Journal of Magnetic Resonance 194 (2008) 192-201

journal homepage: www.elsevier.com/locate/jmr

Contents lists available at ScienceDirect

Journal of Magnetic Resonance

Spin-selective multiple quantum excitation: Relative signs of the couplings and

ambiguous situations

Sankeerth Hebbar ®?, N. Suryaprakash >

2 Solid State and Structural Chemistry Unit, Indian Institute of Science, Bengaluru, Karnataka 560 012, India

Y NMR Research Centre, Indian Institute of Science, Bengaluru, Karnataka 560 012, India

ARTICLE INFO ABSTRACT

Article history:

Received 25 February 2008
Revised 28 June 2008
Available online 4 July 2008

Keywords:

Multiple quantum
Spin state selection
Sign of the couplings
Dipolar couplings
Scalar couplings

Homonuclear higher quantum NMR spectra of heteronuclear spin systems result in fewer transitions aid-
ing the analyses. In such experiments the spin states of the heteronuclei do not get disturbed in both sin-
gle and multiple quantum dimensions resulting in the separation of active homonuclear and passive
heteronuclear couplings in two dimensions. The cross sections of the single-quantum dimension get dis-
placed according to the strengths of the passive couplings. The directions of the displacement of these
cross sections provide relative signs among the passive couplings. The present study demonstrates the
situations when the displacement vectors, though provide the relative signs, could be ambiguous. The
dynamics of the spin systems in homo- and heteronuclear multiple quantum studies have been discussed
using polarization operator approach. The experimental results on 3C- and '’N-labeled isotopomers of
acetonitrile, in both isotropic and thermotropic liquid crystalline phases, are reported.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Determination of the relative signs of the direct and indirect
couplings is one of the widely studied areas in NMR [1]. Several
one and two dimensional NMR techniques are available in the lit-
erature for the determination of magnitudes and relative signs of
the coupling constants, such as, Z-COSY, Soft-COSY, E-COSY
[2-6], spin tickling [7] and, double and triple resonance [8] exper-
iments. The spin state-selective detection is another direction of
approach where the high-field and low-field components of the
multiplet are separated or individually detected [9-24]. Two-
dimensional experiments correlating homonuclear spin-selective
higher quantum to single quantum also provided the relative signs
of the couplings in weakly scalar-coupled spin systems [25,26].
However, these multiple quantum experiments fail to provide
the information about the relative signs of the homonuclear or ac-
tive couplings. In the present work the different combination of
homo- and heteronuclear multiple quantum experiments have
been carried out on weakly coupled spin systems to derive this
information. Relative signs of all the indirect and direct dipolar
couplings have been determined, respectively, in isotropic and li-
quid crystalline phases, in doubly '>C- and '’N-labeled acetoni-
trile. Furthermore, it is also demonstrated that in systems
containing two different heteronuclei, the spectral complexity
can be reduced by mimicking simultaneous decoupling of two dif-
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ferent heteronuclei or the selective decoupling of one of the het-
eronucleus. This has been achieved by employing the
homonuclear highest quantum or the spin-selective heteronuclear
higher quantum detection. The ambiguous situations encountered
in obtaining the relative signs of the couplings are discussed using
the polarization operator approach. The results have been con-
firmed experimentally both in scalar- and dipolar-coupled spin
systems. The relative signs of the scalar couplings thus determined
have been employed to obtain the precise magnitudes and relative
signs of the dipolar couplings.

2. Experimental

The different isotopomers of doubly labeled acetonitrile, viz.,
13CH5'3CN (1), 3CH5CN (2), CH5'3C'>N (3) and '>CH5'3C'>N (4)
obtained from Sigma-Aldrich were used without further purifica-
tion. The solution of isotopomer 4 in CDCl3 was used for the studies
in isotropic phase. For studies in the aligned media the solution of
isotopomer 1 was prepared in the liquid crystal ZLI-1132 (mixture
of three phenyl cyclohexanes and one bicyclohexane) and the solu-
tions of the remaining isotopomers were prepared in the liquid
crystal ZLI-1115 (trans-4-heptyl-1-(4-cyanophenyl)-cyclohexane).
The liquid crystals were obtained from MERCK. The proton spectra
provided the line widths of less than 0.5 and 5.0 Hz in isotropic and
liquid crystalline phases respectively. All the experiments were
carried out on a Bruker AV-500 NMR spectrometer with field
strength of 11.74 T operating at the frequencies of 500.13, 125.77
and 50.67 MHz for 'H, '3C and "N nuclei, respectively. The tem-
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perature was maintained at 300 K by a Bruker BVT-3000 tempera-
ture-regulating system.

All the homo- and heteronuclear two-dimensional multiple
quantum (MQ)- single quantum (SQ) correlation experiments
were carried out using the pulse sequences given in Fig. 2A and
B, respectively. The delays, 7, were optimized to get anti-phase
magnetization before the application of a second 90° pulse. The
180° pulses between the two /2 pulses ensure that the chemical
shift evolution is refocused. The second 90° pulse converts the
anti-phase magnetization into MQ coherence. Any particular order
of the MQ to SQ coherence transfer is selected by applying the gra-
dients and the last 90° pulse converts the MQ coherence into ob-
servable SQ coherence. Two-dimensional data were processed
with sine bell and exponential window functions in F; and F,
dimensions, respectively, with zero filling to twice the time do-
main data points in both the dimensions. The acquisition and pro-
cessing parameters are reported in the corresponding figure
captions.

