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It is demonstrated that the NMR spectra of liquid crystalline increase in complexity, and it is often possible to extract all the
samples can be snmplllfled by_usmg multiple quantum filtering. In dipolar couplings from the (N-1) and (N-2) MQ spectra. The
a system of N spin-; nuclei, the N or (N-1)-multiple quantum  gjona1t9-noiseS/N, ratio decreases rapidly @M increases,
filtered spectra (NQF or (N-1)QF) contain lines which originate 4 yiq together with the 2D nature of the experiment mean

only from transitions among the eigenstates belonging to the hat th o L i | is the limiti
highest symmetry class of the spin permutation group. In addition that the sensitivity per unit time is low, and is the limiting

the NQF spectra are divided further into two sets of lines which ~ factor in the use of the multiple quantum spectra as the numbe
differ in phase by 180°. A method for simulating and analysing Of spins increases.

multiple quantum filtered spectra is described, with examples from Another general way of aiding the analysis of complex
molecules with up to eight interacting spins. © 1998 Academic Press spectra is to make use of any spin permutation symmetr
present amongst the interacting spins. Thus the off-diagon:
peaksy; in a COSY spectrum will be present only if the
diagonal peaks; and v; arise from transitions between spin

The spectra of spiénuclei in liquid crystalline samples areStates belonging to the same symmetry class of the permutatic

complex because they are dominated by the nuclear dipd#PUP ©-7. This aids in the assignment of observed to calcu:
interaction. The anisotropic motion of the molecules in thedgt€d transition frequencies in the normal spectrum, and henc
samples leads to non-zero dipolar couplings;, between to the analysis of this spectrum by the standard,_ iterative
spins within the same molecule. The widths,of the lines is Procedures§, 9). The large number of resolved transitions in
larger than in isotropic samples, but the ratio dfto the the spectra of liquid crystalline samples requires high digita
spectral width is similar to that in normal liquids, so that th&esolution in both dimensions of a COSY spectrum, which
spectra are well resolved, and can be classified as being of higsads to very long recording times, and large data matrice:s
resolution. The dipolar couplings between pairs of nucldihis has limited the application of COSY spectra of liquid
within a molecule are usually all large compared to the cherorystalline samples to spin systems with no more than si
ical shift, and so the spectra are very complex and can becoimigracting nuclei.
very difficult to analyse as the number of interacting nuclei Avent (10) showed that liquid crystal spectra could be sim-
increases. Several methods have been proposed for aidingghteed by applying a multiple quantum filter if the spins have
analysis of these complex spectra. The most successful waypfeast 2-fold permutation symmetry. The principle is that bott
simplifying proton spectra is partial deuteriation, followed byhe N and (N-1)Q coherences must belong to the highes
deuterium decouplindl( 2). However, the deuteriation may besymmetry class of the spin permutation group. The experimer
Qifficult ch.emicallly, and is certainly tedious. Another approac iq create a pure NQ or (N-1)Q state, and then to convert thi
is to obtain multiple quantumAMQ) spectra as th&; pro- 4 gingle quantum coherence (1Q) which is detected as a 1
jection in the 2D_ expe.rlment |_IIustrated in Fig. 3,@). Fo.r a spectrum. This symmetry-filteredAKIQF) spectrum contains
set of N interacting sp|éﬁuclg|, theA_MQ spgctrum obtamgd lines originating only from the most symmetric class and henc
for AM = AZm,; = N IS a single line;m,; is the magnetic contains substantially fewer lines than the non-filtered spec
guantum number for spih. As AM decreases, the spectra}rum The s . . ;
. pectrometer available to Avent restricted his expel
1 To whom correspondence should be addressed. iments to a four spin system. We describe here extensions ¢

2 On sabbatical leave. Permanent address: Department of Chemistry, JR€ AMQF experiment to larger numbers of interacting nuclei,
versity of California, Santa Barbara, CA 93106. and we show how these spectra can be analysed. We also sh
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FIG. 1. Pulse sequences for generating multiple quantum filtered spectra
(a) by cycling the phases,, ¢,, and¢s, and (b) by applying two field gradient
pulsesg, andg,.

d)

that the NQF spectra are sub-divided further on the basis of the JL
relative phases of the lines.

