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Abstract

The indirect spin-spin coupling is a molecular internuclear interaction, which is observable by
utilizing NMR spectroscopy. This coupling, denoted J, is a second-order tensorial property that
consists of rank-0, 1, and 2 components. The present thesis deals with the experimental
determination of the rank-0 and rank-2 components of J tensors for different pairs of interacting
nuclei by utilizing liquid crystal NMR (LC NMR) method.

The experimental information of the rank-2 component of the J tensor appears as Janiso, a
combination of tensor elements. In LC NMR, Janiso is manifested as a contribution to the
experimental anisotropic coupling (Dexp) that contains also the corresponding internuclear dipolar
coupling, D. The dipolar coupling is defined by the molecular geometry and average orientation,
and affected by the molecular motions. Therefore, the molecular geometry and orientation have to
be determined together with the studied Janiso couplings. The contributions to D couplings arising
from the molecular vibrations and solvent-induced deformation of the molecular geometry are taken
into account in the analysis of the experimental data; the contributions are presented briefly in this
thesis.

The LC NMR experiments are performed for C6H6, HCONH2, C2H2, C2H4, C2H6, 1,4-C6H4F2,
CH3F, CH2F2, CHF3, and CSiH6 molecules, and some important aspects of the liquid crystal NMR
method are discussed. The obtained information of J tensors is compared with the theoretical ab
initio MCSCF results. Finally, the systematics of the J tensors in different structural surroundings is
found and the significance of the indirect contribution to the corresponding Dexp coupling is
discussed.

keywords: indirect coupling, dipolar coupling, liquid crystal, molecular geometry
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Abbreviations and symbols

A interaction tensor
B' quadrupole coupling tensor
B quadrupole coupling
B0 external magnetic field flux density vector
D' direct dipolar coupling tensor
D dipolar coupling, the direct contribution to Dexp

Dah anharmonic vibrational contribution to D
Dd deformational contribution to D
Deq dipolar coupling corresponding to molecular equilibrium

geometry
Dexp experimental anisotropic coupling
Dh harmonic vibrational contribution to D
EFG electric field gradient
J indirect spin-spin coupling tensor
J isotropic spin-spin coupling; 1/3 of the trace of the tensor
Janiso indirect contribution to Dexp; the orientation-dependent component of

the indirect spin-spin coupling
LC liquid crystal
MCSCF multiconfiguration self-consistent field
n orientational axis; director; vector definging the most probable

direction of the longitudinal axis of LC molecules in an external
magnetic field

PAS principal axis system
r internuclear vector
r internuclear distance
rα molecular average geometry, defined by the average

positions of the atoms
re molecular equilibrium geometry
Sαβ molecular average orientation
sαβ molecular instantaneous orientation
T general second-rank NMR tensorial property
T ' general second-rank NMR coupling tensor



VAS variable angle spinning; a method for turning the LC director
in the external magnetic field

γ gyromagnetic ratio
σ nuclear shielding tensor
σ isotropic nuclear shielding; 1/3 of the trace of the tensor
σaniso anisotropic nuclear shielding; the orientation-dependent component of

the nuclear shielding
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1. Introduction

1.1. Background

Nuclear magnetic resonance (NMR) spectroscopy using liquid crystal (LC) solvents
provides detailed information on the geometry, orientation, and electronic structure of the
dissolved molecule [1]. The information for NMR active nuclei i and j is included in the
observable second-rank tensorial properties, σi, D'ij, Jij, and B'ii, the nuclear shielding [2],
(direct) dipolar coupling [3], (indirect) spin-spin coupling [4], and quadrupole coupling
[5] tensors, respectively.

In an NMR time scale, the aforementioned tensors are averaged over molecular
motions and medium effects that do not cause fine structure to the observed signal, and
the LC NMR spectra are in convenient circumstances analyzable for large molecules, like
LC molecules themselves [6−9] and even proteins [10]. However, the analysis of the
experimental data derived from the LC NMR spectra can be complicated by the molecular
motions and the electronic structure contributions to the observables. The direct use of the
spectral parameters with the approximate theory [11, 12] without paying attention to the
contributions gives a rough estimation for the molecular shape. The effects of harmonic
vibrations [13] rise up to several percent contributions to the observed anisotropic
couplings, Dij

exp, that are applicable to the determinations of molecular average (rα) or
equilibrium (re) geometry. The difference between these two internally consistent
geometries is due to anharmonic vibration [14], which affects the former and makes it
temperature dependent. The Dij

exp couplings are of special importance in LC NMR,
because they provide information of the average molecular orientation that is essential to
know in the determinations of the molecular tensorial NMR properties.

