'symmetry);
and x=1, y—8 (_x 2, y=3 by symmetry), so there should be seven pairs of lines.,
At hlgh temperature, the rapid bond shlft makes x=1, y=2 equivalent to x=2,
y=3; x=1, y=3 equivalent tO'X?Z, y=4; and x=1, y=4 equivalent to x=2, y=5.
The numbér of six-quantum pairs should therefore be reduced to four.

The effective permutation gréup is the 'same as that of a regular octagon;
however, - since D.j~ <?ij_3 >, the coupling cOnstants.will not ﬁave the ratios
that octagonal symmetry would dictate. This molecule is currently being studied.

Substituted BlphEH}IS (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 b& measuring the direct coupling constants. However, the single-
quantum spectrum of biphenyl is extremely complex. Some simplificationbcaﬁ be
achieved by removing the two ptotons 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 completeiy resolved: Dienhl and co-workers®

analyzed the spectrum of 4, 4'-dichlorobiphenyl by picking out a number of

Vthe transitions- and iterating on their frequencies. The spectrum of 4, 4'-

' ; .. 24
bipyridyl has also been analyzed,

By contrast, the multiple-quantum spectra of substituted biphenyls are

- - easily resolvable. The seven?quantum spectrum will always contain two pairs of

lines of the substituents are identical, since there are two monoprotonated

species, as'shbwn in figure 8. ‘Even if.the substituéents are not identical, the
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biphenyl structure is not likely to be substantially distorted, so two pairs

are still expected (although the lines may'be_splitzs).b The‘numbér of six-
quantum lines depends. on the motional modél. Either free‘fotation or jumps
between four equivalent sites (corresponding to inter-ring angles,@,'—é, ™+ 6,
and 7-0) will give sevenldiprotonated species; labeling the spins x and y shows
that there are ten pairs of.lines. “Ho&ever, jumps between only two sites
(corresponding to inter-ring angles 6 and -6) will give fourteen pairs of lines,
as will a émall‘amplitude rocking motion around a single site.:. Eight pairs of
lines are visible above the noise 1eve1.in:the six—éuantum spectrum of 4-cyano--
Al-pentyl-dll—bipheﬁyl,25 and their positions coincide with those of eight of
.the ten pairs which a four-site model wouid generate. The remaining two péirs
are expected to be weak, and extensive signal averaging would probably be requirea
to observe them. It is interesting to note that isotopic labeling of the |
substituents was combined with'multiple—quantum NMR to 'study this moiecple.
Synthesizing the molecule with a perdéutefated chain is straightforward26 but

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 diagonaiize
the Hémiltgnian. The pumber of transitions is predicged by aﬁalogy with spin
labeling, since the high‘multipleéquaﬁtum transitions can be viewed as inherently
labeling most of the spins. 1We have given examples .of the simplicity of (N-1)-
quantum and-(er)—quantum épectra. Né'believé;that multiplg—quantum'spectroscopy,
in combination with relatively simple isotopic substitutions when neéeésary
(for exampie; pérdeutérating a side chain),'should be a useful future approach

for studying complex molecules.
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FIGURE CAPTIONS

Schematic energy level diagram.fbr a system of N spins-1/2 without.
symmetry. All the eigenstates can be nondegeneraté, and there are
many single—quantum transitions. Howevér, there is only one N-
quantum transition. There are only N péirsvof (N-1)-quantum
transitions, and N(N-1) pairs of.(N—Z)—quantum'transitions, plus a
central line.

Simple pulse sequences for NMR experiments. The séquence in Figure 2a
prepares and detectsvonly single—quangum transitions. The sequence
in Figure' 2b prepares and detects multiple—quantﬁm traﬁsitions.
Schematic energy level diagram fér a system of N épins-l/Z with
symmetry. The states with M=+N/2 belong to the totally symmetric

representation A ; so 'all N-quantum or (N-l)-quantum transitions are

1°
in that representation. (N-2)-quantum transitions can come from other
representations as well,.

The multiple-quantum spectra of the methyl group of acetonitrile.

The high symmetry allows for ohly éne monoprotonated and one diprotonated
species, so the two-quantum spectrum has one doublet, and the three-
quantum spectrum has one triplet.

The multiple-quantum spectra of benzene. There is only one possible
monoprotonated species, so there is oﬁe pair of five-quantum lines.

The three diprotonated species imply three tripléts (seven lines) in

the four-quantum spectrum.

- The multiple~-quantum spectra of maleic anhydride. The two methyl

groups would give three diprotonated species if theilr motion were
correlated, but only two if not, so the number of four-quantum lines
derends on the motione] model.  There is onlv one MONOProLonated SHEUiiv.

so the five-quantum spectrum does not reflect correlations.

™
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Tﬁe multipie-quantum spectra 6f‘cyclooctatetraene. The single-~
quantum.spectrum haé 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 fhe
numbef of diprotonated species is reduced. There is only one mono-
protonated species at any temperature, so the'seven—quantum spectrum
is unaffected by the bond shgfts. |

The'multip1e~quantum spectra of a typical para-disubstituted biphenyl.

The two substituents are different, but the rings should not be

‘strongly distorted, and the dipolar Hamiltonian is assumed to have '

a symmetry opetaciqn which exchanges them. There are then two mono-

protonated 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.
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Three—quantum: one line

Two—quantum:
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One-quantum:
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/' \
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~one pair

n—Quantum Spectra (n=1,2,3)
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Six—quantum: one line
Five-quantum:

~ one pair

Four—quantum:

g o

three pairs

n—Quantum Spectra (n=4,5,6)

Benzene .
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n—Quantum Spectra (n=4,5,6)

Maleic Anhydride
Six—Quantum: one line

Five-Quantum: y . _ )_____.’3
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motio /\ .
A H—Y H—H \“‘M‘ ‘MWVWJJ\«’\.
. two pairs - . n=4> n=5 . n:=6
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Eight—Quontum: oneline

~Seven—Quantum:

X /]
- one pdir
Six—Quantum x=1, y=5

x=l, y=2 =— x=2,y=3

x=1,y=3 ~— x=2,y=4
x=l, y=4 —= x=2,y=5

Slow bond shift: seven pairs

Fast bond. shift: four pairs

n—Quantum Predicted Spectra (n=6,7)
Cyclooctatetraene :

Siow bond shift

1

. Rapid bond shift

TR

Note: Bond angles exaggerated
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Substituted Bipheny
Eight-quantum: one line
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