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automatic analysis of NMR spectra of samples dissolved in liquid

crystalline phases
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For spin systems with NI and NS interacting nuclei of magnetogyric ratio cI and cS respectively,
it is possible to obtain multiple quantum spectra characterized by changes in the magnetic
numbers mX by NI, (NI Õ 1) … , 0 with X 5 I, S. The use of such heteronuclear MQ spectra as
an aid in the automatic analysis of NMR spectra of both rigid and � exible molecules dissolved
in liquid crystalline phases, is discussed. It has been found that when I 5 1H and S 5 19F,
the decoupling e� ciency of the standard multipulse sequences, developed and optimized for
heteronuclear decoupling in isotropic liquids, depends on the spin system and also on the
overall orientation of the molecule when orienting mesophases are involved. These facts
impose limitations on the applicability of a procedure which, when the decoupled heteronuclear
MQ spectrum is obtained, signi� cantly reduces the computing requirements of the automated
spectral analysis.

1. Introduction be applied to the analysis of (N Õ 1) or, in the most
Multiple quantum NMR spectroscopy involving favourable conditions, (N Õ 2)Q spectra. On the other

changes of the magnetic quantum number |Dm| 5 N, hand, for N > 9, spectral sensitivity and instrumental
(N Õ 1), (N Õ 2),… 0 for N spin 1/2 interacting nuclei time can hinder the possibility of obtaining 7 or higher
[1] has proved its utility as an aid in the analysis of very order MQ spectra even at moderately high � elds; this
complex anisotropic 1H SQ spectra [2]. The advantages fact reduces the application potential of the method [3 (c)].
stem from the fact that for a given spin system, MQ Heteronuclear multiple quantum (HMQ) spectro-
spectra contain very few lines with respect to the SQ scopy [4] could oŒer an important advantage over the
spectrum and so it is quite easy to � nd parameter sets purely homonuclear case since it is possible to obtain
which � t the MQ frequencies. This can be done either all the spectral parameters by a suitable choice of lower
by standard procedures or by an automatic procedure order MQ spectra without having to resort to massive
[3 (a, b)] which (i) assigns lines to the (N Õ 1) quantum CPU time. De� ning NI and NS, the number of nuclei I
refocused spectrum of an N spin 1/2 system and (typically 1H, the observed nucleus) and S, of magneto-
(ii) re� nes and/or discards parameter sets using lower gyric ratios cI and cS respectively, it is convenient to
order MQR spectra. The correct assignment can be introduce the quantity nX de� ned as nX 5 nX

ij
5 mX

i
Õ mX

j
,

found using a permutative approach in which all the with X 5 I, S where mX
i

is the eigenvalue of FX
z

5 S NX IX
z

.
possible assignments of the k experimental lines to the Since mI

i
and mS

i
are good quantum numbers, it can be

calculated lines are tried. Such an approach requires a shown [4] that the (nS 5 0, nI 5 NI )HMQ frequencies
factorial function of k possible assignments. Even with depend only on the heteronuclear spin–spin inter-
modern computers, the CPU time required is close to actions DIS and JIS (the direct and indirect couplings,
being prohibitive. For this reason, the method can only respectively) whereas the (nS 5 0, nI 5 NIÕ p)HMQ spectra,

with p 5 1, 2 … , will comprise lines whose frequencies
depend on both homo- and hetero-nuclear couplings and*Author for correspondence; e-mail: m.longeri@unical.it
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1404 F. Castiglione et al.

on chemical shifts. Since nuclei with diŒerent c values
are observed separately, some gain can be achieved

(there are fewer transitions in, for example, a 1H HMQ

spectrum of a heteronuclear spin system than in the
same order MQ spectrum of an equivalent, purely

homonuclear case), but such gain is not enough since

for p 5 NS, or higher, the number of transitions is still so
high that the permutative procedure cannot be applied.

The case in which hetero-decoupling is applied to HMQ

spectra would be more interesting since the spectra will
depend only on the homonuclear dipolar interactions

and thus contain fewer transitions.

Many pulse sequences have been developed to improve
the e� ciency of heteronuclear decoupling in liquids; for

example, decoupling sequences based on composite

pulses with phase-modulation , such as WALTZ [5],
GARP [6] and DIPSI [7], have proved to be very

successful. These broadband decoupling sequences were

speci� cally designed for isotropic liquids, and so their
application in heteronuclear decoupling for liquid crystals

is far from satisfactory mainly because of the existence

of large dipolar interactions in these systems. In principle,

the simplest method of heteronuclear decoupling is
to apply a high power continuous wave (CW) radio-

frequency irradiation whose � eld must increase with

increasing strength of the homonuclear and hetero-

nuclear interactions present in the ordered media.

Unfortunately, the heating caused by the required high

RF power introduces thermal gradients in liquid crystal-

line samples; the ensuing broadening of the outer lines
in the high resolution spectra makes the SQ spectra

unmanageable even if the magnitude of the dipolar

interactions is signi� cantly smaller than in the solid.