3. Multiple quantum spin state selection and relative signs of
couplings

The allowed transitions in a particular higher quantum depend
on the number of active spins and their interaction with the pas-
sive spins [27-29]. The different MQ orders of N interacting spins
can be selectively excited or detected [30]. In a coupled spin sys-
tem with several possibilities of higher quantum order, the partic-
ular order of coherence can be selectively or non-selectively
excited. In a non-selective excitation, the cross section taken along
the SQ dimension for each spin state of the passive spin in the MQ
dimension, provides all the transitions expected in the SQ dimen-
sion. In a selective excitation only the spin states of active spins
are disturbed and the states of passive spins remain unperturbed
in both 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 due to coupling between active spins.
The cross section taken along SQ dimension corresponding to any
one of the passive spin states results in the selective detection of
very few SQ transitions, but suffice for the determination of the
couplings between the active spins. The number of SQ transitions
in the one-dimensional spectrum, which are generally redundant,
is thus significantly reduced thereby simplifying the complexity
spectrum, as far as the determination of the couplings among the
active spins are concerned. Furthermore, the F; cross sections are
displaced based on the strengths of the passive couplings. The
directions of the tilt of the displacement vectors provide informa-
tion on the relative signs of the passive couplings. This phenome-
non has been understood using product operator approach [26].

4. Results and discussion

4.1. Analyses 'H and '3C spectra of acetonitrile oriented in liquid
crystal

The proton and 3C-detected NMR spectra of all the isotopomers
are amenable for the first-order analyses both in isotropic and ori-
ented phases. The isotopomers, 1, 2 and 3, form AsMX type of spin
systems, where A3 pertains to three methyl protons, M and X per-
tains to 'C or >N depending on the isotopomer. However, the spin
system in the isotopomer 4 is of the type AsMPX, where As corre-
sponds to three methyl protons, M, P and X are two '3C spins and
one '°N spin, respectively. The SQ spectrum of spin A in AsMX spin
system (1, 2 and 3) results in a 1:2:1 triplet due to Dyy. Each tran-
sition of this triplet is further split into doublet of a doublet of
equal intensity, due to Dcy and/or Dyy, giving rise to 12 transitions.

Similarly in 4, there are 24 transitions as each of these 12 transi-
tions is further split by the third spin (>N or '3C). The first-order
analyses of the spectra of the isotopomers provide the values of
D12, T4, T15 and Ty (Where Tj; = Jj; + 2Dj;). In the isotropic phase, ex-
cept for the non-appearance of the splitting pattern among methyl
protons and the influence of | couplings instead of dipolar cou-
plings, the nomenclature of the spin system is identical to that in
the liquid crystalline phase.

The chemical structure with the numbering of the nuclei and 'H
and '3C spectra of isotopomer 4 are shown in Fig. 1. The M- or X-
detected SQ spectrum of 1 gave the doublet of a quartet at the
chemical shift positions of carbon 4 and the signal from the carbon
attached to nitrogen (Cs) is significantly broadened due to directly
bonded quadrupolar N spin. The couplings T4 and Ts, could be
determined from this spectrum. The M- and X-detected spectrum
of 2 and 3 are doublet of quartets at the chemical shift positions
of M or X giving Ty4, T1s, T4 and Tse. The spectrum of 4 provides
a quartet at the chemical shift positions of each carbon due to
Tcy which are further split into doublet of a doublet from the
remaining '>C and '°N spins. The '°N labeling aided the detection
of sharp resonances for C5 carbon in isotopomers 3 and 4. The mul-
tiplicity at the chemical shift position of carbon 4, provides T4, T4s
and T4, whereas the multiplicity at the chemical shift position of
carbon 5 provides T;s, T4s and Tsg. Thus from both 'H and '3C spec-
tra of 4, it is possible to determine all the seven couplings, viz., D;,
T14, T1s, T16, Tas, Tsg and Tse. The 15N spectra of 2,3 and 4 prOVide
the redundant information.

4.2. Reducing the redundancy: mimicking simultaneous decoupling of
all the heteronuclei

To reduce the redundancy of single-quantum transitions of the
one-dimensional proton spectrum and to determine the relative
signs of the couplings, we have employed our earlier developed
methods [25,26]. The homonuclear 'H triple-quantum (3Q) spectra
of all the isotopomers were recorded, but the present discussion
will be restricted to 3Q spectra of 4 reported in Fig. 3. The discus-
sion for other isotopomers is a mere extension of the analogy.

