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Multiple quantum-single quantum correlation experiments are employed for spectral simplification and
determination of the relative signs of the couplings. In this study, we have demonstrated the excitation of
three nuclei, triple quantum coherences and discussed the information obtainable from such experi-
ments. The experiments have been carried out on doubly labeled acetonitrile and fluoroacetonitrile
aligned in liquid crystalline media. The experiment is advantageous in providing many spectral param-
eters from a single experiment. The coherence pathways involved in the pulse sequence are described
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1. Introduction

The concept of multiple quantum (MQ) experiments has been
utilized in isotropic systems, molecules oriented in liquid crystal
media and in solid state NMR either to study the spin dynamics
or for the determination of structure of small molecules, bio-mol-
ecules and solids [1-7]. NMR is an excellent test bed for quantum
mechanical demonstration of spin dynamics. The knowledge of
spin dynamics of the coupled spin systems aids in the designing
of desired experiments for the extraction of appropriate spectral
information [8-20]. Multiple quantum excitations are feasible
when two or more coupled nuclei are present in a system. The
spins that are involved in the creation of MQ coherences are known
as active spins and the remaining as passive spins. The collection of
active spins can be considered as a single spin during the evolution
of multiple quantum coherences and which evolve at the sum of
chemical shifts of active spins and under the additive value of
the couplings between active spins and a passive spin [21,22].
The direct detection of MQ coherences is forbidden and the two
dimensional experiments are utilized where higher quantum
coherences evolve in the indirect dimension and are subsequently
converted to single quantum coherences [7]. Numerous homo- and
hetero- nuclear MQ studies involving two nuclei have been re-
ported [1-20]. In this work we have extended our earlier study
of two heteronuclear multiple quantum experiment to three nuclei
multiple quantum experiment by simultaneous flipping of three
different nuclei. This aids in the extraction of additional informa-
tion about the couplings, than the heteronuclear double resonance
MQ experiments. Consequent to the involvement of more active
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spins, more information about couplings can be determined in
the indirect dimension in a single experiment. Thus it circumvents
the need for the utilization of several double resonance MQ exper-
iments for obtaining identical information. The evolution and
detection of these coherences is discussed through product opera-
tor formalism [20].

2. Spin dynamics in the designed pulse sequence

The designed pulse sequence is reported in Fig. 1. For the con-
ceptual understanding of excitation and evolution of triple quan-
tum (TQ) coherences, a coupled heteronuclear three spin (I, P and
S) system is considered.

The first 7/2 pulse applied on the I-spins brings the magnetiza-
tion of I-spins to the transverse plane. Thus the magnetization at
stage 1 of the sequence is;

=P, +S, (M

These spins evolve under the coupling with P spins to create I-
spin anti-phase terms at the end of 7 period, where the duration
7, corresponds to 1/2];p, which is essential to excite MQ coher-
ences. The magnetization just before the application of the /2
pulse on P spins (stage 2) is:

I+ LP,+P,+S, (2)

The 7/2 pulse on P-spins creates MQ coherences from the anti-
phase terms and the magnetization at stage 3 is:

Iy +IxPy + Py + S, (3)

The created 1Py multiple quantum coherences are then allowed
to evolve during 7, under the coupling to S spin. The effective cou-
pling experienced by these coherences is the sum of the couplings
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Fig. 1. Pulse sequence for triple resonance, triple quantum experiment. The thin
and thick bars represent 7/2 and 7 pulses respectively. All the pulses are applied
along x. If the third nucleus is at low natural abundance, the first /2 pulse on the
third nuclei and receiver need a two-step phase cycling x, —x. The gradients G1 and
G2 were appropriately chosen, depending on the heteronuclei and the coherence
order to be retained during t;.