Alternatively, by adding a p pulse in the centre of the Figure 1. Pulse sequences used to obtain: (a) (nS 5 0, nI )
heteronuclear multiple quantum spectra; (b) (nS 5 0, nI )t1 period of the pulse sequence shown in � gure 1
1H spin-echo heteronuclear multiple quantum spectra;[8, 3 (b)], 1H spin-echo HMQ spectra can be obtained;
(c) heteronuclear multiple quantum spectra decoupled

not only chemical shifts, but in some cases heteronuclear using a multipulse broadband decoupling sequence with
spin–spin interactions also, can be removed. The latter chemical shift refocusing. Since nS 5 0, no pulse is applied

on the S channel—not reported for case (a) and (b). Iwas the case for 3-phenylpro-1-yn e [3 (b)] and ethyl-
refers to the observed nucleus.benzene [3 (c)] for which the analysis of the SQ spectra

was possible only after having analysed the 1H spin-

echo HMQ spectra of deuterated isotopomers. The c19F is very similar to c1H ) the decoupling e� ciency of
crucial point of the procedure is the eŒectiveness of the this method is expected to be very low. Thus, more
heteronuclear decoupling as evident in the case of bbb - complex spectra will be obtained in which the transition
trideuteroethylbenzene (for which the decoupling is frequencies will depend in a complex way on homo-
eŒective) and of aa-dideuteroethyl benzene (for which the and hetero-nuclear couplings. On the other hand, an
decoupling is not eŒective) . In both cases the S nuclei are increasing number of � uorinated molecules have been
deuterium nuclei which have a relatively low magneto- synthesized and tested for mesogenic properties [9];
gyric ratio (c1H /c2H $ 6 ); DHD and DDD can be small and knowing the full set of dipolar couplings from the
have very similar values and so the decoupling is likely analysis of their SQ spectra, conformational equilibria
to be eŒective (see the following paragraph) . When S are present in the molecules could be studied and the
19F nuclei the situation is more troublesome, since in interplay between shape-dependent short range and long

range electrostatic interactions investigated [9 (a, b)].this case, due to the larger DHF and DFF couplings (now
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1405Heteronuclear multiple quantum spectra

In this paper, results from � ve � uorinated molecules matrix calculations have been performed following the
pulse sequence in � gure 1 (a) (no pulses on S since nS 5 0)(1,2-dichloro-4- � uoro-5-nitroben zene I, � uorobenzene II,

1,2-di� uorobenzene III, a,a,a-tri� uoromethoxybenzene and the results experimentally veri� ed. HMQ spectra
were obtained using the pulse sequence in � gure 1 (a).IV and a,a,a-tri� uoromethylbenzene V dissolved in a

nematic solvent are presented. The e� ciency of the spin-
echo MQ and of some decoupling pulse sequences

2.2. Spin-echo HMQ spectra
in removing the coupling with non-resonant nuclei is

Adding a p pulse in the middle of the time interval t1 of
discussed and the di� culties and limitations which arise

� gure 1 (a), 1H spin-echo heteronuclear multiple quantum
when decoupling is not eŒective are highlighted.

spectra can be recorded. Heteronuclear decoupling
will occur if [H ¾ , H] 5 0 where H ¾ 5 Õ HI

Z 1 HII
T Õ HIS.

2. Heteronuclear multiple quantum spectra The condition will occur (i) in the weak coupling limit
The Hamiltonian describing the heteronuclear spin when chemical shift diŒerences for nuclei I greatly exceed

system when II 5 IS 5 1/2, can be written as the spin couplings, or (ii ) when S and I spins form
fully magnetically equivalent sets, i.e. the same chemicalH 5 HI

Z 1 HS
Z 1 HII

T 1 HSS
T 1 HIS . (1 )

shifts and identical heteronuclear couplings. In practice,
neither condition is exactly ful� lled for anisotropic spectra;Here, the � rst and second terms represent the Zeeman

interactions of nuclei I and S with the external magnetic however, when the heteronuclear couplings with non-
isocronous I nuclei subsets are identical, HII

T will nearly� eld; the third and fourth terms express the dipolar
(direct and indirect) interactions within nuclei I and S commute with HI

Z and HIS even if the I nuclei do not
form a fully magnetically equivalent set. The decouplingrespectively; the last term
will also be eŒective in this case. If [H ¾ , H] Þ 0, a more
complex analysis is needed and heteronuclear couplingsHIS 5 Õ �

NI

i

�
NS

j

2T
ij

II
zi

IS
zj

(2 )
will aŒect the spin-echo spectrum [8 (a, b)]. This behaviour
is well known and has been investigated for 1H spin-with T

ij
5 1/2(J

ij
1 2D

ij
) accounts for the heteronuclear

echo single quantum spectra [8 (c, d)]; in this paper, thecouplings. Note that HIS does not contain � ip-� op
analysis will be extended to multiple quantum cases.operators; and thus, the total magnetic quantum number