In the 3Q spectra of isotopomer 4,the passive spins, M, P and X,
are the two '3C spins and one °N spin, respectively. This results in
eight identifiable transitions in the MQ dimension corresponding
to eight passive spin states [MoPoXa), |[MoPoaXs), IMaPsXa),
|MCXPBXB>' |MBPCXX&>' |MBPCXXB>' |MBPBX(X> and |MBPBXB>' The Sepa-
rations giving the coupling information are marked in the figure.
The cross sections taken parallel to the SQ dimension correspond-
ing to each of the eight spin states of 4 in the 3Q dimension results
in a triplet, which are displaced along the F; dimension. The sepa-
ration of the adjacent transitions of the triplet in each cross section
provides the dipolar coupling among the methyl protons. Although
the F, projection resemble the normal one-dimensional spectrum,
the transitions detected according to the spin states of the passive
spins mimic the simultaneous decoupling of protons from both '3C
and °N. Nevertheless, the coupling information between the pro-
tons and coupled heteronuclei is derivable from the 3Q dimension.
Thus the method can be employed for simplification of the one-
dimensional spectra, when different heteronuclei are present, as
far as the determination of the homonuclear couplings is con-
cerned. Irrespective of the fact whether the spin system is strongly
or weakly coupled and whether spins are scalar or dipolar coupled,
the technique mimics the decoupling of all the heteronuclei simul-
taneously. Similar discussion can also be extended to the 'H 3Q-SQ
correlation spectra of other isotopomers.

The direction of tilt of the cross sections along the F; dimension
indicates that all the passive couplings have the same signs. The
magnitudes and of the couplings obtained by the analysis of the
homonuclear proton 3Q spectrum are reported in Table 1. The
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Fig. 1. (A) The chemical structure and numbering of interacting spins in doubly labeled acetonitrile; (B and C) 'H and '>C spectra of isotopomer '*CH;3'3C'°N, respectively. The
marked separations a-d provide coupling information Ty, Tys, T14 and Ty, (3Dyy), respectively.

analyses of homonuclear 3Q-SQ spectra of the remaining isotopo-
mers also gave identical information on the relative signs of the
couplings.

4.3. Mimicking selective decoupling: heteronuclear 4Q experiments

The simultaneous flipping of three methyl protons and a hetero-
nucleus results in fourth quantum (4Q) spectrum. In 1, two 4Q
spectra, viz., AsM and AsX could be simultaneously detected and
in 2 and 3, depending on the isotopomer two types of 4Q excita-
tions, viz., AsM and AsX are possible. In the isotopomers 1, 2 and
3, the 4Q dimension pertains to the spin system of the type AX,
where A is the super spin with three protons and any one of the
two heteronuclei flipping simultaneously and X is the passive spin.
Projection on the 4Q dimension is A part of AX spin system and is a
doublet corresponding to the two spin states |a) and |B) of the X
spin with the separation giving the sum of all the passive cou-
plings. In 1, the excitation of either of the two possible 4Q disturbs
the spin states of the non-participating '>C spin and does not
achieve any spin state selection and the question of discussing
the relative signs of the couplings from the displacement vectors
does not arise. This is equivalent to a non-selective 4Q excitation.
The simultaneously detected two 4Q spectra of 1 are reported in
Fig. 4. The cross section taken parallel to SQ dimension, corre-

sponding to each of the spin states |o) and |B) in the 4Q dimension
for either carbon numbered 4 or 5, results in doublet of a triplet
from which Dyy, Ti4 and Tys can be derived and are marked in
the figure.

In the AsM 4Q spectra of 2 reported in Fig. 5A, the doublet separa-
tion in the 4Q dimension provides the sum of the passive couplings,
T16 and T46. The projection taken along SQ dimension provides dou-
blet of doublet of a triplet. These 12 transitions get displaced in the
4Q dimension according to two spin states |o) and |p) of '°N. The
cross section taken for any spin state in the 4Q dimension provides
doublet of a triplet. This is a situation where >N is selectively decou-
pled in each cross section. The derivable couplings Dyy, T14 and Tig
are marked in the figure. Similarly, in the AsX 4Q spectra of 2 re-
ported in Fig. 5b, the derivable couplings, Dyy, T1¢ and T4 are marked
with alphabets and their values are reported in Table 1. This is a sit-
uation where '3C spins are selectively decoupled in each cross sec-
tion. The twelve transitions are displaced in the 4Q dimension
according to the spin states of 13C.

The analogy of the analyses can be suitably extended to all the
4Q spectra of the remaining isotopomers. In isotopomer 4 there are
three possible 4Q spectra, viz., AsM, AsP and AsX, where M, P and X
pertain to the spins numbered 4, 5 and 6, respectively. However,
the present discussion is restricted to one of these three possibili-
ties. For each 4Q spectrum, 4Q dimension pertains to the A part of
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Fig. 2. (A and B) The pulse sequences used for the excitation of homo- and
heteronuclear experiments used in all the experiments. The phases of all the pulses
are set to x and the selection of the particular quantum coherence is achieved by the
gradients. G; and G, are the gradients used to selectively detect the particular order
of the quantum.
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Fig. 3. The homonuclear 3Q-SQ correlation spectra of isotopomer 4. The t; and ¢,
dimensions corresponds to 3Q and SQ dimensions, respectively. The size of the 2D
data matrix is 128 x 8k. Eight scans for each FID with a recycle delay of 3 s. The
optimized 7 delay is 0.056 ms. Digital resolution is 25 and 1.0Hz in F; and F,
dimensions, respectively. |oo), o), [aBor), [aBB), |Boar), |BorB), [BBa) and |BPP) are
the eight spin states corresponding to two 'C and >N spins. The alphabets marked
a-d provide coupling information, 3D+, T14, T15 and Ty, respectively.

an AMX spin system with four passive spin states. For AsX 4Q spec-
trum reported in Fig. 6, the four possible spin states in the 4Q
dimension are [MyPq), [MoPg), IMgPo) and [MgPg). The separations
providing four different couplings are marked in the figure. How-
ever, there is a spin state selection due to '>C spins and also the dis-
placement of cross sections.