Tis and Tps, wher T refers to the sum of scalar and dipolar couplings
and the superscript to the number of bonds between the coupled
nuclei [21]. The simultaneous application of 7w pulses on all the
three channels results in anti-phase double quantum coherence
with respect to the third spin S when the delay 7, is half of the in-
verse of the sum of these two couplings. The magnetization at
stage 4 of the sequence is:

L+ LS, + LS, + P, + P,S, +, (4)

Therefore one of the requirements of this experiment is the use
of two optimum delays 7, and 7,. The last pulse before the t; per-
iod, on S-spins, will excite desired three spin multiple quantum
coherences (stage 5).

1PySy ()

These TQ coherences evolve during t; period and are converted
into single quantum coherences by the simultaneous application of
7/2 pulses on all the three channels. In the present experiments,
we have retained only three nuclei TQ coherences during t; by
selecting the appropriate pathway using gradients. These TQ
coherences evolve at the sum of the chemical shifts of the three
spins involved and under the sum of the couplings between the ac-
tive spins and a passive spin.

3. Experimental

To demonstrate the application of the pulse sequence, we have
chosen two molecules, viz., doubly labeled acetonitrile and fluoro-
acetonitrile, aligned in the liquid crystal ZLI-1132. In the acetoni-
trile sample, 'H, 3C and "N and in the fluoroacetonitrile sample,
H, F and '3C, with '3C at natural abundance, are the participating
spins. All the experiments were carried out on Bruker AV-500 NMR
spectrometer at 298 K. The acquisition and processing parameters
are reported in the corresponding figure captions.

4. Results and discussion

The pulse sequence was initially demonstrated on doubly la-
beled acetonitrile, an I3PP,S spin system, where I3 are methyl pro-
tons, P; and P, are respectively methyl and nitrile carbons and S is
nitrogen. The corresponding two dimensional TQ-SQ correlated
spectrum is shown in Fig. 2. Consequent to the labeling of both
the carbons, there is a possibility of simultaneous excitation of
two 'H'3C'®N triple quantum coherences, with the participation
of methyl carbon (P;) in one and the nitrile carbon (P,) in the other.
The two TQ coherences along F; dimension are represented by the
doublet headed arrows k and 1 respectively and are split into trip-
lets and then doublets. This is due to the fact that each of the TQ
coherence is coupled to two passive protons and a passive carbon
respectively. In the TQ spectrum marked as Kk, the triplet splitting
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Fig. 2. Two dimensional triple resonance TQ-SQ spectrum of doubly labeled
acetonitrile. The delay 7, was set to 1.5ms and 7, to 1 ms. Four FIDs were
accumulated with 512 and 8 k data points in F; and F, dimensions respectively. The
total duration of the experiment was 2 h. The data was zero filled to double the data
points and exponential window functions were used in both the dimensions before
processing. The markings k and | represent two possible TQ coherences pertaining
to methyl and nitrile carbons, as the active spins, respectively. The marked
separations yield the coupling information as discussed in the text. The gradient
ratio G1:G2 was 40:54.

b, due to the presence of two passive protons, is the sum of the
couplings 2Tyy, 'Tey and 3Tyy. This splitting is 6660 Hz and corre-
sponds to the situation when 2Tyy (4556 Hz) and 'Tcy (2206 Hz)
are of same sign and 3Tyy (95 Hz) is of opposite sign. Based on
the earlier report [22], 2Tuy is taken as positive, it is possible to as-
sign positive sign to 'Tcy and negative to >Tyy. The smaller doublet
a is due to the presence of nitrile carbon with the splitting of
1836 Hz. This is true only when ?Tc¢y (617 Hz), 1T¢c (665 Hz) and
1Ten (560 Hz) all have the same sign. In the TQ labeled as 1 the
triplet splitting d is 3844 Hz and this pertains to the sum of the
couplings ?Tyy (4556 Hz) of one sign, and 2Tcy (617 Hz) and 3Ty
(95 Hz) different from 2Tyy. This establishes that 2Ty is negative.
From these arguments we can assign 'Tcc and Ty to be negative.
The smaller doublet c is due to the presence of methyl carbon with
the splitting of 1490 Hz. This is equal to the sum of the couplings
"Ten (2206 Hz), 'Tec (665 Hz) and 2Tey (55 Hz) only when the first
term has a different sign with respect to the remaining two. This
concludes that ?Tcy is negative. All the determined couplings are
reported in Table 1.