Not so well known are the eŒects which derive fromof each species is a good quantum number to describe
the presence of the HSS term. For molecule I, the twothe free evolution of the spin system. The implications of
quantum coherences calculated when nS 5 0 at t1 withthis are far reaching since (i) the density matrix operator
the pulse sequence in � gure 1 (a), are expressed by ther describing the spin system at time t can be written
elements s16 (t1 ) 5 Õ C16 exp(Õ 2iQE16 t1 ) and s38 (t1 ) 5as r(t) 5 S

nI
S

nS
r

nInS
(t), and (ii ) [II

zi
; r

nInS
] 5 nIr

nInS
and

Õ C38 exp(Õ 2iQE38 t1 ) where the coe� cients C
ij

depend[IS
zi

; r
nInS

] 5 nSr
nInS

. Thus it is possible to separate
on the spectral parameters and time delay t. After aspectra characterized by each pair of indices (nS, nI ) by
few more elementary but cumbersome calculations, theproperly setting pulse phase shifts in the pulse sequences
density matrix reported in � gure 2 was obtained at t1of � gure 1 [4]. If NS 5 1 (cases I and II ), equation [1]
with the pulse sequence in � gure 1 (b) when nS 5 0. It isreduces to H 5 HI

Z 1 HII
T 1 HIS.

important to notice that each element of the density
matrix depends only on the parameters THH ; hence, at

2.1. HMQ spectra
least for an AMX spin system, the pulse sequence in

Spectra characterized by nS 5 0 and by the highest
� gure 1 (b) can produce eŒective decoupling from the

values of nI should give: (i ) for nI 5 NI, one pair of lines
X nucleus.

with splitting 2|S
i
T

iS
|: (ii) for nI 5 (NI Õ 1), k pairs of

lines with splitting proportional to a linear combination
of all but one of the IS couplings (k depends on the 2.3. {19F}-1H HMQ spectra

A low power broadband decoupling pulse sequencenumber and symmetry of the I sub-spin system). The m
independent TIS couplings, sign included, can be deter- can be used as an alternative and more e� cient way

than the soft refocusing p pulse to remove the hetero-mined by the m diŒerent splitting observed in the
spectrum. nuclear interactions. We have performed a series of

experiments introducing diŒerent decoupling sequencesMolecule I (a three spin ABX system) is the simplest
heteronuclear 1H/19F case in which HMQ coherences such as WALTZ-16, DIPSI and GARP during the MQ

evolution time t1 , while the p pulse on the protons willcan be excited and the evolution of the system under
the eŒect of RF(a, Q) pulses (with a the tip angle and only refocus the chemical shift diŒerence. We will refer

to such spectra obtained using the pulse sequence ofQ the phase of the pulse) and the free precession
Hamiltonian can be calculated analytically. Full density � gure 1 (c) by the acronym HMQR (R for refocused).
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1406 F. Castiglione et al.

s(t1) =

0

0

± C61exp(± 2iQ)

0

± iC41exp(± iQ)exp(iTHHt1)

0

iC21exp(± iQ)exp(iTHHt1)

C11

0

0

± iC62exp(± iQ)exp(± iTHHt1)

0

C42

0

C22

± iC12exp(iQ)exp(± iTHHt1)

± C83exp(± 2iQ)

± iC73exp(± iQ)exp(iTHHt1)

0

iC53exp(iQ)exp(iTHHt1)

0

C33

0

0

0

0

± iC64exp(iQ)exp(± iTHHt1)

0

C44

0

± C24

± iC14exp(iQ)exp(± iTHHt1)

± iC85exp(± iQ)exp(± iTHHt1)

C75

0

C55

0

± iC35exp(iQ)exp(± iTHHt1)

0

0

0

0

C66

0

± iC46exp(iQ)exp(± iTHHt1)

0

iC26exp(iQ)exp(iTHHt1)

C16exp(2iQ)

± iC87exp(iQ)exp(± iTHHt1)

C77

0

± C57

0

± iC37exp(iQ)exp(± iTHHt1)

0

0

C88

iC78exp(iQ)exp(iTHHt1)

0

iC58exp(iQ)exp(iTHHt1)

0

C38exp(2iQ)

0

0

Figure 2. Density matrix elements calculated at time delay t1 of pulse sequence of � gure 1 (b) for an ABX spin system.