The observed molecular NMR properties consist of several contributions. All the
tensors are affected by medium effects and molecular motions. The medium effects are
directly seen as changes in the observables σi and Jij, the averages of the corresponding
tensors, i.e. 1/3 of trace of the tensors. The former can be significantly sensitive to the
solvent used (see for example Ref. [15]), whereas the latter typically varies only slightly
in different phases and solvents. Especially, the insensitivity of the isotropic spin-spin
coupling constants to the surroundings indicates that the electronic structure of the
dissolved molecule is usually nearly distortionless and the molecular geometry is almost
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unchanged in a liquid, compared with the gas phase. Only specific effects cause
remarkable changes, like hydrogen bonding in the case of formamide [II]. In anisotropic
mesophases, the molecular vibration and rotation are correlated, which is manifested as a
deformational contribution arising from the solvent-induced instantaneous orientation-
dependent deformation of the molecular geometry. The deformations are minimizeable in
the experiments by using so-called good mixtures of nematic solvents [16], but there is
also a model that takes the deformational effects into account [17-19]. The model is used
in this thesis.

The Dij
exp coupling consists of the direct dipolar coupling, Dij, and the indirect

coupling, Jij
aniso [20, 21], which is also known as 'pseudo-dipolar coupling'. Jij

aniso is
always combined with the direct coupling, Dij, regardless of the NMR method used (the
direct coupling tensor is denoted D'

ij in the present thesis, whereas Dij is used for the
coupling). The indirect coupling is transmitted via electrons that are polarized by a nuclear
spin and which, in turn, affect other nuclei. Jij

aniso can be realized as a shielding, caused by
the electronic core of the molecule, to the Dij coupling; all couplings are independent of
the external magnetic field. The indirect contributions to DHH

exp and DCH
exp are generally

small. ½ JFH
aniso is found to be in the sub-1% range compared with DFH

exp [20], whereas
½ Jij

aniso is supposed to be significant in anisotropic couplings between heavy nuclei. This
contribution is generally quite poorly known, which lays significant uncertainty to the
determination of molecular geometry using Dij

exp couplings of medium-weight and heavy
nuclei. The Jij tensors, determining the indirect contribution to Dij

exp, are the focus of the
present thesis. In the presented studies, the ½ Jij

aniso contributions are determined
experimentally for C-C, C-F, F-F, and C-Si couplings in a few molecules in order to
obtain an insight into the significance of the increasing atomic numbers of i and j. Parallel
to the experimental study, all the Jij tensors for the same molecules are produced
theoretically with ab initio MCSCF calculations, which provide a good opportunity for
comparison of the results.

1.2. Experimental methods

The experimental determination of the Jij tensor is in principle possible in gas, liquid,
liquid crystal and solid state. However, in the gas phase, the molecular beam magnetic
resonance technique has succeeded only for thallium fluoride [22]. In the isotropic liquid
phase the spin-lattice relaxation is affected by indirect coupling contributions [23], but so
far no experimental applications are reported in the literature. The NMR spectra of single
crystals and solid powders are affected by the Jij tensors [21]. Unfortunately, the error
limits in the results are large due to broad lines (typically a few hundred Hz in the former
and even much broader features in the latter due to overlap of the signals corresponding to
different molecular orientations). The powder spectra can be too complicated to analyze,
because Jij, σi, and D'ij can possess different principal axis systems (PAS). The situation is
better in single crystal studies, where the orientation of the sample determines the
molecular orientation and the overlap of the signals corresponding to different orientations
is avoided. One benefit compared with the LC NMR method is that the molecular
orientation is easily changed by rotating the sample in the magnetic field. This is utilized



15

in the determination of the PAS of the σi tensors with goniometer methods [24, 25]. The
principal axis system of a second-rank tensor settles the maximum orientation dependence
of the property. It is obtained by diagonalizing the symmetric part of the tensor.
Especially, also the PAS of Jij tensors are in principle always determinable with the single
crystal method, but for general non-symmetric molecules it can be very difficult or even
impossible [21]. Other disadvantages of the method are that broad lines mask small
anisotropic features of the Jij tensors and the sample is tedious to prepare. In practise, the
sample must be crystalline near room temperature, which excludes the application from
small organic probe molecules that are the most interesting objects for testing the modern
ab initio calculation methods [26, 27] to produce Jij tensors.