\ T
Hz 500 1700
FIG. 2. The 600-MHz spectra of 1,2-dichlorobenzene dissolved in the

nematic liquid crystalline solvent Phase 5 (Merck). Only the low frequency part of
All'orders of MQ coherences are generated by the two 9@ spectrum is shown. (a) A non-filtered, 1Q spectrum. (b) A 3QF spectrum ir

pulses separated by an interwalas indicated in Fig. 1. The magnitude mode. (c) A simulated 1Q spectrum but including only the symmetric
N or (N-1) MQ coherences may be selected either by phatéqgsitions. Note that the transition marked * has a negligible experimental inten

. . . . . Sity. (d) A numerical simulation of a 3QF spectrum with the same parameters &
CyC“ng' as shown in Fig. 1a, or by the apphcatlon of fiel (c), except that the chemical shift difference is increased to 1600 Hz.
gradient pulses, as shown in Fig. 14).(The selected MQ

coherence is then converted to single quantum coherenceliyag qepends on the relative areas of the two gradient pulse

the third 90 pulse. In the 1D version of the experiment the, q i this work the duration of both gradient pulses was fixec
delay t; shown in Fig. 1 is a fixed value, which is of

R ; X at 5 ms, and the relative amplitudes adjusted. The gradien

sufficient duration to allow the phases or gradients to be

switched. The experiment may also be performed as a 2D

experiment, in which case the deltyis incremented in the TABLE 1

usual way. Chemical Shifts, &;, and Dipolar Couplings, D;;, Obtained by
The experiments using phase cycling were obtained usifgalysing the 1Q 600-MHz Proton Spectrum of a Sample of

either a Bruker MSL 200 spectrometer or a Varian VXR 50d.2-Dichlorobenzene Dissolved in the Nematic Solvent Phase 5

To select the coherences of ordevl the phasesh, = ¢, are ]

EXPERIMENTAL

advanced in M successive experiments in steps af2AM, - g -

the third pulse has phase zero, and the receiver phase alternates 2

between 0° and 180°. This results in thiIQF spectrum being

the sum of coherence pathways involving batid and —AM. 3.:H .

The experiment may also be done so as to select just one of H4

these coherence transfer pathways, in which case the phases

= ¢, are advanced in4M successive experiments in steps of D, /Hz 3;/HZ 8,/Hz
2w/4AM, and the receiver cycles through 0°, 270°, 180°, and

90°. This selects the-AM pathway. The+AM path can be 1.2 —906.6 8.0 0.0
selected with the same phase steps but the receiver phasieiis :Zi-g 5-8

cycled through 0°, 90°, 180°, and 270°. The experiments usigg _150.9 80 68.9

field gradients were acquired on a Bruker AMX-600 with an’
actively shielded-gradient probe. The selection of the coher- 2 Assumed and kept fixed in the iteration.
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a) with a set of trial parameters. If the simulated and observe
spectra are in close agreement it is possible to assign lines
the two spectra. The final stage is an iterative routine whicl
brings the observed and calculated frequencies into best, lea:
squares agreement. Our original, rather simplistic approac
was to analyseAMQF spectra by treating them as ordinary
spectra, but arising only from the appropriate symmetry state:

[ | |I | ‘“ | 5. Thus, Eq. [1] is replaced with
b) s = Exdn. [2]
J l This certainly allows the frequencies inAdMQF spectrum
I - — to be simulated, but the intensities will not be correct if
“ l r [ calculated as for a 1Q spectrum. The intensities are not use
in the iterative steps, and so it might be thought acceptabl
to exclude their calculation from the analysis process. How
¢) ever, the intensities are used in the initial assignment step i
the spectral analysis, and so some approximate calculatic
of their values is necessary. The situation is complicatec
further because the lines in AMQF spectrum do not all
have the same phase. One simple way of avoiding thi
= ] :
l ’ 5.891
l Jn 4 ‘] T ~ At 1] Y ["J
I |
Hz 2000 6000
FIG. 3. (a) The 200-MHZz*H 1Q spectrum of a sample of bromobenzene L_" 4.379
dissolved in the nematic solvent ZLI 1132 (Merck). (b) A 5QF spectrun ‘] - j‘ ey
obtained with a delay = 2.345 ms, and with MQ selection achieved by phase [
cycling. (c) The 5QF spectrum calculated with parameters obtained from the
iterative analysis of the experimental 5QF spectrum.
] L lL L 2.1967
select just one coherence pathway, and so are equivalent to thg AR L U
phase cycling experiments withA steps. A comparison of
the merits of the phase cycling compared to the field-gradient
experiments is complicated by the large differences in the three
spectrometers used. Suffice it to say that both experiments gave | | 1.798
good results. The solutes were chosen to demonstrate particulaf ' !
spin systems, and they were dissolved in liquid crystalline
solvents which were chosen to give well-resolved spectra at the
probe ambient temperature.
.ll L 2.345
+ ++
ANALYSIS OF SYMMETRY SELECTED SPECTRA |
The standard method for analysing ordinary NMR spectra is
to simulate a spectrum by solving the time-independent Schro- | i N
Hz 1500 6000