3. Experimental phase cycling technique was used. For this sample
the 19F SQ (Ve) spectrum was also recorded.The following solutions were prepared and HMQ, 1H

spin-echo and {19F}-1H MQR spectra recorded: SQ spectra of each solution were acquired between
HMQ experiments to be sure that experimental conditions(i) For a 10 wt % 1,2-dichloro-4-� uoro-5-nitro-
did not change and that spectral parameters could bebenzene (Aldrich) solution in ZLI1132 (Merck)
safely transferred amongst diŒerent spectra of the samethe H2Q (Ia), H0Q (Ib) and (nS 5 0, nI 5 1) 1H
sample.spin-echo HMQ (Ic) spectra were recorded. The

Spectra at diŒerent values of t were recorded routinelytotal acquisition time was 1 h 50 min for each
in order to obtain higher S/N ratios and to identify andexperiment. The quantum order was selected
discard artifacts due to hardware imperfections. Theusing the pulsed � eld gradient technique [10].
HMQ spectra were obtained as skyline projections on(ii) For a 10 wt % � uorobenzene (Aldrich) solution in
the F1 dimension of the 2D data set. All the spectraZLI1132 the H5Q (IIa), H4Q (IIb), (nS 5 0, nI 5 4)
(a–c) were recorded on a 7.04 T Bruker AC300 spectro-1H spin-echo HMQ (IIc) and the {19F}-1H H4QR
meter. Spectra (d–f ) were recorded on a 7.04 T Bruker(IId ) spectra were recorded. The acquisition time
DRX using a 1H/19F/13C three channel probe. Spectra dwas 13 h for IIa, 10 h 40 min for IIb and IIc,
were obtained using the WALTZ-16, DIPSI and GARPand 6 h 20 min for IId. The quantum order was
multipulse sequences as low power broadband hetero-selected using the phase cycling [11] and PFG
nuclear decoupling sequences to decouple the 19F nuclei;techniques. No signi� cant diŒerences in spectrum
no high power pulses were needed, avoiding the com-quality were observed. The times given refer to
plications due to thermal dishomogeneities in the sample.the phase cycling selection experiments.

(iii) For a 10 wt % 1,2-di� uorobenzene (Aldrich)
4. Results and discussions

solution in ZLI1132, the H4Q (IIIa), H3Q (IIIb),
4.1. Sample I

(nS 5 0, nI 5 3) 1H spin-echo HMQ (IIIc) and the
As predicted by the theory, heteronuclear interactions

{19F}-1H H3QR (IIId ) spectra were acquired.
are eŒectively decoupled for sample I and the spin echo

The acquisition time was 5 h for IIIa, 4 h for IIIb spectrum Ic, � gure 3 (b), contains two lines whose fre-
and IIIc, and 3 h 15 min for IIId, using the phase quencies depend only on the homonuclear THH coupling.
cycling technique to select the desired quantum As expected, the H2Q spectrum Ia, � gure 3 (a), and H0Q
order. For this sample the 19F SQ (IIIe) and H2Q spectrum Ib, show two lines whose frequencies depend
(IIIf ) spectra were also recorded. on linear combinations of heteronuclear couplings which

(iv) For a 10 wt % a,a,a - tri� uoromethoxybenzene may be easily veri� ed knowing the spectral parameters
(Aldrich) solution in ZLI1132, the H5Q (IVa), from the analysis of the SQ spectrum (T

AB
5 |108.7| Hz,

H4Q (IVb), (nS 5 0, nI 5 4) 1H spin-echo HMQ T
AX

5 Õ 1949.9 Hz, T
BX

5 Õ 58.1 Hz; A and B are the 1H
(IVc) and the {19F}-1H H4QR (IVd) spectra were nuclei, X the 19F nucleus, the sign of T

AX
is assumed by

acquired. For this sample the 19F SQ (IVe) and analogy with similar cases; the sign of T
BX

is determined
H3Q (IVf ) spectra were also recorded. by the intensity pattern in spectrum Ia; the SQ spectrum

(v) For a 10 wt % a,a,a - tri� uoromethylbenzene is not sensitive to the sign of T
AB

). Ia, Ic and the SQ
(Aldrich) solution in ZLI1132, the H5Q (Va), spectra are shown in � gure 3.
H4Q (Vb), (nS 5 0, nI 5 4) 1H spin-echo HMQ
(Vc) and the {19F}-1H H4QR (Vd) spectra were 4.2. Sample II
acquired. For the last two cases the same instru- The spin-echo spectrum of the � uorobenzene sample

IIc, � gure 4 (c), contains three pairs of lines as expectedmental time as in case (ii) was needed. Only the
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1407Heteronuclear multiple quantum spectra

some doubts remain about the identi� cation of the third
pair, since the intensity behaviour at diŒerent t does not
allow a de� nite identi� cation between the two pairs of
lines, quite close in frequency and marked by 1 and Õ
in � gure 4 (c).