4.4. Relative signs of the couplings from MQ separations
Since MQ terms evolve during t; as a sum of all the passive cou-

plings the frequency separations can be exploited for deriving the
relative signs of the passive couplings. The signs of T14 and T;5 with

respect to Tcc are obtainable from the heteronuclear 4Q (AsM and
A3X) of 1, wherein the three protons of the methyl group, the
methyl carbon and the carbonyl carbon are excited (Fig. 4). The lar-
ger splitting (6300 Hz) marked e in the spectrum corresponds to
3(Ty4) £ T4s and the smaller splitting (2710 Hz) marked d corre-
sponds to 3(T;s5)+ T4s. From the one-dimensional spectrum we
have the values of 3Dyy (4830 Hz), T4 (2330Hz), T;5 (650 Hz)
and Ty4s (710 Hz). (It is to be noted that sample 1 was in a different
solvent and therefore the magnitudes are different from Table 1).
Algebraic combination of these couplings provides the information
that T4 and T¢c have opposite signs and the couplings Tys and Tcc
have same signs. In addition the heteronuclear 3Q experiment (not
shown), where two protons and the methyl carbon were excited,
reveals that Ty4s is opposite in sign to that of Dypy.

Similarly splitting along 4Q dimension in 4Q spectrum of 2
(Fig. 5b), wherein three protons of the methyl group and Nitrogen
(Ng) are excited, provides the information that, T;4 and T4 are of
opposite signs. Splitting along 3Q dimension in 3Q spectrum of 2
(not shown), wherein two protons of the methyl group and Nitro-
gen (Ng) are excited, provides the information that Dyy and T are
of opposite signs. Splitting along 3Q dimension in 3Q spectrum of
3(not shown), wherein two protons of the methyl group and Nitro-
gen (Ng) are excited, reveals that T;g and Tsg have same signs.. The
relative signs of the couplings derived by the combination of all
these experiments are summarized in Table 1.

These observations contradict what was inferred from the
homonuclear 3Q experiments that the relative signs of all the cou-
plings are identical. Such ambiguous situations are encountered in
homonuclear 3Q spectra of all the four isotopomers. This implies
that the directions of the displacement vectors cannot always be
taken as an indicator for the determination of the relative signs
of the couplings. To unravel this ambiguity, the dynamics of the
spin system during the pulse sequence is understood using the
polarization operator approach [31] and is discussed in the follow-
ing section.

4.5. Spin dynamics in homonuclear 3Q-SQ correlation

The behavior of the magnetization during both t; and t, periods
is discussed for the isotopomer 4, an AsMPX spin system. The dis-
cussion is equally valid for understanding the dynamics of the
remaining isotopomers. In the homonuclear 3Q-SQ correlation,
the two triple-quantum states for the super spin A in the t; dimen-
sion corresponds to o) and |BBR). The coherence between these
two states is represented as A;.A,.As., where A; is the raising
operator given as A;, = Ajx + Ay, Therefore, the polarization operator
during the t; period can be written as Aq:+A2:A3:M;P;Xy, where i, j
and k represent any of the |a) and [B) states of the spins M, P
and X, respectively. Pertaining to eight product spin states of the
passive spins, there are eight transitions along the F; dimension.
The application of the second 90° pulse converts these 3Q terms
into SQ terms. As an example, the 3Q term A;.A.As. coupled to
one of the passive spin states, viz., MyPyXq, gets converted to A_
single quantum term as;

A1+A2+A3+Mcxpocxtx - Al—AZuABuMocPotXm
Al—AZuAE'[SMocPaXu
Al—AZ[&A%tMuPtxXot
A1_AxAzgMy Py X, (1)
The second and third terms of Eq. (1) have the same frequency
and the four terms gives rise to a triplet for all the combinations of
passive spin states. Similarly, the conversion of the triple-quantum

coherence coupled to all the passive spin states can be calculated
and are summarized in Table 2. Thus there are 24 allowed transi-
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Table 1
The magnitudes and signs of the scalar and dipolar couplings determined by the combination of homo- and heteronuclear MQ-SQ correlation experiments on different
isotopomer of doubly labeled acetonitrile