dinger equation

FIG. 4. The 200-MHzH 4QF spectra of a sample of bromobenzene
dissolved in the nematic solvent ZLI 1132 (Merck). The spectra are for the
Hipy = Eniy 1] different values of the delay (ms) given alongside each spectrum.
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for an ordinary 1Q spectrunp is that produced by the ef-

a) fect of a single 96, pulse on the initial, equilibrium state,
and corresponds te, in Fig. 1, while for aAMQF spectrum

' it is the result of the third pulse in the sequence given in
| I ] . Fig. 1, denoted byp,. The elements op, depend on the

] ‘ ‘l t ' T { NMR parameters, but also om. However, changingr

for this sample gave\MQF spectra with essentially iden-
tical relative intensities, but whose absolute intensities
vary in an oscillatory manner. A value for is chosen
which gives the maximum absolute intensity for thIQF
spectrum.
l 1 The correcAMQF spectral intensities can be obtained from
! ’ ! ‘ ' Eq. [3], but before discussing our analysis program which doe
this, it is instructive to explore further why the simple approach
fails. That is, why the intensity of the line marked with an
asterisk in Fig. 2c is practically zero. There would be fewer
lines in aAMQF spectrum if the symmetry of the spin system
‘ e e was higher, so one possibility is that the protons in ODCB
Hz 2000 6000 approximate to either an8, or an AA’'A"A". For an AABB'
to approximate an /B, system,T g must be similar tol 5,

FIG.5. The 200-MHz'H 4QF spectrum (a) of a sample of bromobenzene L
dissolved in the nematic solvent ZLI 1132 (Merck) obtained with a value of tH@{hereTij - ‘]ij + 2Dy;, and this is not true for ODCB. When

delay + = 5.891 ms compared with (b) a spectrum simulated with the
parameters obtained by iterative analysis. a)

ijr

complication is to calculate the magnitude spectrum. The
simplistic approach, therefore, is to solve Eq. [2], to obtain
the frequencies and intensities, and to compare these with an
experimental magnitude spectrum.

However, this approach is flawed, because some of the
expected signals may have vanishingly small intensity. T
illustrate this point, we consider theMQF magnitude spec-
trum given by the four protons in 1,2-dichlorobenzene
(ODCB) dissolved in the liquid crystalline solvent Phase 5
(Merck), an AABB’ spin system, whose low frequency
lines are shown in Fig. 2b. Analysis of the 1Q spectrum gave
the parameters in Table 1, and these were used to simulate
the 3QF spectrum shown in Fig. 2c by the simplistic ap-
proach. This clearly reveals that there is a line missing from
the low frequency part of the experimental spectrum whict)
appears in the simulated one with a large relative intensity,
and there is a similar line missing from the high frequency
group of lines (not shown here). The intensities in an NMR
spectrum are proportional t&(F_)|?, where (F_) is the
expectation value of the operatbr. = F, — iF,, whereF,
andF, are the operators representing th@ndy components
of the total nuclear spin angular momentum. The magnitude
of (F_) is given by

(F_) = TracdF _p], [3]

T T
whereF_ is the matrix representing_, andp is the den- Hz 2000 6000

Sity matrix representing the state of the spin system Im_FIG.6. The 200-MHZz*H spectra of a sample of naphthaquinone dissolved

mediately following the last pulse in the experimental S the nematic solvent ZLI 1132 (Merck). (a) The 1Q spectrum, (b) a 6QF
quence, both in the eigenbasle, of the spin system. Thus, spectrum withr = 1.00 ms, (c) a 5QF spectrum with= 3.33 ms.
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metrised basis functions for deriving the symmetic= 0
states of an oriented ABB’ spin system:

» (1) X2 = 2~ ¥%(aBap + Bapa)

@) xo = 2 YXaBBo + Bacep)

®) x2 = 2 Y(aapp + ppaa)
4 3: 912 .

| ‘ ’ 4) ¢ (BB — BBaaw).

