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NMR spectra of molecules oriented in liquid-crystalline matrix provide information on the structure and
orientation of the molecules. Thermotropic liquid crystals used as an orienting media result in the spectra of
spins that are generally strongly coupled. The number of allowed transitions increases rapidly with the increase
in the number of interacting spins. Furthermore, the number of single quantum transitions required for analysis
is highly redundant. In the present study, we have demonstrated that it is possible to separate the subspectra
of a homonuclear dipolar coupled spin system on the basis of the spin states of the coupled heteronuclei by
multiple quantum (MQ)-single quantum (SQ) correlation experiments. This significantly reduces the number
of redundant transitions, thereby simplifying the analysis of the complex spectrum. The methodology has
been demonstrated on the doubly13C labeled acetonitrile aligned in the liquid-crystal matrix and has been
applied to analyze the complex spectrum of an oriented six spin system.

Introduction

Analyses of NMR spectra of oriented molecules provide
homo- and heteronuclear dipolar couplings and thereby molec-
ular structure and order parameter.1-4 Thermotropic nematic
liquid crystals commonly used as solvents for such studies act
as strong orienting media. Although the order parameter of the
solute is an order of magnitude lower than that of the liquid-
crystal solvent, it is still significantly large resulting in residual
dipolar couplings (DIJ), which are comparable to chemical shift
(νI) differences. Thus, the resulting spectra correspond to that
of strongly coupled spins. Furthermore, the spectral complexity
increases rapidly with the increase in the number of interacting
spins. As an example, in an oriented six spin system, there will
be 792 theoretically allowed transitions, out of which 6 chemical
shifts, 15 indirect spin-spin couplings, and 15 dipolar couplings
are to be determined. In molecules with chemically or magneti-
cally equivalent spins, the number of transitions is reduced,
namely, oriented benzene with all the protons being chemically
equivalent provides 76 transitions from which only three indirect
and three direct dipolar couplings are to be determined. Thus,
single quantum (SQ) transitions are highly redundant. Further-
more, the first-order analyses of the dipolar coupled spectra are
generally not possible and one has to diagonalize the Hamil-
tonian numerically, adapting the least-square techniques. When
the spectra are very complex and the starting parameters are
far from real values, the iterative analysis can get captured in
the local minimum, making further analysis very tedious. Several
techniques are available in the literature either to reduce the
complexity of the spectrum so that it is amenable for the first-
order analyses or to derive additional information to aid the
analyses of the complex spectra, namely, Z-COSY technique,5

use of natural abundance2H NMR,6 use of liquid crystals with
low-orderparameters,7higherordermultiplequantumtransitions,8-11

use of multiple pulse sequences,12-15 specific deuteration,16 use
of two-dimensional inverse experiments,17-19 low-order orienta-
tion using bicelles,20 and use of Lee Goldburg decoupling.21

Though the application of the above techniques has been
demonstrated on several spin systems, each of the above
technique has its own limitations and is not routinely employed.
Thus, the studies are restricted to eight interacting spins, beyond
which the spectra become too complex and the analysis is
tedious. However, there are reported studies in the literature on
systems with more than 10 interacting spins.22-24 Automatic
analyses25-32 of the spectra have also been developed which
do not require any line assignments. Because of several
limitations, automatic analysis is not routinely employed and
most of the published works in the literature utilize computer
program requiring manual interaction proving it to be more
robust.

Another approach would be to reduce the redundancy in the
single quantum transitions and to detect only required number
of transitions for the spectral analysis. This direction has not
been explored in the literature. The present study is on
heteronuclear systems wherein we have employed homonuclear
multiple quantum (MQ) coherence for selectively detecting the
single quantum (SQ) transitions, in the proton spectrum, on the
basis of the spin state of the coupled heteronuclear spin. The
technique is demonstrated on the doubly13C labeled acetonitrile
aligned in the liquid-crystalline phase and is extended to the
analysis of the complex six spin proton spectra of orthodifluo-
robenzene aligned in the liquid-crystalline phase. However, the
methodology can be employed both in the oriented and isotropic
phases and not only for heteronuclear systems containing
abundant spins like19F and31P but also for other labeled rare
spins like15N, 13C, and so forth.