After successful implementation of the pulse sequence on the
labeled sample, to ascertain its generality and applicability, the
experiment was carried out on the sample fluoroacetonitrile, with
13C at its natural abundance. In this situation the three participat-
ing spins are 'H, '°F and !3C. Because of natural abundant '3C, to
retain the magnetization of 13C attached 'H and '°F nuclei the first
7/2 pulse on S spin requires a two-step phase cycling x, —x and the
receiver should follow identical phase cycling. The 2D TQ-SQ spec-
trum of this molecule is reported in Fig. 3. As in the previous case,
in this system the two possible TQ coherences are marked as k and
1, respectively with 'H, '°F and '3C (methyl) and 'H, '°F and '3C (ni-
trile) as the active spins. The separation k pertains to the sum of
2Tyn, 'Tuc and 2Tyr and the separation 1 to the sum of 2Tyg, 2Tyn
and ?Tcy. In Fig. 3, the observed doublet separation k is 7010 Hz
and is equal to the sum only when 2Ty (4321Hz), Tyc
(2337 Hz) and 2Ty (359 Hz) are of same sign (marked as a, ¢ and
b respectively). The separation 1, which is 4505 Hz, is equal to
the sum of Ty (4321 Hz), 2Ty (359 Hz) and 2Ty (175 Hz) with
the last being opposite (marked as a, ¢ and d respectively). Since
2Tyy is assumed to be positive and 'Tyc and 2Ty are known to be
positive, 2Tcy has to be negative to satisfy this value.
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Table 1

The couplings measured from the experiment and determined based on the relative
signs for labeled acetonitrle and fluoroacetonitrile oriented in liquid crystal ZLI-1132.
The signs of the magnetogyric ratios of the nuclei are not included during the
calculations [22].

Couplings Value with sign (Hz) F, dimension splitting (Hz)
Calculated Measured

Acetonitrile

“Thn 4556 a 1842 1836

Ty 2206 b 6667 6660

“Thc -617 c 1486 1490

3Tau -95 d 3834 3844

Tec —665

“Ten -55

Ten -560

Couplings Value with sign (Hz) Splitting in the F, dimension (Hz)
Calculated Measured

Fluoroacetonitrile

’Thn 4321 k 7018 7017 Hz

“The 359 1 4510 4505

Tey 2337

Tep 788

Ten -175

T b

 The value was obtained from '*C{'H} spectrum consequently sign is unknown.
° This value could not be determined.
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Fig. 3. The 2D triple resonance 3Q-SQ spectrum of fluoroacetonitrile with '3C at its
natural abundance. The delay 7; was set to be 1.4 ms and 7, to 0.2 ms. For each t;
increment eight scans were accumulated with 512 and 2 k data points in F; and F,
dimensions respectively. The data was zero filled to double the data points and
Fourier transformed with exponential window function in both the dimensions. The
marked separations are discussed in the text. The gradient ratio G1:G2 was 40:87.6.

This concept can be extended to any molecule with MQ excita-
tion for the determination of relative signs of the couplings. In a
double resonance MQ experiments, one can compare signs of only
two couplings from one separation in the indirect dimension,
where as in this experiment three of them can be compared to
get the relative signs of any two. All the coupling information could
be derived in a single experiment unlike in our previously reported
two nuclei DQ experiments. The precise values of the dipolar cou-
plings can be obtained by knowing the magnitudes and signs of
scalar couplings [22].

5. Conclusions

The tri-nuclear triple resonance pulse sequence has been devel-
oped for the creation and detection of higher quantum coherences.

The spin dynamics at different stages of the pulse sequence has
been understood using product operators. The application of tri-
nuclear TQ-SQ technique to dipolar coupled spin systems reveals
that the single experiment is able to provide all the magnitudes
and relative signs of the couplings. The technique can be extended,
with the similar logic, to larger number of heteronuclear spin sys-
tems provided the spectrometer has multiple frequencies
channels.
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