We then investigated the conditions in whitlis an eigenfunction of
d€. This will be true if ¢ has zero off-diagonal hamiltonian matrix
b) elementsH,,, fori = 1, 2, and 3, or it will be an approximate
eigenfunction if H;,/H; ) << 1. The appropriate matrix elements are

i H14 = 0
H24 - 0
Hay=vs— v, Hyp=Hy= (To+ Ten)/2 — (T + To)/4.

c) The functiong is an approximate eigenfunction, therefore, when
the chemical shift difference is small compared with the total
spin—spin couplings, and this is the case for the ODCB spectrun

1 I »

\ \
Hz 2000 6000

FIG. 7. The 188.3-MHzF spectra of a sample of hexafluorobenzene b)
dissolved in the nematic liquid crystalline solvent ZLI 1132. (a) A 1Q spec-
trum, (b) a 6QF observed with = 1.8 ms, and (c) simulated from the
parameters obtained by iterative analysis.

va = vg, aNdTan = Tgg @andTag = Tag the spin system
becomes AAA”A™, but again this is far from being the case for

ODCB as can be seen from the data in Table 1. The reason why

the pair of lines are absent was discovered by first noting that
these lines involve a spin state c)

Yaps= 0.7067ca 3B — 0.703@ B
— 0.0529aBaB + BaPBa)
— 0.003QaaBB + BBa«) [4]

which belongs to the symmetrdd = 0 manifold, whereM =
2. my is the total magnetic quantum number of a spin state.

This approximates to the function Hz | l |
0 9000 18000

¢ = 2*1/2(0“133 — BBaa). [5] FIG. 8. (a) A 500-MHz 'H spectrum of a sample of benzyl bromide
dissolved in the nematic liquid crystalline solvent ZLI 1132. (b) The observed
7QF spectrum forr = 1.3 ms, compared with (c) the spectrum simulated with
We have, therefore, investigated using the following four syrnhe parameters obtained by iterative analysis.
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density matrices is based on that used by Retllet (11). The pulses
are considered as instantaneous rotation oper&Qs/2) whose
matrix elementsR, (/ 2),, are evaluated in the product operator basis

a) The spin system starts at thermal equilibrium, which has :
diagonal density matrixp®? whose elementp$y are the frac-
tional populations of the spin states. The effect of the first puls
is to createp, with elements

Pijk = Ez Re(m/ 2)j(p?(9Rx(_7T/ 2) (k- [6]
b) Free precession duringproducesp, with elements
Poik = Pk€XPA(—i Wy T), [7]

wherewj, is the frequency

c . .
) and thek; are eigenvalues of the spin system.
a)
] !

Hz 10000 30000

FIG. 9. (a) The 470-MHZ'F spectrum of a sample of heptafluoropropyl
iodide dissolved in the nematic liquid crystalline solvent ZLI 1132. (b) The
7QF spectrum obtained with = 2 ms, compared with (c) the spectrum
simulated with the parameters obtained from an iterative analysis. b)

This suggests that increasing the chemical shift for ODCB while
keeping the couplings at their experimental values will lead to the
appearance of all the symmetry-permitted lines in MdQF
spectrum. This is confirmed by a numerical simulation of the
effect of the pulse sequence using a program developed by Palke
et al. (11). The missing lines begin to appear when the chemical
shift is 1600 Hz, as shown in Fig. 2d. c)

SIMULATION AND ITERATIVE ANALYSIS
OF AMQF SPECTRA

The frequencies of the lines in AMQF spectrum are obtained by
solving Eg. [1], and the intensities from Eq. [3]. In fact, it is not
necessary to select the solutigrisfrom the more general statgg in
order to simulate AMQF spectrum numerically, nor is it necessary
to simulate the process by which the real experiments achigi@ ‘
selection, that is either phase cycling or field gradient pulses. TheHz 4400 1 32'00
symmetry selection in the simulation is achieved simply by selectinq:IG 10

. . (a) The 470-MHZ*F spectrum of a sample of octafluoronaph-
the appropriate elements ﬁ)j We need consider only the effect Ofthalene dissolved in the nematic liquid crystalline solvent ZLI 1132. (b) The

three pulses with a constant _phase, for exampleThe general goF spectrum obtained with = 6 ms, compared with (c) the spectrum
procedure adopted for calculating the values of the elements of ¢heulated with the parameters obtained from an iterative analysis.
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TABLE 2
Chemical Shifts, 8;, and Dipolar Couplings, D;;, Obtained by Analysing the 1Q and 5QF 200-MHz Proton Spectra
of a Sample of Bromobenzene Dissolved in the Nematic Solvent ZLI 1132