Experimental Section

The solute molecules acetonitrile and orthodifluorobenzene
obtained from Sigma Aldrich were used without further
purification. The chemical structure and numbering of these
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molecules are shown in Figure 1a and 1b. The liquid-crystal
ZLI-1132 was obtained from Merck. About 5% by weight of
the samples were prepared in the liquid-crystal ZLI-1132. The
homogeneous solutions of these samples have a line width of
less than 10 Hz in the proton spectrum of acetonitrile and less
than 5 Hz in the proton spectrum of orthodifluorobenzene. For
acetonitrile studies, all the spectra were recorded on a Bruker
AV-700 NMR spectrometer with field strength of 16.45 T
operating at frequencies of 700.13 and 175.77 MHz for1H and
13C nuclei, respectively. The enhanced sensitivity of the cryo
probe reduced the experimental time significantly. The tem-
perature used was maintained at 300 K by a Bruker BVT-3000
temperature regulating system. The samples were not spun
during data acquisition.

The pulse sequence given in Figure 1c was used for all the
2D multiple quantum experiments. The delay,∆, between the
first and the second 90° pulse is optimized to get homonuclear
antiphase magnetization. This value is 104µs for triple quantum
(TQ) and double quantum (DQ) of protons and 770µs for DQ
of carbons. The 180° pulse at the middle of the first two 90°
pulses ensures thatJHH + DHH and JCC + 2DCC evolves,
respectively, for homonuclear proton and for homonuclear
carbon MQ experiments. The second 90° pulse converts the
antiphase magnetization into multiple quantum order. The
particular multiple quantum order selected by the application
of the gradients before and after the third 90° pulse converts
this into observable single quantum transitions.

For the 2D experiment correlating homonuclear proton TQ
coherence to its SQ coherence in acetonitrile, a data set
consisting of 6 k and 512 points in F2 (single quantum) and F1
(multiple quantum) dimensions, respectively, was chosen.
Spectral widths of 24 k and 76 k were chosen in the direct and
indirect dimensions, respectively. The number of accumulations
was two for eacht1 increment. Relaxation delay used was 3.5
s. The time domain data was processed by zero filling it to 8 k
and 1 k points in F1and F2 dimensions, respectively, without
any window function and linear prediction. The spectrum was
displayed in magnitude mode with a digital resolution of 2.93
and 74.19 Hz in the direct and indirect dimensions, respectively.

For the 2D experiment correlating homonuclear carbon DQ
coherence to its SQ coherence in acetonitrile, a data set
consisting of 6 k and 256 points in F2 and F1 dimensions,
respectively, was chosen. Spectral widths of 45 k and 90 k were
chosen in the direct and indirect dimensions, respectively. The
number of accumulations was six for eacht1 increment.
Relaxation delay was 3.5 s. The time domain data was linear
predicted to 512 points and was zero filled to 8 k and 1 k points
in SQ and MQ dimensions, respectively, and was processed
without any window function. The spectrum is displayed in
magnitude mode with a digital resolution of 5.54 and 87 Hz in
the direct and indirect dimensions, respectively.

For the 2D experiment correlating homonuclear DQ coher-
ence of proton to its SQ coherence, a data set consisting of 6 k
and 512 points in F2 and F1 dimensions, respectively, was
chosen. Spectral widths of 24 k and 55 k were chosen in the
direct and indirect dimensions, respectively. The number of
scans was 2 for eacht1 increment. Relaxation delay was 3.5 s.
The time domain data was linear predicted to 512 points and
was zero filled to 8 k and 2 k points in SQ and MQ dimensions,
respectively, and was processed without any window function.
The spectrum is displayed in magnitude mode with a digital
resolution of 2.93 and 26.84 Hz in the direct and indirect
dimensions, respectively.

For orthodifluorobenzene studies, all the spectra were re-
corded on a Bruker DRX-500 NMR spectrometer operating at
the field strength of 11.3 T corresponding to resonance
frequencies of 500.13 and 125.77 MHz for1H and13C nuclei,
respectively, using BBI probe. The acquisition mode in the
indirect dimension was with quadrature off. To ensure the
creation of MQ coherence, the offset was set to one end of the
spectrum in all the MQ experiments. Only the spectral region
of interest was plotted.