Spins Couplings (Tj) in oriented media (Hz) Indirect couplings (J;;) (Hz) Direct couplings (Dj;)
Conventional® Adopting sign of gyromagnetic ratio Experimental (Hz) From fixed geometry® (Hz)
HHH +4575 +4575
CH +2214 +2214 +136 +1039 +1042
CsH -620 -620 -10 -305 -292
C4Cs —667 —667 +58 -363 —356
NeH —96 +96 -18 +47 +48
NgCa —54 +54 +2.8 +26 +26
NsCs —528 +528 +18 +255 +318¢
2 Without considering the sign of the gyro-magnetic ratio.
b With the assumption that, Dy = +4575, fixed geometry, and single-order parameter.
¢ Attempt was to determine only the correct signs and not the precise magnitudes.
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Fig. 4. The heteronuclear AsM and AsX 4Q spectrum of isotopomer 1. The t; and ¢,
dimensions corresponds to 4Q and SQ dimensions. The size of the 2D data matrix is T J T T ‘ ' T
128 x 8k. Sixteen scans for each FID was accumulated with a recycle delay of 3 s. 6000 4000 2000 0 -2000 -4000 -6000 Hz
The optimized 7 delay is 0.12 ms. Digital resolution is 50.0 and 1.0 Hz in F; and F,
dimensions, respectively. |o) and |B) are the two spin states of the passive '>C spin Hz o I “ I I M
and are marked for both carbons 4 and 5. The separations (in Hz) marked d and e at
the chemical shift positions of carbon 4 and 5, respectively, provide the sum of B
passive couplings. The other separations marked are (a) T;s, (b) T14 and (c) 3Ds5. 3000 [ " I
. . . . . . . -2000
tions in the F» dimension, that are displaced along the F; dimension
corresponding to eight passive spin states. 1000
The appearance of the homonuclear 3Q-SQ correlation spec-
trum for different sign combinations of passive couplings can eas- 0
ily be depicted by the pictorial representation of the two-
dimensional matrix. With an initial assumption that all the passive 1000
couplings have same sign, the appearance of the spectrum is illus-
trated in Fig. 7A. The eight transitions in the 3Q dimension de- 2000
picted are from the eight possible combination of spin states of :
M, P and X which are marked along the 3Q dimension. In the SQ 3000 ¢
dimension there are 24 proton transitions arising from the splitting ” 1l
of triplet of methyl protons by the eight spin states of M, P and X as 4000
depicted in the figure. de ToT zolt)(] ' tl) ' 2(|)t10 ' 4(‘]]0 T -

The Fig. 7B represents the 2D matrix when the signs of T;5 and
Ty are reversed. This pertains to a situation when the spin states
|o) and [B) of P spin are interchanged in both 3Q and SQ dimen-
sions. Both the figures are identical in appearance, including the
directions of displacements, indicating that the change of signs of
the couplings does not alter the appearance of 3Q-SQ correlated
spectrum. This is true for change of signs for any combination of
the passive couplings. The implication of these observations is that
it is not possible to arrive at the relative signs of the couplings by
employing the direction of tilt of the displacement vectors in
homonuclear 3Q-SQ correlation experiments.

Fig. 5. (A) The heteronuclear AsM 4Q spectrum of isotopomer 2. The t; and t;
dimensions corresponds to 4Q and SQ dimensions. The 2D data matrix is 64 x 8k.
Sixteen scans for each FID were accumulated and a recycle delay of 3s. The
optimized 7 delay is 0.15 ms. Digital resolution is 23.0 and 1.0Hz in F; and F,
dimensions, respectively. |o) and |B) are the two spin states of the passive '°N spin.
The separations (in Hz) provide (a) Ty, (b) T14 and (c) 3Dyy. (B) The heteronuclear
A3X 4Q spectrum of isotopomer 2. The t; and t, dimensions corresponds to 4Q and
SQ dimensions. The 2D data matrix is 64 x 8k. Sixteen scans for each FID were
accumulated with a recycle delay of 3 s. The optimized 7 delay is 0.4 ms. Digital
resolution was 78.0 and 1.0 Hz in F; and F, dimensions, respectively. |o) and |B) are
the two spin states of the passive '>C spin. The separations (in Hz) providing
coupling information are (a) Ty, (b) T14 and (c) 3Dypn.
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Fig. 6. The heteronuclear A3;X 4Q spectrum of isotopomer 4. The t; and t;
dimensions corresponds to 4Q and SQ dimensions. The 2D data matrix is 64 x 8k.
Sixteen scans for each FID was accumulated with a recycle delay of 5s. The
optimized t delay is 2.6 ms. Digital resolution is 25.0 and 1.0 Hz in F; and F,
dimensions, respectively. [oar), |oB), |Bory and |Bp) are the four passive spin states of
carbons. The separations (in Hz) provide (a) Ty, (b) T14, (c) T1s and (d) 3Dyp.

Table 2
Evolution of the terms in the homonuclear 3Q-SQ correlation experiment in an
AsMPX spin system