This notwithstanding, we arbitrarily started spectral
analysis using an automatic procedure already tested to
analyse the spectra of rigid molecules [3 (a)]. The pro-
cedure is based on a permutative approach which tests
over all the distinct assignments of experimental to
calculated lines of the MQ spectrum and uses, as iterative
parameters, the elements of the Saupe order matrix to
calculate direct dipolar couplings from an assumed geo-
metry. Those parameters, and chemical shifts, are then
used as starting parameter sets of a modi� ed version of
DANSOM [12 (a)] for a fully automated analysis of the
SQ spectrum. In our case, having assumed a regular
hexagonal geometry for the aromatic ring, there are two
order parameters versus three independent frequencies
once the choice is made between the two pairs of lines.
Since the diŒerence in frequency is small, we do not
expect a signi� cant diŒerence in the spectral parameter
values; this hypothesis was veri� ed using both possible
choices in two parallel runs. The procedure took less
than 5 min of CPU time for each run on a Digital Server
2000ALPHA_AXP computer to give just one solution
for each run with a low RMS, table 1 (column a). The
lower RMS was obtained when the frequencies marked
1 were used. Heteronuclear spin–spin couplings and
chemical shifts were determined from the frequencies
of H4Q and H3Q spectra, � gures 4 (a) and 4 (b), using
the heteronuclear direct coupling calculated from an
assumed geometry and the isotropic chemical shifts as
starting parameters. Assigning the calculated to the
nearest experimental frequencies, the values reported in
table 1 (column a) were calculated in a single iterative
run. The spectral parameters which reproduce the SQ
spectrum, obtained from DANSOM with the parameters
in table 1 (column a) as starting values, are also reported
in table 1 (column b).

The correspondence between the two sets is remark-
Figure 3. The 300 MHz 1H spectra of a sample of 1,2-dichloro- able but not as good as the agreement found for a

4-� uoro-5-nitrobenzene (I) dissolved in the nematic solvent similar case (bromobenzene) reported in [3 (a)]. The
ZLI1132: (a) H2Q, (b) (nS 5 0, nI 5 1) 1H spin-echo HMQ

observed diŒerences could be due to incorrectly assumedand (c) SQ spectra. The MQ spectra were acquired with
geometries or indirect spin–spin couplings, but in our512 increments, 5 kHz in F1 , t 5 10 ms; 4 scans. The real

lines in (a) and (b) are marked with * to distinguish them opinion the most likely cause is incomplete decoupling.
from extra lines arising from imperfect pulses. To verify the latter hypothesis, the frequencies of the

spin echo spectrum IIc were reproduced using the DHH
in table 1 (column b): the diŒerences between the calcu-from theory if the heteronuclear decoupling is eŒective.

The presence of some additional lines, which we were lated and experimental frequencies range from 140 Hz
(outer lines) to 40 Hz (inner lines). Since we haveunable to characterize unambiguously as artifacts, makes

us aware that in this case the decoupling may be recorded SQ spectra before and after each MQ spectrum,
and observed diŒerences in frequencies only within theincomplete. Whereas two pairs of lines—marked by a

star in � gure 4 (c)—are easily recognized as being real, linewidth (# 3 Hz), this clearly shows that the decoupling
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1408 F. Castiglione et al.

Figure 4. The 300 MHz 1H spectra of a sample of � uorobenzene (II) dissolved in the nematic solvent ZLI1132: (a) H5Q, (b) H4Q,
(c) (nS 5 0, nI 5 4) 1H spin-echo HMQ, (d) {19F}-1H H4QR spectra. All the spectra were acquired with 1024 increments, 10 kHz
in F1 , t 5 20 ms; 20 scans for (a), 16 scans for (b), (c) and (d). Spectrum (d) was obtained using WALTZ16 with t 5 13.4 ms.
The real lines in (a), (b) and (d) are marked with * to distinguish them from extra lines arising from imperfect pulses. See the
text for explanations of Õ and 1 in (c).

is incomplete. However, from the spin-echo spectrum HMQ spectrum only P 5 2k/2/2 ¯ (k/2)! 5 12 permutations
(k is the number of lines in the spectrum) are needed,it is still possible to obtain a reasonably good set of

spectral parameters to start the analysis of the SQ whereas, if all twelve lines in the H4Q spectrum of II had
to be used, a total of p

k
5 12! # 479 001 600 permutationsspectrum, as shown by the relatively mild smoothing

conditions used in DANSOM. The features of DANSOM would have been performed!
are described elsewhere [12 (a–d )]; here it is su� cient
to say that when the starting parameter set diŒers in 4.3. Sample III

The 1H spin-echo spectrum of III (there are twoa signi� cant way from the correct � nal values, heavy
smoothing functions have to be used in the hope that symmetrically equivalent 19F whose coupling value is

expected to be quite high) contains more than seventhe algorithm will � nd the absolute minimum. Thus the
reproduction of the SQ spectrum within a few iterative pairs of symmetric lines against the two expected for

an AA¾ BB¾ XX ¾ spin system, � gure 5 (c). The spin-echocycles, and using a light smoothing function, is strong
proof of our assertion. decoupling is clearly ineŒective. As a result, the 19F

decoupled H3Q spectrum IIId, � gure 5 (d ), has beenFurther experimental evidence that in the 1H spin-
echo spectrum the decoupling is eŒective, comes from acquired and used to determine the homonuclear

couplings. Applying the permutative approach describedthe {19F}-1H H4QR spectrum IId, � gure 4 (d). Only
three pairs of lines are present and their frequencies previously to the frequencies of spectrum IIc (two

independent values versus two order parameters) andcorrespond to the calculated ones.
In the meantime, it is important to stress that using the using the H4Q, � gure 5 (a), and H3Q � gure 5 (b) spectra,

the full set of spectral parameters has been determinedspin-echo HMQ spectrum, or the broadband decoupled
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1409Heteronuclear multiple quantum spectra