For the two-dimensional experiment correlating homonuclear
fourth quantum (FQ) coherence of protons to its SQ coherence,
a data set consisting of 4 k and 256 points in F2 and F1
dimensions, respectively, were chosen. Spectral widths of 13 k
and 48 k were chosen in the direct and indirect dimensions,
respectively. The optimized delay∆ was 250µs. The number
of accumulations was 32 for eacht1 increment. Relaxation delay
was 3.5 s. The time domain data was linear predicted to 512
points and was processed by zero filling to 8 k and 1 k points
in F2 and F1 dimensions, respectively, without using any
window function. The spectrum is displayed in magnitude mode
with a digital resolution of 3.17 and 46.86 Hz in the SQ and
MQ dimensions, respectively.

Results and Discussion

Multiple Quantum NMR. The different multiple quantum
orders ofN interacting spins can be selectively excited33 or
detected.34 The number of allowed transitions for themth order
spectrum ofN interacting spins is given by

Thus, for the highest quanta, namely, whenN ) m, there is
only one allowed transition. This corresponds to a situation when
all the spins flip at a time from the state|R〉 to the state|â〉 or
vice versa. The spins then evolve only under chemical shifts
and do not evolve under the direct or indirect spin-spin
couplings. The highest quantum spectrum, therefore, provides
information only on the sum of all the chemical shifts.N-1
quantum is a situation in whichN-1 spins flip (active spins) in
the presence of one leftover spin (a passive spin). Thus,N-1
quantum spectrum provides a doublet centered at the sum of

Figure 1. (a) The structure and numbering of interacting spins in
doubly labeled acetonitrile. (b) The structure and numbering of
interacting spins in orthodiflurobenzene. (c) The pulse sequence used
for multiple quantum-single quantum correlation experiments. The
delay ∆ was optimized for the selection of proton and carbon
homonuclear multiple quanta. The phases of all the pulses and the
receiver were set to zero. The gradient ratio was set to G2) nG1 for
homonuclearnth quantum of proton and carbon.

2N!/(N - m)! (N + m)! ... (1)
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the chemical shift positions of the active spins whose separation
provides the sum of the couplings of the passive spins to the
active spins. TheN-2 quantum spectrum is a situation where
two spins flip at a time in the presence of the remaining spins.
This will have more transitions thanN-1 quantum but signifi-
cantly less compared to SQ transitions. The number of transi-
tions and thereby the complexity of the spectrum decreases by
going to higher quantum. Also, for oriented molecules,N-1 and
N-2 quantum spectra are sufficient to derive information on all
the dipolar couplings,35,36 thereby indicating that the SQ
transitions are highly redundant.

Multiple Quantum (MQ) -Single Quantum (SQ) Correla-
tion. The transfer of the MQ coherence to the observable SQ
for different types of spin systems37 and the flip angle
dependence of the intensities for an AMX have been discussed
earlier.38 In the schematic representation of the correlation of
DQ coherence to its SQ coherence on a homonuclearJ coupled
AMX spin system,37 the DQ dimension provides three doublets
with the separation corresponding to the sum of theJ-couplings
between the passive spins and the active spins centered at the
sum of the chemical shift positions of the two active spins. Each
of these doublets corresponds to the states|R〉 and |â〉 of the
passive spin. The cross sections taken along the SQ dimension
for each spin state of the passive spin give all the 12 transitions
expected for an AMX spin system, whose intensities depend
on the flip angle. Thus, the application of a nonselective mixing
pulse results in each|R〉 and |â〉 state of A, M, and X spins
correlating to all the allowed transitions in the SQ dimension.
If, on the other hand, a selective pulse is applied only on the
active spins and no pulse is applied on the passive spins, then
the state of the passive spins remains the same both in MQ and
SQ dimensions. Each state of the passive spins in the MQ
dimension then encodes the spin states involved in the SQ
transitions that arise only because of coupling between active
spins. This results in the selective detection of SQ transitions.
The cross section taken along SQ dimension for any one of the
passive spin states has sufficient number of transitions essential
to determine the couplings between active spins. This reduces
the redundant transitions and simplifies the complexity of the
spectrum.