In LC NMR spectroscopy [28], the linewidths are typically a few Hz at half-height,
which is only slightly more than in the isotropic phase. The sample is usually easy to
prepare and the obtained anisotropic spectral parameters are much more accurate than in
the case of other methods. This enables investigations for small Jij

aniso couplings. In the
uniaxial mesophases, the anisotropic NMR properties appear combined with the
molecular average orientation, which is described by the Saupe ordering tensor, Sαβ, [11]
where α and β are the molecule-fixed Cartesian coordinates. The tensor is defined by the
average molecular orientation with respect to the external magnetic field flux density
vector, B0. The number of the independent parameters (5 at maximum) needed for the
determination of the orientational tensor depends on the molecular symmetry point group.

The surrounding of the solute molecules in LC NMR consists of long, rod-like, highly
oriented molecules. The most probable direction of the longitudinal axis of the LC
molecules is called 'the director' or 'the orientational axis', which is denoted n that defines
the uniaxial direction, i.e. the direction where the surrounding of the dissolved molecule is
(in average) cylindrically symmetric. The molecular average orientation and anisotropic
molecular tensorial properties are often given with respect to n. If this is the case, the
symbols are denoted by superscript 'D '. The director is parallel with B0 in liquid crystals
having positive anisotropy of diamagnetic susceptibility, ∆ χm, whereas the negative value
leads to perpendicular orientation.

The systematic scan of the data as functions of the average orientational parameters is
difficult in a general case, but it is possible by measuring the samples at different
temperatures, or by using different LC solvents or concentrations. The observed average
orientation of the solute molecules is also affected by turning the director by applying the
variable angle spinning (VAS) method [29]. Above the critical spinning frequency (with
positive ∆ χm), n takes its place along the rotational axis. In the method, the observable
anisotropic properties appear scaled with the second Legendre polynomial, P2 (cosθ) = ½
(3 cos2θ−1), where θ is the angle between n and B0. The method can be utilized to
simplify the spectra or to determine the trace of a second-rank tensor in the anisotropic
surrounding. However, the scaling of the couplings gives only redundant information of
the anisotropic properties of the studied tensor.

Particular combinations of the Sαβ tensor average to zero in the case of symmetric
molecules and the corresponding properties of the investigated locally non-symmetric
tensors are not observable. Sometimes this may even be a benefit, because the number of
the parameters needed to explain the observables is small for symmetric molecules, and
certain combinations of the tensor elements in the molecule-fixed frame are determined
with high accuracy. This data is not transformable to another frame if the tensor is not
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complete, i.e. certain elements of the tensor are not observable with LC NMR due to the
averaging. For non-symmetric molecules, all components of the studied tensors affect the
spectra taken from anisotropic phases, and the whole tensors are determinable by
changing the balance between affecting elements by changing the molecular orientation.

1.3. Outline of the thesis

The main aim in the present thesis is the experimental determination of Jij tensors by
using the liquid crystal NMR method. Simultaneously, we obtain information on the
relative indirect contributions to several types of Dij

exp couplings that, after correction for
the contributions, give useful information on the molecular geometry and orientation.
Some data was already attainable from the literature, but the early LC NMR results for Jij

tensors should be considered with caution, because they can be apparently solvent-
dependent due to the ignored solvent-induced deformation of the molecular geometry. The
present experimental studies are performed simultaneously with theoretical ab initio
calculations, which have become reliable recently with the improvement in computational
resources [30]. Due to computational limitations, also early ab initio results should be
considered with caution, because the convergence of the theoretical results can be
insufficient.