Table 2. Chemical shifts, Dn
i
, and dipolar couplings, D

ij
,Table 1. Chemical shifts, Dn

i
, and dipolar couplings, D

ij
,

obtained from the analysis of the H5Q (IIa), H4Q (IIb), obtained from the analysis of the 300 MHz 1H SQ and
282 MHz 19F SQ spectra of a sample of 1,2-di� uoro-(nS 5 0, nI 5 4) 1H spin echo HMQ (IIc) spectra (column a)

and the SQ (column b) 300 MHz spectrum of a sample of benzene (III) dissolved in the nematic solvent ZLI1132.
� uorobenzene (II) dissolved in the nematic solvent ZLI1132.

i, j Jij/Hza Dij/Hz
D

ij/Hz
12 8.32 Õ 972.79 Ô 0.07
13 1.62 Õ 163.26 Ô 0.09i, j ab b J

ij/Hza
14 0.26 Õ 97.68 Ô 0.14
15 5.80 Õ 136.98 Ô 0.091,2 Õ 1192.8 Õ 1147.88 Ô 0.06 8.36

1,3 Õ 208.8 Õ 207.20 Ô 0.11 1.07 16 9.00 Õ 834.39 Ô 0.09
23 7.62 Õ 767.26 Ô 0.171,4 Õ 108.9 Õ 112.34 Ô 0.06 0.43

1,5 Õ 147.1 Õ 155.28 Ô 0.11 2.74 25 0.22 Õ 104.37 Ô 0.08
26 5.8 Õ 170.51 Ô 0.112,3 Õ 871.3 Õ 883.39 Ô 0.07 7.47

2,4 Õ 147.1 Õ 153.75 Ô 0.11 1.82 56 Õ 20.22 Õ 547.89 Ô 0.07
1,F Õ 747.5 Õ 764.42 Ô 0.10 8.98

(n1 Õ n2 )/Hz 18.03 Ô 0.12
2,F Õ 177.1 Õ 173.95 Ô 0.11 5.69
3,F Õ 125.98 Õ 121.98 Ô 0.12 0.22 a Taken from the analysis of 1,2-di� uorobenzene in isotropic

solution and kept � xed.(n1 Õ n3 )/Hz 43.18 Õ 39.72 Ô 0.09
(n2 Õ n3 )/Hz 40.80 30.25 Ô 0.09

line, and following the steps described for case II, thea Taken from the analysis of � uorobenzene in isotropic
solution and kept � xed. 1H and 19F SQ spectra of tri� uoromethoxybenzene were

b Values obtained from MQ spectra when the pair of fre- analysed readily. Since we are dealing with a � exible
quencies marked+ in � gure 4 (c) was used as described in the

molecule, the procedure to calculate the THF couplings
text.

from spectra IVa and IVb (respectively the 5 and 4
quantum spectra) is more complex, and an approach
derived from that described by Castiglione et al. [3 (b)]with the exception of the DFF coupling whose value

was estimated by scaling D23 by the factor (cF /cH )2 for the automatic analysis of � exible molecules has to be
followed. No conformational equilibrium is consideredand reducing this value by 10% to take into account

the longer C
±

F
±

bond. The 1H and 19F SQ spectra were and the molecule is frozen in a single conformation, in
our case the one in which the oxygen atom lies in theanalysed easily by DANSOM iterating on all the chemical

shifts and direct couplings. Table 2 shows the spectral plane of the aromatic ring. From the order parameters
calculated from the homonuclear dipolar couplings,parameters obtained from the analysis.
assuming a regular hexagonal geometry for the phenyl
moiety, the DHF couplings were estimated and the fre-4.4. Samples IV and V

In the 1H spin-echo spectrum of sample IV, � gure 6 (c), quencies of the H4Q spectrum calculated. In this case,
the simple criterion of assigning calculated to the nearestmore than the six lines expected for an AA¾ BB¾ C spin

system are present; the spin-echo sequence is clearly experimental frequencies could result in false minima;
on the other hand, and as previously stressed, the fullineŒective as a decoupling technique. Also in the 19F

decoupled H4QR spectrum, IVd, there are more lines permutative approach applied to the 18 frequencies
identi� able as real lines in spectrum IVb, � gure 6 (b), isthan the three pairs expected; in particular we were

unable to identify unambiguously which of the three clearly unrealistic. However, frequencies can be assigned
following two diŒerent strategies: (a) by assigning to thelines indicated by ¯ is the real one since their relative

intensities do not change with t, � gure 6 (d ). In contrast, nearest experimental frequency if no other calculated or
experimental frequency is found within a � xed intervalthe pair marked by 1 is readily identi� ed since at

slightly diŒerent t values their relative intensities invert, (arbitrarily chosen to be 100 Hz), or (b) by com-
puting all the possible permutations PS of the calculated� gure 6 (d ). Thereafter, using the frequency of the central
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1410 F. Castiglione et al.