Doubly Labeled Acetonitrile (13CH3
13CN). The protons and

carbons of doubly13C labeled acetonitrile, aligned in the liquid
crystal, form a spin system of the type A3MX. The 1H SQ
spectrum gives a 1:2:1 triplet because ofDHH, and each line of
this triplet is further split into a doublet of doublets of equal
intensity giving rise to a total of 12 transitions.DHH andDCH

can be determined by the first-order analysis of this spectrum,
which is straightforward.

For the MQ studies, the two types of heteronuclei in this
molecule can be treated as two isolated systems. Thus, it was
possible to selectively detect homonuclear DQ and TQ orders
between protons and homonuclear DQ between carbons. The
particular order was selected by using gradients8 and the selected
MQ coherence was allowed to correlate its SQ coherence.
Depending on the order selectively detected, the MQ spectrum
is analyzed treating it as spin systems such as AMX, A3X, and
APMX.

13CH3
13CN as an AMX Spin System: Selective Detection

of 1H SQ Transitions Using Homonuclear Proton TQ
Coherence.The active and the passive spins in the SQ and TQ
dimensions and the energy-level diagram describing the con-
nectivities of homonuclear proton triple quantum coherence to
its single quantum coherence are shown in Figure 2. Figure 3
shows the 2D spectrum correlating the TQ coherence of protons

with its SQ coherence along with the corresponding projections.
The excitation of proton TQ results in all the protons evolving
at the sum of the resonance offset (chemical shifts can be treated
as zero because of magnetic equivalence of all the three protons)
under sum ofJCH and DCH couplings in the MQ dimension.
This pertains to a situation where the selective mixing pulse is
applied on A and in the MQ dimension A3MX spin system
behaves like an AMX spin system, where the proton is the active
spin (A) and the two carbons are the passive spins (M and X).
The TQ spectrum corresponds to the A part of this AMX
spectrum (Figure 2A). In the spin product basis set, the spin
states of two weakly coupled M and X spins, coupled to triple
quantum states of proton|RPRPRP〉 and|âPâPâP〉, are written as
|RC1RC2〉, |RC1âC2〉, |âC1RC2〉, and|âC1âC2〉, where the subscripts
P, C1, and C2 correspond to protons and carbons of CH3 and
CN groups. The four transitions of the A spin in the TQ

Figure 2. The energy-level diagram describing the connectivities of
triple quantum to single quantum transitions; the dashed horizontal line
separates the ground and the excited states. (A) Active homonuclear
proton spin states involved in the triple quantum transitions and (B)
passive heteronuclear spin states coupled to the triple quantum spin
states of proton, i.e.,RRR to âââ. For each of these two triple quantum
states, there are four possible heteronuclear coupled spin states giving
four possible transitions in the triple quantum dimension. (C) Single
quantum transitions of protons in the direct dimension arising from
the spin state selected triple quantum transitions giving rise to four
cross sections. Each of these cross sections pertains to selectively
detected SQ transitions originating from the initial third quantum state
which has two carbons, in one of theRC1RC2, RC1âC2, âC1RC2, andâC1âC2

states, and which ends up in the states where single proton spin flips
but still has carbons in its respective initialRC1RC2, RC1âC2, âC1RC2,
andâC1âC2 state. The transitions arising from the initial and final states
of the carbons in theâC1âC2 states are shown as an example. However,
the similar transitions fromRC1RC2, RC1âC2, and âC1RC2 give single
quantum triplets in different cross sections. The TQ dimension provides
information on DC1H and DC2H and the SQ dimension provides
information onDHH.

Figure 3. The 700 MHz 2D spectrum of acetonitrile in the liquid-
crystal ZLI-1132, correlating proton TQ coherence to its SQ coherence.
The RC1RC2, RC1âC2, âC1RC2, and âC1âC2 are different spin states of
heteronuclei. The other experimental details are given in the text.
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dimension correspond to these four spin states (Figure 2B). The
doublet separations between the states|RC1RC2〉 and |RC1âC2〉
provide DC2H and between the states|RC1RC2〉 and |âC1RC2〉
provideDC1H.