In paper [I], the JCC tensors for benzene are studied by utilizing LC NMR experiments
and ab initio calculations. Experimentally, the anisotropies, ∆ JCC = JCC,zz

− (JCC,xx + JCC,yy)/2, are obtained (z is in the C6 symmetry axis direction).  In addition, all
isotropic Jij couplings are obtained from the 12 spins system, 13C6H6. From the theoretical
results, the information on the diagonal elements of the JCC and JCH tensors is reported,
but also the non-diagonal elements are attained. In paper [II], the experimental
information is obtained of σi for 1H, 13C, 15N and 17O, Jij for 1H, 13C and 15N, and B'ii for
2H, 14N, and 17O in formamide by using lyotropic liquid crystal solvents. The ab initio
results, also given in the paper, include the principal values and orientations of all the
tensors. In paper [III], the investigation of the indirect C-C coupling over one bond in
different hybridisations is completed by studying ethane, ethene, and ethyne. Also σi

tensors for the molecules are examined both experimentally and theoretically. In the case
of ethane, the internal rotation around the C-C bond is taken into account and even the
averaged intermethyl H-H coupling is used in the study. In paper [IV], the indirect
couplings to fluorine are examined in para-difluorobenzene. The experiments are
performed at various temperatures, which necessitates the corrections due to anharmonic
vibration in addition to the harmonic vibration and solvent-induced deformation. The
orientation dependencies of the relative indirect contributions to the direct couplings are
reported on the basis of the theoretical results. In paper [V], the fluorine couplings are
studied in mono-, di-, and trifluoromethane. The automatic programmes used for the
calculations were modified during the work in order to enable direct fit of the relevant
parameters to the experimental data. In paper [VI], we go further towards heavier nuclei.
The proton and carbon indirect couplings to silicon in methyl silane are investigated. In
the study, the computational methods for iteration of the experimental molecular
properties are developed to take into account automatically the effects of the large-
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amplitude torsional vibration (internal rotation) around the C-Si bond. The input of the
harmonic force field is edited to succeed in the Cartesian frame, because the semi-
empirical and ab initio methods give the results in that basis. The sense of the quality of
the force field is scanned by applying different methods to produce it. This gives essential
knowledge of the utilizeability of the semi-empirical calculations, which can be performed
even for very large molecules.

The basic theory for the NMR observables is given below. In section 3, the production
of the observables is introduced by presenting the preparation of the LC NMR samples,
important aspects for the measurements, and the flow of the spectral analysis. In section 4,
the determination of the examined tensors from the experimental data is described. Also
the different contributions from the molecular motions to the dipolar couplings are
depicted. At the end of the section, the experimental and theoretical Jij tensors are
compared. Finally in chapter 5, the systematics of several kind of Jij tensors are
introduced.



2. NMR observables

2.1. Nuclear spin Hamiltonian

The precession frequencies of atomic nuclei in an external magnetic field are defined by
the general NMR spin Hamiltonian in frequency units as [31-33]

∑∑ ∑ ⋅+⋅+⋅+⋅+⋅−⋅γ
π

−=
< i

iiiiii
i ji

jijijiiiiH IJBIIJDIIB ˆ)
2

3
'(ˆˆ)'(ˆˆ)1(

2

1ˆ
0 σ , (1)

where γi and iI  are the gyromagnetic ratio and dimensionless spin operator of a nucleus i,
respectively. D'ij is the direct dipolar coupling tensor between nuclei i and j, and B'ii arises
from the interaction between the electric quadrupole moment of i with the electric field
gradient (EFG) at the nuclear site. Jii is the pseudoquadrupole coupling, which is
extremely small [34-36] compared to the dominant B'ii and, therefore, it is ignored in the
following equations.

The external magnetic field, B0, is parallel to the z-axis of the laboratory-fixed frame.
With this choice, the Eq. (1) is given in the high-field approximation by

[∑∑
<
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where T 'ij is the general second-rank coupling tensor, T'ij = D'ij + Jij + B'ii. In a solid state
the molecular rotation is prevented and all elements of T'ij  and σi tensors affect the NMR
spectra. (T 'ijxy − T 'ijyx) averages to zero for a molecule in a uniaxial LC environment, and
the approximation becomes
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where the observables are the time averages of the properties. The superscript 'aniso'
refers to the orientation-dependent anisotropic part of the NMR quantity. The dipolar
(Dij = ½ D'ij

aniso) and quadrupolar couplings (Bi = 3/2 B'ii
aniso) are purely anisotropic and

the superscript is left out for convenience.