Br
1 H HS
2 H H 4
H
3
D;;/Hz 5,/Hz
i 1Q 5QF Jy/HZ 1Q 5QF
1,2 —1623.63+ 0.05 —-1624.9+ 0.3 8.0 79 +0.3 8.0* 0.6
1,3 -237.2 =0.1 —-237.3+ 1.7 2.0
1,4 —58.57+ 0.04 -57.6+ 2.8 0.0
15 —14.0 +0.3 -14.6+ 4.8 2.0
2,3 —456.8 = 0.1 —456.5+ 1.0 8.0 0.0 0.0
2,4 -151 *0.3 -15.3+ 1.9 2.0
3 73.68+ 0.08 74 +1
2 Assumed and fixed in the iterations.
The second pulse generafgswhose elements are Papg = Em,nRx(Tr/2)pmpsmnRx(—7T/2)nq- [10]

The periodt, is typically 10 us and in this short intervgl,

Pamn = EJ,ka('ﬂ'/ 2)mjp2ijx(_7T/ 2)kn-

does not change, so that may be obtained as

[9]

So far there is no multiple quantum, and hence symmetry

selection. To achieve this it is only necessary to select th

appropriate elements fropy. This is particularly simple if the

TABLE 3

of a Sample of Naphthaquinone Dissolved in the Nematic Solvent ZLI 1132

Chemical Shifts, &;, and Dipolar Couplings, D;;, Obtained by Analysing the 1Q and 6QF 200-MHz Proton Spectra

6
H (0]
5 H H 1
4 H H 2
H (6]
3
D;;/Hz 5;/Hz

ij 1Q 6QF J;/HZA 1Q 6QF
1,2 425 =01 429+ 0.2 10.0
13 —116.4 = 0.3 —117.4= 0.8
1,4 —-96.1 £0.3 —-94.9x0.8
15 —125.95=* 0.07 —126.1*+ 0.1
1,6 —346.89* 0.07 —347.1=0.1 0.54
34 —1937.61+ 0.07 —1937.5£ 0.2 7.81
3,5 —124.14+ 0.08 —124.2+ 0.3 0.54
3,6 3.1 £05 25x1.0 0.54
4,5 49.4 =05 50.8x= 1.0 7.46
1 479+ 0.6 498+ 1.2
3 71.6* 0.6 72.3x1.2
4 0.0 0.0

2 Assumed and kept fixed.
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TABLE 4 The two elements are related py;, = p%.;, where * denotes
Dipolar Couplings, Dj;, Obtained by Analysing the 1Q and 6QF  the complex conjugate. Thus the only computational step
188.3-MHz Fluorine Spectra of a Sample of Hexafluorobenzene required to obtain a NQF spectrum are the solution of eigen
Dissolved in the Nematic Solvent ZL 1 1132 value equations for the spin system (remembering that sym
r:1 metrised basis functions need not be used, but to do so wi
reduce the computational effort), the application of Eq. [10]
with ps,q containingps, = p3.; as the only non-zero ele-
ments, and then finally the application of Eq. [3] to evaluate the
intensities. The element;,, is in general a complex number
a + ib, butin fact, as shown later, the action of the final pulse
is to select either the real or imaginary part and so the NMF
signals are proportional to eithex or b depending upon
whetherN is odd or even.
i 1Q 6QF 1Q 6QF To simulate aAMQF spectrum where the selection is via the
(N-1) coherences requires the evaluation of the wholg,dut it
12 -57258+004 —-5720+03 -224*x01 -231*03 jsstillnot necessary to mimic the real experimental procedures fc
13 -107.07x005 -106.0x06  —-35x01 -2 coherence selection. Selection is done simply by setting all ele
14  —76.42+0.06  -75.8*0.8 3.5+ 0.2 3.8 . :
ments inp; to zero except those corresponding to tihelj
a Assumed from J. Gerritsen and C. McLed®ec. Trav. Chimo1, 1393 coherences. This means that to simulateNs)QF spectrum is
(1972), and kept fixed. much more computationally demanding than an NQF, and thi
will be illustrated by particular examples. Note that thIQF
NQ coherences are used to achieve the selection since t fra are the same independently (.)f whetr_]er both cqheren
correspond to only the pair of elements,, andps ;, where pathways are selecte_d by pha;e cycllng, or just one, either &
L = 2Nfor spin% nuclei, and more generally is the last row an&hase cycling or application of field gradients.
column number in the matrix. All other elements,, can be
set to zero. Note that the two non-zero elements will be
oscillating with time according to Egs. [7] combined with [9], The NQF spectra have lines which differ in phase, but only
but for a particular value of they have a constant magnitudeby 180°, that is, the final spectrum can be phase corrected