The spectrum in the SQ dimension is for an A3MX type spin
system and consists of four A3 subspectra, one for each of the
four mI(M and X) values of|RC1RC2〉, RC1âC2〉, âC1RC2〉, and
âC1âC2〉, of the two carbons. For transition within each sub-
spectrum, the spin state of M and X does not change. The Eigen
values of Mz () Iz(X) + Iz(M)) are to be considered as good
quantum numbers and as a special rule for allowed A3 lines it
follows that∆MZ ) 0.

The 1D spectrum along with the cross sections taken on SQ
dimension at different spin states of TQ dimension is shown in
Figure 4a-4e. Each of these cross sections pertains to selectively
detected SQ transitions originating from the initial third quantum
state which has two carbons, either inRC1RC2 or âC1âC2 state,
and which ends up in states where single proton spin flips but
still has carbons in its initialRC1RC2 or âC1âC2 state. An example
of such a transition is from the statesRPRPRPâC1âC2 and
âPRPRPâC1âC2 (Figure 2C). This is because the last 90° pulse
on protons does not alter the spin states of heteronuclei. Thus,
all proton single quantum transitions pertaining to four A3

subspectra get separated into different cross sections depending
on the four spin states of the heteronuclei. Each cross section
is a triplet, from whichDHH can be determined. Thus, as far as
the determination of theDHH is concerned, the redundancy in
the number of transitions required for the analysis in the normal
1D spectrum is significantly reduced.

13CH3
13CN as an A3X Spin System: Spin State Selective

Detection of13C SQ Transitions Using Homonuclear Carbon
DQ Coherence.In the 13C spectrum, the carbon M of the A3-
MX spin system is split into a quartet by three protons (A3),
each of which further splits into doublets because of weak
coupling to the other carbon (spin X). Similarly, the carbon X
is split into a quartet because of its coupling with protons (A3),
each transition of which is further split into doublets because
of its weak coupling with the other carbon (spin M). The fully
coupled 13C spectrum, therefore, provides equal intensity
doublets of 1:3:3:1 intensity quartets at the chemical shift
positions of each carbon.

The active and the passive spins in the SQ and DQ
dimensions and the energy-level diagram describing the con-
nectivities of homonuclear carbon double quantum coherence
to its single quantum coherence are shown in Figure 5. The
DQ excitation of homonuclear carbon spins converts the five-
spin system of the type A3MX into an A3X type in the DQ
dimension, where the three protons are passive spins (A3) and
the two 13C are active spins (X) (Figure 5A). The double
quantum states of two carbons areRC1RC2 andâC1âC2, and they
are coupled to eight different spin states,RPRPRP, RPRPâP,
RPâPRP, âPRPRP, RPâPâP, âPâPRP, âPRPâP, andâPâPâP of protons.
The statesRPRPâP, RPâPRP, andâPRPRP are degenerate and form
one group. The statesRPâPâP, âPâPRP, andâPRPâP are degener-
ate and form another group (Figure 5B). This results in the
splitting of the active spin transition into a quartet by passive
spins in the DQ dimension (Figure 5B). Figure 6 shows the
DQ coherence of carbon correlating to its SQ coherence along
with the projections on DQ and SQ axis. Carbon 1, directly
bonded to protons, resonates at high field and also has large
DC1H. Carbon 2, remotely bonded to protons, resonates at lower
field and has small DC2H. Furthermore, the resonance signal from
carbon 2 is significantly broadened because of quadrupolar
nitrogen, and the signals are very weak in intensity. Thus, only
high-field region of the spectrum is given in Figure 6. The cross
section taken along SQ dimension at each spin state of a passive
spin in the MQ dimension is a doublet from whichDCC can be
directly obtained.DC1H can be determined from the combined
analysis of any two consecutive cross sections. Similarly, the
analysis of the low-field region of the spectrum providesDC2H

13CH3
13CN as an APMX Spin System: Spin State Selective

Detection of1H SQ Transitions Using Homonuclear Proton

Figure 4. (a) The 700 MHz proton 1D spectrum of acetonitrile in the
liquid-crystal ZLI-1132. (b-e) Cross sections along SQ dimension taken
at the spin statesâC1âC2, âC1RC2, RC1âC2, andRC1RC2 in TQ dimension,
respectively. The other experimental details are given in the text.