Figure 5. The 300 MHz 1H spectra of a sample of 1,2-di� uorobenzene (III) dissolved in the nematic solvent ZLI1132: (a) H4Q,
(b) H3Q, (c) (nS 5 0, nI 5 3) 1H spin-echo HMQ, (d) {19F}-1H H3QR spectra. All the spectra were acquired with 512 increments,
7 kHz in F1 , t 5 21.2 ms; 16 scans for (a), 12 scans for (b), (c) and (d ). Spectrum (d) was obtained using WALTZ16 with t 5 8.4 ms.

versus the experimental values. If S 5 R (S and R are obtained using only DIPSI and, as discussed previously
with a low decoupling e� ciency. What is more, wethe numbers of experimental and calculated frequencies

within a given interval, respectively) then PS 5 S! per- never succeeded in obtaining the 19F decoupled H4QR
spectrum of tri� uoromethylbenzene whatever the multi-mutations will be calculated; if S < R then P

R,S
5

R ¯ (R Õ 1) ¯ (R Õ 2) ¯ (R Õ S 1 1). Solutions with high pulse sequence used. Since cases IV and V share the same
spin system, the observed behaviour is quite surprisingRMS and/or poor assignments obtained by iterating on

the spectral parameters can be rejected. If no solution is and can be attributed only to a diŒerent magnitude of
the dipolar couplings. Only after several attempts, mainlyfound, a larger interval value can be � xed and the

calculations repeated. In our case, iterating on the DHF due to a lack of � rst order features in the 1H spectrum
usually present in spin systems containing nuclei withcouplings and chemical shifts, a solution with a low

RMS and good assignments was found immediately. diŒerent c values (the 1 : 3 : 3 : 1 quadruplets expected in
the 1H SQ spectrum shown in � gure 7 (a) are barelyThe HMQ spectra recorded do not depend on the DFF

coupling: a rough estimate of the DFF coupling from recognizable) , the 1H and 19F SQ spectra of V were
analysed using the standard Castellano Bothner-Bythe 19F SQ spectrum was used as starting value for the

analysis of the 1H spectrum taking advantage of the fact approach [2 (a)] and the values of the spectral para-
meters are reported in table 3 (column b). The DFF forthat 1H frequencies show only a small dependence on

this coupling. The � nal values obtained from the analysis V proves to be nearly an order of magnitude greater
than the intra� uorine coupling in IV and twice asof the SQ 1H and 19F spectra are reported in table 3

(column a). much as the DFF coupling in III. In our experience the
high values of the DFF coupling contributes strongly toIt is important to point out that, whereas for cases

II and III no diŒerence in decoupling e� ciency was the absence of � rst order features in the 1H SQ spectra,
and also produces, as an obvious consequence, veryobserved among the multipulse sequences used, the

1H 4QR spectrum of tri� uoromethoxybenzene (IVd) was wide 19F SQ spectra ($ nearly 9000 Hz for Ve versus
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1411Heteronuclear multiple quantum spectra

Figure 6. The 300 MHz 1H spectra of a sample of a,a,a-tri� uoromethoxybenzene (IV) dissolved in the nematic solvent ZLI1132:
(a) H5Q, (b) H4Q, (c) (nS 5 0, nI 5 4) 1H spin-echo HMQ, (d) {19F}-1H H4QR spectra. All the spectra were acquired with 1024
increments, 10 kHz in F1 , t 5 20 ms; 20 scans for (a), 16 scans for (b), (c) and (d). Spectrum (d) was obtained only using DIPSI
and t 5 15.7 ms. See text for explanation of the peak labels in (d).

$ 3100 Hz and $ 4500 Hz for the SQ spectra of VI and marked by ¯ is not fully decoupled even in IVd.
Unfortunately such a consideration is of no practicalIII, respectively) . Given such a wide frequency range,

it is not surprising that the multipulse sequences failed use since ‘real’ lines in IVc can be identi� ed as such only
a posteriori.to decouple the 1H MQ spectra of V since they were

developed mainly for isotropic cases for which the
frequency dispersion of the spectra is signi� cantly smaller 5. Conclusions