D;; /Hz J;jHz

PHASE SELECTION

TABLE 5
Chemical Shifts, &;, and Dipolar Couplings, D;;, Obtained by Analysing the 1Q and 7QF 500-MHz Proton Spectra
of a Sample of Benzylbromide Dissolved in the Nematic Solvent ZLI 1132

6 M
I
5 H H 1
4 H H 2
H
3
D;;/Hz 8;/Hz
ij 1Q 7QF J;/HZA 1Q 7QF
1.2 —1886.00=+ 0.07 —1886.0= 0.3 8 0.0 0.0
1,3 —266.5 0.1 —265.9- 0.5 2
14 —50.16* 0.07 -51.3+0.5 0.5
15 18.3 = 0.2 19.3+= 0.8 2
1,6 —576.6 = 0.1 —576.0= 0.4
2,3 —390.05=+ 0.13 —390.4* 0.6 6 49.6 = 0.2 49.3+ 0.5
2,4 18.7 = 0.19 19.9+ 0.6 2
2,6 —164.7 £ 0.1 —165.3= 0.4
3,6 —127.93+ 0.06 —-127.1+0.3 2344 0.1 234.3+ 0.4
6,6 1362.05+ 0.08 1362.9+- 0.4 —743.49* 0.08 —743.4* 0.4

2 Assumed and kept fixed.
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TABLE 6

Chemical Shifts, 8;, and Dipolar Couplings, D;;, Obtained by Analysing the 1Q and 7QF 470-MHz Fluorine Spectra

!

of a Sample of Heptafluoropropyl lodide Dissolved in the Nematic Solvent ZL1 1132

2
F =3
F = ,F
N\ i
Fum-C—C
\C 1
F -
i
F F
4 5
J;ij/Hz §,/Hz
i,j 1Q 7QF 1Q 7QF 1Q 7QF
1,1 1546.08t 0.06 1545.6= 0.2
1,2 —663.29+ 0.05 —663.3= 0.3 113 1.13
1,4 —555.93+ 0.06 —555.7+ 0.2 9.24 9.24
2,3 1678.0 £ 0.1 1682.6+ 0.8 282.8+ 0.4 266.9+ 0.9
2,4 3945 0.1 410.2+= 1.6 3.66 3.66*
2,5 696.3 = 0.1 682.8+ 1.6 6.16 6.14
4.5 1954.7 £ 0.1 1955.0+ 0.4 222.7+ 0.3 216.9+ 0.9
1 5176.0+ 0.1 5173.1+ 0.6
2 0.0
4 —15630.3+ 0.2 —15634 =1

2 Taken from an analysis of an isotropic sample and kept fixed.

that lines have either phase 0° or 180°, and this is illustrated sgtion from a coherencey,, t0 p, IS determined by
the NQF spectra shown in Figs. 3—10. This phase selectiviy,, (B,¢) which is
can be exploited in the iterative spectral analysis, and makes
NQF spectra even simpler than those which are only symmetryz . (8, ¢) = i(4sU=2gin( B/ 2)Asu+ A cog B 2) (2N-Art-4su
selected. Note that the phase selectivity is independent of
whether a single pathway or both coherence pathways are
selected in the experiment.

The phase selectivity can be understood by examining whigreM, = X, my, is the total magnetic quantum number of
a phase difference arises in these spectra. The lineAMQ@F  stater andArt is the number of spins which must be inverted
spectrum are proportional to the single quantum coherené@schange state into statet, so that
pars, and these are characterised by a frequengy, an
amplitude A, and a phasep,,. Thep,, are generated by the
action of the final 90° pulse from,, which for an N-selective
scheme has non-zero elemepts, andpg ;. This means that |n the case of present interg8t= #/2 and¢ = 0, and so
the phasesg, are determined entirely by the action of the final
90° pulse, and not on the preceding part of the pulse sequence.
The result of applying a rotation operat§p,¢) for a pulse of
general rotation anglg and phaseb to p; is given by (2, 13

X exgd—id(M, — M, — M, + MJ].  [14]

Art = 2k|mkr - my. [15]

ertu(ﬂ'/zy 0) = i(ASWmt)(%)N- [16]

To obtain the phases of the lines in a NQF spectrum we nee
[11] consider only the case when the statesd u are the product

functionsll,«,, corresponding td1, = N/2, andIl, 3,, which has
[12] M, = —N/2. A single quantum coherence, for whigh — Mg =