Figure 5. The energy-level diagram describing the connectivities of
homonuclear carbon double quantum coherence to its single quantum
coherence; the dashed horizontal line separates the ground and the
excited states. (A) Active homonuclear carbon spin states,RC1RC2 and
âC1âC2, involved in the double quantum transitions. (B) The double
quantum states of two carbons coupled to eight different spin states,
RPRPRP, RPRPâP, RPâPRP, âPRPRP, RPâPâP, âPâPRP, âPRPâP, andâPâPâP,
of protons. The statesRPRPâP, RPâPRP, andâPRPRP are degenerate and
form one group. The statesRPâPâP, âPâPRP, andâPRPâP are degenerate
and form another group. These two states are shown in thick horizontal
bars. The thick vertical arrows show the degenerate transitions with 3
times more intensity than the other ones (C) Single quantum transitions
of carbons in the direct dimension arising from the spin state selected
double quantum transitions giving rise to four cross sections. Each of
these cross sections pertains to selectively detected SQ transitions
originating from the initial second quantum state which has three
protons, in one of theRPRPRP, RPRPâP, RPâPRP, âPRPRP, RPâPâP, âPâPRP,
âPRPâP, andâPâPâP states, and which ends up in the states where single
carbon spin flips but still has protons in its respective initialRPRPRP,
RPRPâP, RPâPRP, âPRPRP, RPâPâP, âPâPRP, âPRPâP, andâPâPâP states.
The transitions arising from the initial and final states of the proton in
the âPâPâP states are shown as an example. However, the similar
transitions from other states give single quantum doublets in different
cross sections. The DQ dimension provides information onDC1H and
DC2H and the SQ dimension provides information onDC1C2.

5214 J. Phys. Chem. A, Vol. 111, No. 24, 2007 Baishya and Suryaprakash



DQ Coherence.The spin system of the type APMX is created
in the DQ dimension when two protons are simultaneously
flipped in the presence of two carbons and the third proton.
Active spins for DQ could be any of the two protons of CH3

group. The DQ dimension will then have a passive proton spin
and two carbon spins. The entire spin system is a weakly
coupled four-spin system of the type APMX, where A is the
double quantum excited two protons of CH3 (active spins) group,
P is proton not participating in double quantum (passive spin),
and M and X are two carbons (passive spins). The active and
the passive spins in the SQ and DQ dimensions and the energy-
level diagram describing the connectivities of homonuclear
proton double quantum coherence to its single quantum coher-
ence are shown in Figure 7. The weakly coupled four-spin
system gives eight transitions for each spin. Thus, in the DQ
dimension, A spin transition is split into eight transitions of
equal intensity by the passive spins. The corresponding DQ

coupled spin states of A areRPRC1RC2〉, |RPRC1âC2〉, |RPâC1RC2〉,
|RPâC1âC2〉, |âPRC1RC2〉, |âPâC1RC2〉, |âPRC1âC2〉, and|âPâC1âC2〉.
The 2D spectrum correlating DQ coherence of protons with its
SQ coherence is shown in Figure 8. The cross section taken
along SQ dimension for each spin state in the DQ dimension is
a triplet from whichDHH can be determined.

The values ofDHH, DC1H, DC2H, andDCC determined from
the one-dimensional1H and13C spectrum are 1626.7, 1107.0,
334.8, and 357.5 Hz, respectively. These values agree with those
measured from the 2D MQ experiments.

Study on an Oriented AA′BB′XX ′ Spin System. The
analysis of the spectrum of oriented acetonitrile discussed in
the previous sections pertains to the weakly coupled spin system,
and the first-order analysis of the 2D cross sections could be
carried out to determine the spectral parameters. However, in
general, the spin systems in the liquid-crystalline media being
strongly coupled, the iterative analysis has to be carried out to
derive the spectral parameters. This method is, therefore, applied
to simplify the iterative analysis of1H spectrum of a six-spin
system, orthodifluorobenzene aligned in liquid-crystal phase.

The structure and the numbering of the interacting spins in
orthodifluorobenzene are shown in Figure 1b, forming a strongly
coupled spin system of the type AA′BB′XX ′, and the 2D
spectrum which correlates the homonuclear fourth quantum (FQ)
coherence of protons to its SQ coherence is given in Figure 9
along with the corresponding projections on SQ and FQ
dimensions. Figure 10a-10d shows the one-dimensional proton
spectrum of the molecule in the liquid-crystal ZLI-1132 along
with the three cross sections taken along SQ of Figure 9. Each
transition observed in the spectra 10b-10d is different from
each other in frequency. However, there is a one-to-one overlap
of all the transitions of the cross sections with the 1D proton
spectrum of Figure 10a.