The presence in the spin system of nuclei with diŒerentthan 9000 Hz, but other factors related to the relative
magnitude of the couplings involved could also play an values of c plays a very important role in analysing

complex anisotropic spectra using a fully automatedimportant role.
As previously stated, in the 1H spin-echo spectrum of procedure based on MQ spectra, since it is possible

to reduce the coherence order (which implies shortersample IV there are far more lines than expected and so
it was not possible to use that spectrum as a starting instrumental times and higher S/N ratios) whilst still

obtaining spectra with a number of experimental linespoint for the spectral analysis procedure. On closer
inspection, � gures 6 (c) and 6 (d ), line patterns common compatible with the permutative approach that the pro-

cedure requires. A proper choice of the MQ allows theto spectra IVc and IVd can be identi� ed: the partially
ineŒective decoupling produces clusters of lines in the full set of spectral parameters to be used in the � nal

analysis of the SQ spectra to be obtained. However, thespin echo spectrum of IV centred at the frequency at
which a transition is found in its 19F decoupled H4QR critical point in the procedure is the possibility to obtain

the hetero decoupled (NI Õ 1)QR spectrum; this con-spectrum IVd. This is clearly evident for the pair
indicated by 1 but, at diŒerent t values, it can also be dition can pose severe limitations on the generalization

of the procedure since the reliability of the decouplingobserved for the outer pair; on the other hand the pair
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1412 F. Castiglione et al.

Table 3. Chemical shifts, Dn
i
, and dipolar couplings, D

ij
,

obtained from the analysis of the 300 MHz 1H SQ and
282 MHz 19F SQ spectra of samples of a,a,a-tri� uoro-
methoxybenzene (IV) (column a) and a,a,a-tri� uoromethyl-
benzene (V) (column b) dissolved in the nematic solvent
ZLI1132.

Dij/Hz

ij a b

12 Õ 1689.83 Ô 0.09 Õ 1619.66 Ô 0.05
13 Õ 246.52 Ô 0.26 Õ 239.70 Ô 0.11
14 Õ 54.17 Ô 0.10 Õ 61.98 Ô 0.06
15 Õ 0.55 Ô 0.39 Õ 22.26 Ô 0.18
16 Õ 317.68 Ô 0.20 Õ 468.71 Ô 0.09
23 Õ 422.26 Ô 0.28 Õ 480.97 Ô 0.13
24 Õ 1.27 Ô 0.39 Õ 22.59 Ô 0.18
26 Õ 120.97 Ô 0.19 Õ 133.22 Ô 0.08
36 Õ 94.31 Ô 0.09 Õ 102.63 Ô 0.07
67 194.58 Ô 0.07 1060.52 Ô 0.04

(n1 Õ n3 )/Hz Õ 160.72 Ô 0.25 Õ 138.51 Ô 0.14
(n2 Õ n3 )/Hz Õ 82.19 Ô 0.26 Õ 130.98 Ô 0.14

method depends on the magnitude of the couplings and
these can vary signi� cantly depending on the hetero-

Figure 7. The 300 MHz 1H SQ (a) and 282 MHz 19F SQ (b)
nucleus, the molecule and the experimental conditions spectra of a sample of a,a,a-tri� uoromethylbenzene (V )
(temperature and mesophase used as orienting medium). dissolved in the nematic solvent ZLI1132.
When the heteronucleus is 2H, due to its low c value
the simple spin-echo HMQ experiment can produce the and their e� ciency proved [13]; their use could enhance

the possibility of obtaining good MQ {19F}-1H spectradecoupled (NI Õ 1)QR spectrum since the condition
[H ¾ , H]$ 0 is usually satis� ed; in contrast, for 19F it of more complex molecules, the sine qua non condition

to the applicability of the spectral automatic analysishas been found that even using broadband decoupling
sequences such as WALTZ-16, DIPSI and GARP, procedure described here. Also, it should be possible at

least in principle, to decouple the HMQ spectra byspeci� cally designed to optimize decoupling e� ciency in
isotropic solutions, it is not always possible to obtain applying a high power continuous wave radiofrequency

irradiation as used sometimes to decouple 2H nuclei in(NI Õ 1)QR spectra. It is not possible at this stage to
make predictions about the possibility of obtaining this order to avoid excessive linebroadening in the observed

1H SQ spectrum (see [2 (a)] and references therein). Inkind of spectra for diŒerent, more complex spin systems,
since so few cases have been discussed. Nor is it possible, our case the spectral width is relatively small compared

with the tens of kHz usually found in 2H spectra and,for the same reasons, to assess whether DIPSI performs
better than WALTZ-16 and GARP, but as a rule of what is more, we have very few lines in the (NI Õ 1)QR

spectra with a typical linewidth of a few tens of Hz duethumb, simply by checking the width of the 19F SQ
spectrum, it should be easy to evaluate the practicality to the 2D nature of the MQ experiment: thermal broaden-

ing should not pose further problems. Unfortunately inof trying to follow the procedure described here.
Quite recently, new broadband decoupling sequences both cases the required hardware is not available to use

and at present we are unable to verify these hypotheses,for liquid crystals, used to decouple 1H [13] and 19F
[14] from 13C, the observed nucleus, have been described but futher work in this direction is advisable.
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