—1 will be between states witM, = —(N/2) + g and M =

—(N/2) + g+ 1, where 0= q = N — 1. The general value dfsu

isN — g — 1, whileArt = g, which givesAsu— Art = N — 2q —

1. WhenN is even the factors\su — Art) are odd numbers, and
[13] they are even numbers whéhis odd.

WhenN is even the factorg®su~2™  which determine the

The change in phase and amplitude on transferring magnetitase, are eithes-i or —i, which means that the relative

Pars = Etu th(Byd))pStuRL;sl(Brd))
= Etu ertu(Bv¢)p3tuu

where

ertu(Bld)) = th(B!(b) RJsl(Bvd—’)
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TABLE 7
Chemical Shifts, &;, and Dipolar Couplings, D;;, Obtained by Analysing the 1Q and 8QF 470-MHz Fluorine Spectra
of a Sample of Octafluoronaphthalene Dissolved in the Nematic Solvent ZLI1 1132

8 1
F F
7 F l l F 2
6 F F 3
F F
5 4
D;;/Hz J;/Hz 5;/Hz

i 1Q 8QF 1Q 8QF 1Q 8QF
1,2 —1213.9 0.2 —1214.3 = 0.1 —-17.9+ 0.3 -16.9
1,3 —-735 £0.1 —727 =07 2.8 2.8
14 -83 =0.1 -6.6 =0.1 16.0= 0.3 15.4
15 —28.93* 0.15 —30.72*+ 2.24 1.4 1.4
1,6 —-73.3 £0.1 —-739 =07 —4.4 —4.48
1,7 —2283 *0.1 —2275 *0.1 5.6 5.0°
1,8 —1796.2 £ 0.1 —1796.3 £ 0.1 58.9*+ 0.2 59.2
2,3 —-82 *0.1 -7.8 £0.2 —19.4+ 0.2 -17.¢
2,6 —-65.0 = 0.1 —-65.0 =0.3 8.8+ 0.2 7.6
2,7 —85.36+ 0.08 -84.8 =0.1 -2.9 -2.9
1 0.0 0.0
2 3553.8+ 0.1 3552.5+ 0.2

2Taken from L. Cassidei, O. Sciacovelli, and L. FolaBpectrochim. Acta 88, 755 (1982), and kept fixed.

phases of the lines in the NQF spectrum are either 8.0kn  to do preliminary experiments to obtain a value which gives &
odd value ofN givesi(4su=4™ as either+1 or —1, which good signal-to-noise ratio. The separation by phase is now suc
again means that the relative phases of the lines in the N@fat each sub-spectrum contains a sufficient number of line
spectrum are either O ar. and can be analysed separately to yield the parameters. Ho

The (N-1)Q selection does not produce a simple phaseer, it is always better to use as many lines as possible in &
division. This is because there are 2N non-zero (N-1) cohemalysis, and so it is preferable to use lines of both phase
ences inpg, and the last 90° pulse creates single guantutogether. The advantage of the phase separation is in the cruc
coherences from these i such that some elements will havestep of assigning calculated to observed lines. Table 2 show
both real and imaginary parts. The lineshapes in the (N-1)@ke result of analysing the 5QF spectrum, compared with thi
spectrum are therefore a linear combination of absorption atata obtained by analysis of the normal, non-selected spectrur
dispersion lineshapes. A series of 4QF spectra corresponding to different values o
T are shown in Fig. 4. It is apparent that the relative intensitie:
depend onr, and that some of the spectra contain more lines
than the 5QF spectrum. This is an advantage in the analysi
but it is offset by the disadvantage of an increase in the time

The simulation procedures have been incorporated into a 1§&en to simulate a (N-1)QF spectrum. The lines have phase
simulation and iteration program, ARCANAL4). We have between 0° and 180°, and these can be calculated as shown
chosen spin systems of increasing complexity to illustrate thgy. 5, which compares a simulated with an observed 4Qf
simplifications which can be achieved by recordiaylQF spectrum. The phase dispersion is again useful at the assig
rather than normal 1Q spectra. ment stage in the spectral analysis.