t; period (3Q) t, period (SQ)
A A A; M P X A A A M P X

Aq Ay Az My Py Xo Ag Aza Aszq My Po  Xo
A A A My Py X AL Apx A Mg Py X,
A Ar A My P, Xo A Awx A, My Py Xo
A A A My Py X A Ax Ay Mg Py X,
A A A My Py Xy AL Ay Aszq Mg  Po  Xa
A A A My Py Xy AL Agy A My Py Xy
A A A My Py Xo A Ap Ay My Py Xy
A A A My Py X A Awp A My Py X,
A~ A A3 Mg Py Xo A~ Ay Ao Mo Py Xy
A Ay As_ \Y Py XB A Azq/ﬁ A35/ o Mg Py XB
A A A3 Mo Py Xo A Agp Asppa Mo Pp Xo
A A A My Py Xs A Awyp Ao My Py X
AL Ap A My Py Xo A Awys Asyo My Py Xg
A A A My Po Xs A Awys Ao My Py X
Al Ay As Mg Py Xo A Ay Ao My P Xy
Al Ap A My Py Xy A Awys Asyo My Py Xg
A A A3 Mg Py Xo AL Ay Azo My Po  Xo
Al Ay As. Mg Py Xz A Ay Asq, Mo Py Xp
A A A My Py, Xo A Ax A Mg Py Xy
AL A A My Py X, AL Awx Ay My Py X,
A A A My Py Xo AL Ap Ay My Py Xy
Al A As. Mg Py Xp A Ay Az Mg Py Xp
AL A As My Py Xo AL Aw Ay My Py Xg
A A A My Py X A A A My Py X,

The t; dimension corresponds to 3Q terms and t, dimension is the corresponding
terms converted to SQ.

4.6. Homonuclear *C double-quantum (DQ)-SQ correlation
experiment

In the homonuclear 3Q-SQ correlation experiments discussed
earlier, the active spins have the same chemical shifts and are
indistinguishable. On the other hand the two !3C spins have distin-
guishable chemical shifts. Hence the possibility of unambiguous
determination of relative signs of the couplings using homonuclear
13C DQ-SQ correlation was explored. In one-dimensional fully cou-
pled '3C spectrum of isotopomer 4 reported in Fig. 1C, the carbon
M of the AsMPX spin system is split into a quartet by three protons
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Fig. 7. (A) The pictorial representation of the homonuclear 3Q-SQ correlation
spectrum of isotopomer 4, with the assumption that all the passive couplings are of
the same signs. 3Q dimension pertains to eight possible spin states of M, P and X. In
the SQ dimension each proton resonance is split into a triplet from the remaining
two protons giving rise to a triplet of intensity 1:2:1 corresponding to the |oo), |op),
|Bor) and |BP) states. Each of these transitions is further split due to eight spin states
of M, P and X as shown. Note for each spin state in the 3Q dimension, there is a
triplet giving Dy and the directions of the displacements due to all the couplings
are the same. (B) The pictorial representation of the homonuclear 3Q-SQ correla-
tion spectrum of isotopomer 4, for different sign combinations of passive couplings.
3Q dimension pertains to eight possible spin states of M, P and X. The appearance of
the spectrum is illustrated with an initial assumption that T;5 and T, are negative.
Note for each spin state in the 3Q dimension, there is triplet giving information on
Dyn and the direction of the displacement due to all the couplings are the same.
Furthermore, the direction of the displacement vector is same in both (A) and (B).

(A3), each of which further splits into doublet of doublets due to
coupling to the other '>C(P) and '’N(X) spins, respectively. The
spectrum for carbon P is more complex because of nearly equal
values of Ty5,T45 and Tse.

The DQ excitation of two coupled carbon spins, converts the six
spin system of the type AsMPX into an AsMX type in the DQ
dimension, where the three protons (As) and >N (X) are passive
spins and two carbons are active spins (M). The DQ detection cor-
responds to M part of this AsMX spin system and the DQ states of
two carbons, |CyCq) and |CgCy) are coupled to eight different spin
states of methyl protons and two different spin states of '°N. Thus
DQ transition splits into a quartet due to the couplings to protons
and each of these quartets are further split into a doublet due to
15N spin. Fig. 8 shows the DQ-SQ spectrum along with the corre-
sponding projections. The carbon 4 directly bonded to protons res-
onates at high field and also has large T;4. The carbon 5 remotely
bonded to protons resonates at lower field and has smaller T;s.
The cross section taken along SQ dimension at each spin state of
a passive spin in the DQ dimension is a doublet from which Tys
can be directly obtained. T4 can be determined from the combined
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Fig. 8. The homonuclear '*C DQ-SQ spectrum of isotopomer 4. The t; and t, corresponds to DQ and SQ dimensions. The 2D data matrix is 256 x 8k. Sixteen scans for each FID
was accumulated with a recycle delay of 5 s. The optimized 7 delay was 0.4 ms. Digital resolution is 15.0 and 1.0 Hz in F; and F, dimensions, respectively. For better clarity of
the displacement and the measure of small couplings, the small region of the spectrum is expanded for carbon 4 and shown in the inset.

analysis of any two consecutive cross sections. Similarly the anal-
ysis of the low-field region of the spectrum pertaining to cyanide
carbon (Cs) provides T45 and T;s. From the figure it is clearly evi-
dent that the directions of displacement of quartets providing T4
and T,s are opposite to each other indicating that these two cou-
plings are of opposite signs. Furthermore, the displacement of each
component of the doublet providing T4 and Tsg are in the same
direction indicating T4¢ and Tse are of the same signs. Additionally,
at the chemical shift position of C,4, the displacement of quartets
due to T4 and the doublets due to T4 are in the same direction,
indicating these couplings are of same signs. Similar displacements
at the chemical shift position of Cs are opposite indicating that T;s
and Tsg are of opposite signs. These observations contradict our

Table 3
Evolution in homonuclear '*C DQ-SQ correlation experiment on isotopomer 4

previous results obtained using heteronuclear MQ-SQ experi-
ments, i.e., T14 is positive; T4¢, T15 and Tse are negative. The polar-
ization operator formalism was employed again to understand the
spin dynamics.