The gradient-selected proton homonuclear FQ excitation
results in the flipping of all the protons and evolves under the
sum of their chemical shifts and proton-fluorine dipolar
couplings. This corresponds to AXX′ type in the FQ dimension,
where A is the proton (active spin) and XX′ is two fluorines
(passive spins). In the FQ dimension, the active spin A is split
because of dipolar couplings with two passive spins. The XX′
part will have four possible spin states, namely, (a)|R1R2〉, (b)
(|R1â2〉 + |â1R2〉)/x2, (c) (|R1â2〉 - |â1R2〉)/x2, and (d)|â1â2〉.
The degenerate central transition arises from the spin states (|Râ〉

Figure 6. The 700 MHz 2D spectrum of homonuclear carbon double
quantum coherence correlating to its single quantum coherence of
acetonitrile in the liquid-crystal ZLI-1132. A and D correspond to spin
states RPRPRP and âPâPâP, respectively, B and C correspond to
degenerated spin states (RPRPâP, RPâPRP, âPRPRP) and (RPâPâP, âPâPRP,
âPRPâP), respectively. The other experimental details are given in the
text.

Figure 7. The energy-level diagram describing the connectivities of
homonuclear proton double quantum to single quantum transitions; the
dashed horizontal line separates the ground and the excited states in
both dimensions. (A) Active homonuclear proton spin states involved
in the double quantum transitions, (B) passive proton spin states coupled
to active proton double quantum states, (C) further splitting of active
double quantum protons spin states coupled to proton by two passive
carbon spin states, and (D) the single quantum transitions arising from
the passive spin states in the double quantum dimension. The transitions
arising from the initial and final states of the passive heteronuclear
spin in theRâ states are shown as an example. However, the similar
transitions from other states give single quantum triplets in different
cross sections. The DQ dimension provides information onDC1H and
DC2H and the SQ dimension provides information onDHH.

Figure 8. The 700 MHz 2D spectrum of acetonitrile in the liquid-
crystal ZLI-1132, correlating homonuclear double quantum coherence
of proton to its single quantum coherence. A-H correspond to spin
statesRPRC1RC2, RPRC1âC2, RPâC1RC2, RPâC1âC2, âPRC1RC2, âPâC1RC2,
âPRC1âC2, andâPâ-C1âC2, respectively. The other experimental details
are given in the text.
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+ |âR〉)/x2 and (|Râ〉 - |âR〉)/x2. The other two outer
transitions correspond to spins states|RR〉 and |ââ〉.

The cross sections taken along the SQ dimension, at three
different spin states in the FQ dimension, correspond to
selectively detected single quantum transitions on the basis of
the spin state of the passive spins. The selectively detected
transitions at each cross section contain information on the
proton chemical shifts and proton-proton dipolar couplings.
The 12 SQ transitions are selectively detected for|RR〉 and|ââ〉
states. The analysis of one of these is sufficient for the
determination of proton chemical shifts and proton dipolar
couplings. Thus, this significantly reduces the complexity of
the analysis. Similar information can also be obtained using the
SQ transitions that are selectively detected for the spin states
(|R1â2〉 + |â1R2〉)/x2 and (|R1â2〉 - |â1R2〉)/x2 of fluorine, for
which there are nearly 60 transitions.

The three selectively detected single quantum spectra were
independently analyzed using the computer program LE-
QUOR.39 The indirect spin-spin couplings taken from the