EXAMPLES OF ANALYSING AMQF SPECTRA
OF SPIN-% NUCLEI

Bromobenzene Naphthaquinone

Figure 3 shows the 1Q proton spectrum of a sample of This is an example of an ABB’'CC’ spin system. Figure 6
bromobenzene dissolved in the liquid crystal solvent ZLI 1138hows the 1Q, 6QF, and 5QF spectra; AMQF spectra were
an example of an AMBB’'C spin system. Figure 3 also show®btained with a value of which gives a goo&/N, and for the
a 5QF spectrum obtained by phase cycling. The absolute, BQF spectrum, the largest number of strong lines. Again ther
not the relative intensities depend enbut it is a simple task is a phase selection for the 6QF spectra, but not for 5QF. Th
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5QF spectrum has an appreciably bet®N for the same where J;’}”‘SO is the anisotropic contribution to the electron
number of transients, but this advantage is more than offsettogdiated spin—spin coupling. The parameters obtained by ane
the disadvantage of the increased computer time requiredysis of the 1Q and 7QF spectra are given in Table 6.
analyse a (N-1)QF spectrum. Table 3 compares the results

from analysing the 1Q and the 6QF spectra. Octafluoronaphthalene

Figure 10 shows the 1Q, and the 8QF 470-MMF
spectra of this AAA” A”BB'B"B” spin system. The sym-

Figure 7 shows 1Q and 6QF spectra of a sample dissolvedhiletry and phase selection produces a large spectra sir
ZLI 1132. The spin system is an AA"A”A™ A™". The 6QF plification, thus there are 2860 transitions in the 1Q, anc
spectrum, when compared with those from the six spin syst@m0 in the 8QF spectra. The analysis proceeded by simula
of naphthaquinone, demonstrates that the simplificatiohg a 8QF spectrum using dipolar couplings similar to
achieved by the symmetry selection increases as the symmetigr-proton couplings found for a sample of naphthalene
increases. There are 72 lines in the 1Q spectrum, while onlyy&solved in a liquid crystalline solvent. The phase separa
strong lines can be seen in the 6QF, and these are equétyy was found to be very useful in the assignment of
divided into the phase sub-spectra. This reduced numbercalficulated to observed lines; 135 lines could be assignec
lines is still sufficient to obtain the three dipolar couplings, bulaving analysed the 8QF spectrum it was possible to use th
not the three scalar couplings. Table 4 gives the parametgegameters to simulate a 1Q spectrum in very good agree

Hexafluorobenzene

obtained from analysing these spectra. ment with that observed, and to assign 520 lines. The resuli
_ of the analysis are shown in Table 7. The values of ipe
Benzyl Bromide were taken from an analysis of the spectrum of an isotropi

Figure 8 shows the 500-MHz 1Q and 7QF spectra of a samﬁl%m.ple' z?md then the larger values were allowed to vary il
dissolved in ZLI 1132. Analysis of the A/B'CD, 1Q spectrum the iteration.
had been achieved previously by synthesis of partially deuteriated
samples and deuterium decoupling. It was used here to demon- CONCLUSIONS
strate the simplification achieved for such a spin system, and to
show that the symmetry and phase selected spectra can be andl-is demonstrated here that it is possible to obtain gooc
ysed to yield parameters in good agreement with those obtairflity AMQF spectra of spir-systems containing as many

from the 1Q spectrum, as shown in Table 5. as eight interacting nuclei. In the case of NQF spectra, thes
are divided into two sub-spectra which differ by a 180°
Heptafluoropropyliodide phase shift. The simulation of NQF spectra is only a little

The 10 470-MHA%F f le dissolved i ZI_lmore demanding of computer resources than are 1Q spectr
elQ A spectrum of a sample dissolved in ZLL, 4 5 algorithm has been developed which allows them t

1132 is shown in Fig. 9, where it is compared with the 7Q5e analysed by an iterative procedure which is similar to tha

spectrgm. L is_an examplt_a of a complex 1Q spectru-m Wh%?ed for 1Q spectra. The NQF spectra are easier to assif
analysis was achieved by usindMQF spectrum, and without than 1Q spectra, and since this is the crucial step in spectr

having prior knowledge of good starting values for the pararQ’nalysis, it means that there is a considerable advantage

eters. A number of trial simulations were made using dipo'?écording and analysing a NQF spectrum prior to analysing

cpuplings,Dij, estimate_d by ?Ssumif‘g t_hat the molecule is int"fﬁe 1Q spectrum. Calculation of (N-1)QF spectra is more
single fixed conformation with the iodine and the {ffoup time-consuming, but these too can be useful at the assigt
transto one another. The spins form an AB;C system, and ment stage in a spectral analysis

one point of interest is that the 1Q spectrum of an isotropic
solution hagJag + Jag|<|Jan + Jge|, @nd this means that
the spectrum is deceptively simple and cannot be used to obtain
Jan or Jse- The speqtrum of the liquid CrySt_a"me solution is This work was supported by the Engineering and Physical Sciences Re
sensitive to the magnitude ¢f g + Tag/| relative to|Taa +  search Council.
Tee| and is no longer deceptively simplg;; is the total

spin—spin coupling and is given by
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