4.7. Spin dynamics in homonuclear '>C DQ-SQ experiment

The two double-quantum states of the carbons M and P in the t;
dimension corresponds to |oat) and |BB). The coherence between
these two states is represented as M.P.. Therefore, the DQ operator
during the t; period can be written as A;;A;A3M.P.X;, where i, j, k
and [ represent any of the |a) and |B) states of three protons and X
spin, respectively. Pertaining to 16 possible spin states of the pas-

T, period (DQ) T, period (SQ)

M spin detected

P spin detected

Aq Ay As M P X Aq Ay As
Aia Aza Asq M. P, Xot Aia Aza Aso
Ao Azor Asq
Aral Aza Aszol M. P, Xp Aral Aza Aso
Aral Aza Asq
Ao Az Asg M. Py X Ao Az Asg
Ao Aoy A31¥
Ao, Aso Asg M, P, Xg Avg Aoy Asp
Ao Aoy Az
Aia Agzp Asq M. P, Xo, Aral Az Asq
Aral A Asq
Aia Agp Asa M. P, Xp Aral A Aso
Aro Az Azo,
Aup Az Asg M. P, Xo, Aup Az Asp
Aig Aog Asg
Aup Az As M. P, X Aup Az Asg
Arp Agp Asp

M p X Aq Az As M P X
M Po, Xot Ao Az Asq Mo, P Xot
M. Py Xo Ay Az Asg M; P Xo,
M Po X Aio Aza Azq Mo, P Xg
M- Py Xp Aol Az, Az, Mg P_ Xg
M_ Po Xo, Ajo Aza Aszp Mo, P Xo
M Py Xot Ao, Az Asp Mg P_ Xot
M. Py, X Ao, Asy Asg My P X
M. Py Xp Aol Aza Aszp Mg P_ Xp
M_ Po Xo, Ajol Azp Azo Mo, P_ Xo
M Py Xo, Aia Azp Azq Mg P Xou
M. Py, Xg Ao, Agp Asoy Mo, P Xg
M- Py Xp Ao Az Aszq Mg P_ Xg
M. Py, Xo, Aup Azp Asp Mo, P Xo,
M Py Xo, Aup Az Asp M P Xop
M. Py, Xy Ap Azp Asp Mo, P Xg
M. Py X Aup Az Asp M P X

The t; dimension corresponds to DQ terms and t, dimension is the corresponding terms converted to SQ.
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sive spins, there are eight transitions along the F; dimension at the
chemical shift position of each carbon. The application of the sec-
ond 90° pulse converts these DQ terms into SQ terms. As an exam-
ple, the DQ term M. P.coupled to one of the passive spin states, viz.,
A10Az0A30, gets converted to M and P single-quantum terms as;

A aAZaA3aM+P+X0t — A1aA2AzaM_Py X,
A1aA2aA3aM-_PpXy
A] mAZmA3uMocP—X:x
AlmAZaABmeP—Xm (2)

Similarly, the conversion of the DQ coherence coupled to all the
remaining seven passive spin states can be worked out and are
summarized in Table 3.

To understand the displacement of cross sections the 2D matrix
was again pictorially depicted for different sign combinations. The
Fig. 9A represents the spectrum when all the signs of passive cou-
plings are the same and Fig. 9B represents the spectrum when the
signs of Tys, Tys and Tseare reversed. This pertains to a situation
when the spin states |o) and |B) of M and P spins are interchanged

A p M [x[ =
o o o o B
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Fig. 9. (A) The pictorial representation of the homonuclear '*C DQ-SQ correlation
spectrum of isotopomer 4, with the assumption that all the passive couplings are of
same signs. The DQ dimension pertains to eight possible spin states of A3 and X
spins. Similarly in the SQ dimension each '3C resonance is split into a doublet of a
quartet from the three protons and >N spin. Each of the sixteen transitions at the
chemical shift position of each carbon in the SQ dimension pertains to a particular
spin state of three protons, the '>C and >N spins. Note for each spin state in the DQ
dimension, there is doublet giving information on T,;s and the directions of the
displacements due to all the couplings are the same. (B) The pictorial representation
of the homonuclear '3C DQ-SQ correlation spectrum of isotopomer 4, for different
sign combinations of passive couplings. The spectrum is represented by reversing
the signs of T;s, T4¢ and Tse. Note for each spin state in the DQ dimension, there is
doublet giving information on T4s and the direction of the displacement due to all
the couplings are different.

in both DQ and SQ dimensions. Clearly Fig. 9A and B are not iden-
tical in appearance indicating that the information on the relative
signs can be derived from this 2D matrix. This pictorial representa-
tion can be extended further for several combinations of signs of
the couplings. All these representations reveal the possibility of
obtaining the relative signs from the DQ-SQ experiment. Thus it
is evident that one can determine the signs of the couplings by
employing the direction of tilt of the displacement vectors in a sit-
uation when the active spins are distinguishable. Furthermore the
comparison of the tilts of the displacement vectors is possible only
when the passive spins are of the same type. This implies that for
the determination of the relative signs of the couplings from the
displacement vectors, the prerequisite is that the passive spins
should be identical and the active spins should be distinguishable.
With these conclusions, the correct signs and magnitudes of the
couplings were determined and are reported in Table 1. The rela-
tive signs of the J;; determined using these experiments have been
utilized to determine the precise values and relative signs of dipo-
lar couplings.