literature40 were kept constant during the iteration. Only proton
dipolar couplings and proton chemical shifts were varied during
the iteration, and all the 12 selectively excited transitions for
|RR〉 and|ââ〉 states were assigned to a root-mean-square error
of 0.6 Hz in each analysis. Combined analyses of spectra from
both |RR〉 and |ââ〉 states also provideDHH couplings. The
analysis of the spectrum from the spin states (|R1â2〉 + |â1R2〉)/
x2 and (-|R1R2〉 + |â1R2〉)/x2 of fluorine providesDHH and
DFH couplings. Although theDHH could be determined with the
same precision and the rms error was 0.6 Hz, the standard
deviations forDFH couplings were very large. The combined
analysis of the spectra taken at the cross section for the spin
state|RR〉 and the degenerate spin state was carried out. Forty-
five lines were assigned to an rms error of 0.7 Hz. The standard
deviations of the determined parameters,DHH andDFH, indicated
that these parameters are very precise. To ascertain the precision
of the determinacy of the spectral parameters, the SQ spectrum
(Figure 10a) was also independently analyzed in a conventional
way, and all the observed 83 transitions were assigned to a root-
mean-square error of 0.08 Hz. The derived spectral parameters
in all the above analyses are given in Figure 11 as a histogram.

The structural and order parameters of orthodifluorobenzene
in the liquid-crystalline solvent have been studied earlier.41 The
main focus of the present study is to develop the methodology
to aid the analyses of the complex spectra. Hence, only spectral
parameters have been derived, and the molecular geometry and
ordering are not reported here.

The study unambiguously establishes that the spin state
selective detection of the SQ transitions using MQ coherence
not only reduces the complexity of the spectrum drastically but
also aids the analysis. The method can therefore be extended
to systems with more number of interacting spins. The applica-

Figure 9. The 500 MHz 2D spectrum of orthodifluorobenzene aligned
in the liquid-crystal ZLI-1132, correlating homonuclear FQ coherence
of protons to its SQ coherence. Two outer transitions in the FQ
dimension correspond to spin states|RR〉 and|ââ〉, respectively, s and
a refer to spin states (|R1â2〉 + |â1R2〉)/x2 and (|R1â2〉 - |â1R2〉)/x2,
respectively. The other experimental details are given in the text.

Figure 10. (a) The 500 MHz 1D proton spectrum of orthodifluo-
robenzene aligned in the liquid-crystalline phase ZLI-1132; (b-d) the
FQ dimension of Figure 5B plotted with identical scale for comparison.
s and a refer to symmetric and antisymmetric states (|R1â2〉 + |â1R2〉)/
x2 and (|R1â2〉 - |â1R2〉)/x2, respectively. The other experimental
details are given in the text.

Figure 11. The histogram showing the values of dipolar couplings
determined by the analyses of the different cross sections of the
spectrum shown in Figure 9 and from the 1D proton spectrum. Top
trace: homonuclear proton couplings obtained by (A) the analysis of
the cross section taken along SQ dimension at the spin state|RR〉 in
FQ dimension, (B) the analysis of the cross section taken along SQ
dimension at the spin state|ââ〉 in FQ dimension, (C) the combined
analysis of the two cross sections from|RR〉 and |ââ〉 states of FQ
dimension, (D) the combined analysis of the cross sections of states
|RR〉 and (|R1â2〉 + |â1R2〉)/x2 and (-|R1â2〉 + |â1R2〉)/x2, (E) the
analysis of 1D proton spectrum. Bottom trace: dipolar couplingsDFH

(D15, D16, D25, D26) andDFF (D56) obtained by the analysis of (D) the
combined analysis of the cross sections of states|RR〉 and (|R1â2〉 +
|â1R2〉)/x2 and (-|R1â2〉 + |â1R2〉)/x2 and (E) the analysis of 1D proton
spectrum. The vertical bars give standard deviations on the parameters
determined.
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tion of this methodology for other complicated systems and to
isotropic systems is in progress and will be published elsewhere.

Conclusions

The transitions observed in the SQ spectrum are generally
redundant, and all the transitions are not essential for the
determination of the spectral parameters. It is shown in the
present study that by employing the homonuclear MQ coherence
it is possible for spin state selective detection of the SQ
transitions on the basis of the spin state of the coupled
heteronuclei. The number of transitions excited using this
method is significantly less in number than the normal one-
dimensional spectrum and is sufficient to determine spectral
parameters. Therefore, the analysis of the complex proton
spectra is simplified. The technique is demonstrated on the
doubly 13C enriched acetonitrile in the liquid-crystalline phase
and is applied to the analysis of the complex six-spin proton
spectra of orthodifluorobenzene aligned in the liquid-crystalline
media.
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