4.8. MQ experiments on isotopomer 4 in isotropic phase

Relative signs of the scalar couplings are obtainable in the
isotropic medium from identical experiments discussed above.
By appropriate combination of three experiments, viz.,
13¢,-13¢5"C4-"H and "NiH double quantum, all the signs and
magnitudes of scalar couplings have been determined.

As discussed for the oriented acetonitrile, the directions of the
displacement vectors can be utilized to extract the signs of the cou-
plings in a conventional way without taking the sign of the gyro-
magnetic ratio into account. The '3C-'3C DQ experiment reported
in Fig. 10 shows that the signs of 'J,, and 2], are opposite and
?J¢,ng @nd 'y, have the same signs. Assuming 'J,y to be positive
we can conclude that 2], is negative. Similarly the splittings along
the MQ dimension in heteronuclear '*C,~'H DQ experiment
(Fig. 11) shows that 'J. . and 2/ are of opposite signs. From
these two experiments it is obvious that !J,, is positive. Further-
more, the smaller splitting along the MQ dimension shows that
2JC4Ng and 3]y, are of opposite signs. Also the '>Ng-"H DQ spec-
trum (Fig. 12) provides the information that 'J.  and 'J, are
of opposite signs. In addition the experiment also depicts that
%Je,n and 'Jc, . are of opposite signs. Employing these experiments
the information on the relative signs of all the couplings have been
determined and are reported Table 1. The signs of these couplings
are in agreement with the previous reports [32,33].

4.9. Use of molecular geometry for confirming the relative signs

Taking into account the fixed geometry of acetonitrile [1],
assuming a single-order parameter and positive sign for Dyy, the
magnitudes and signs of the dipolar couplings were calculated.
Experimental results agree with these values and are reported in
Table 1.

5. Conclusions

The spin-selective and non-selective homo- and heteronuclear
multiple quantum-single-quantum correlation experiments have
been carried out. The methodology is employed for simultaneous
and/or selective decoupling of different heteronuclei for spectral
simplification. In the spin-selective experiments, the states of
passive spins do not get disturbed both in the MQ and in the
SQ dimensions providing the spin state selection. The tilt of
the displacement of the cross sections in the F; dimension of
the spin state selected spectra provides the relative signs be-
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Fig. 10. The homonuclear '*C DQ-SQ spectrum of doubly labeled acetonitrile (isotopomer 4) in isotropic phase. The t; and t; corresponds to DQ and SQ dimensions. The 2D
data matrix is 512 x 8k. Eight scans for each FID was accumulated with a recycle delay of 5 s. The optimized 7 delay was 4.3 ms. Digital resolution was 1.0 and 0.5 Hz in F; and
F, dimensions, respectively. Arrows depict the opposite directions of displacements of J14 and J;5 and J46 and Jse, respectively. These pairs have been identified by the bent

arrows.
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Fig. 11. The heteronuclear AsM DQ spectrum of doubly labeled acetonitrile
(isotopomer 4) in isotropic phase. The t; and t, corresponds to DQ and SQ
dimensions. The 2D data matrix is 128 x 4k. Four scans for each FID were
accumulated and a recycle delay of 3 s. The optimized t delay was 1.8 ms. Digital
resolution was 0.4 and 0.1 Hz in F; and F, dimensions, respectively. The separations
(in Hz) provide (a) J16 £ Jae, (D) J15 * J4s and (c) J14. The direction of the displacement
is obvious from the expanded region of the spectrum is shown in the inset.

tween the active and passive couplings in addition to their mag-
nitudes. However, one can encounter ambiguous situations in
the determination of the relative signs of the couplings. The
dynamics of the spin system for different MQ-SQ correlation
experiments have been understood using polarization operator
approach. Both ambiguous and unambiguous situations in deriv-
ing the relative signs of the couplings have been discussed. It is
observed that the pre-requisite for unambiguous determination
of the relative signs of the couplings is that, the active spins
flipped for MQ excitation should be distinguishable and the pas-
sive spins should be identical. The validity of the experiments
has been confirmed both in the isotropic phase and also by
molecular geometry calculations.
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Fig. 12. The heteronuclear AsX DQ spectrum of doubly labeled acetonitrile
(isotopomer 4) in isotropic phase. The t; and t, corresponds to DQ and SQ
dimensions. The 2D data matrix is 128 x 4k. Four scans for each FID were
accumulated and a recycle delay of 3 s. The optimized 7 delay was 125 ms. Digital
resolution was 1.0 and 0.2 Hz in F; and F, dimensions, respectively. The separations
(in Hz) provide (a) 'J)C4H £ 'J,y, and (b) 2J,y % 'Jc,ne- The expanded region of the
spectrum is shown in the inset.
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