2.2. Standard theory

In the rigid molecule approximation, the anisotropic part of a second-rank tensor T (Jij, σi,
D'ij, or B'ii) depends on the average molecular orientation by

∑
αβ

αβαβ= STT
3

2aniso , (4)

where the Saupe ordering tensor [11] is defined as

αββααβαβ δ−θθ==
2

1
coscos

2

3
0,0, BBsS . (5)

In Eq. (5), α and β are the Cartesian axes (x, y, and z) in the molecule-fixed frame. θα,B0 is
the angle between the α axis and the external magnetic field flux density vector, B0. The
brackets mean the time-average of the function and δαβ is the Kronecker delta. The tensor
Sαβ, the time average of the instantaneous orientations sαβ, determines the molecular
orientational order parameters with respect to B0. In a general case, five independent
parameters are needed for determining the molecular orientation, and the Eq. (4) is given
(with respect to n) by

[ ))(½()3/2(aniso
D
yy

D
xxyyxx

D
zz

D SSTTTST −−+∆= ,

]D
yzzyyz

D
xzzxxz

D
xyyxxy STTSTTSTT )()()( ++++++ , (6)

where the anisotropy of the tensor, ∆ T, is defined as

)½( yyxxzz TTTT +−=∆ . (7)
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With positive anisotropy, ∆ χm, of the diamagnetic susceptibility of the LC solvent
molecules, n is parallel and with negative ∆ χm is perpendicular to B0. The molecular
orientations in Eqs. (4) and (6) are related by

Sαβ
D = P2 (cosθ) Sαβ, (8)

where θ is the angle between B0 and n, and P2 is the second Legendre polynomial. The
Eq. (6) is frequently used in determination of D'ij, σi, Jij, and Fi tensors, the last being the
electric field gradient tensor at the site of i. The Fi tensor is related to B'ii and to the
observable quadrupole coupling, Bi, by

anisoaniso

)12(4

3
'

2

3
i

ii

i
iii F

IhI

eQ
BB

−
−== , (9)

where eQi is the nuclear electric quadrupole moment of i and the EFG tensor Fi (Fi
αβ

= −∂2V i/∂α∂β) is the derivative of the electric potential Vi at the site of i.

2.3. Motional effects

The tensor T is affected in the anisotropic surrounding by the anharmonic and harmonic
vibrations, and by the solvent-induced correlation between vibration and rotation. In the
case of Jij and σi, the effect arising from the correlation −manifested as a deformation of
the molecular geometry− is probably small, which can be ensured by comparing the traces
of the tensors obtained by VAS method in a anisotropic surrounding, and by the ordinary
measurements in isotropic phase. The molecular non-disturbed (corresponding low-
pressure gas phase) vibrational effects on σi, Jij, and B'ii tensors are determinable
theoretically with ab initio calculations from the vibrational amplitudes, and the
theoretical first and the second partial derivatives of the parameter with respect to the
vibrational normal coordinates. A reasonable approximation is given also by studying the
vibration of the valence coordinate, which is assumed to have the strongest effect on the
investigated property (see for example [V]). Even though the correction is performed for
the theoretical results, it gives useful estimate for the sensitivity of the experimental tensor
to the motional effects. If the tensor is not sensitive to changes in molecular geometry, the
deformational effects are most probably small and safety neglected. In the case of Dij

couplings, however, even small corrections are of significant importance, because the
dipolar couplings are used in the accurate determination of the molecular geometry and
orientation. The accurate form of the Eq. (4) is given by

∑
αβ

αβαβ= sTT
3

2aniso . (10)

The dipolar coupling, Dij, is thus related to D'ij by
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where µ0 and ! have their usual meanings and sij, the instantaneous orientation of the
radius vector, r ij, is given implicitly in molecule-fixed frame in Eq. (5). The average
distance, rij, is temperature-dependent, which is due to the anharmonicity of the molecular
vibration. The harmonic vibration causes the difference between <rij

−3> and rij
−3. The

difference leads to internally inconsistent rD geometry, where the motional contributions
are ignored. Actually, the rD geometry is slightly different in solid state and LC NMR
studies, because the molecular vibration is strongly affected by the neighbouring
molecules in the former. In LC NMR, the solvent-induced deformation of the molecular
geometry depends on sαβ

D, the molecular orientation with respect to n and, therefore,
<sijrij

−3> ≠ < sij><rij
−3>.

In a uniaxial liquid crystal surrounding, all the different effects discussed above can be
calculated separately [14, 17]. Thus, the observable dipolar coupling can be expressed as a
sum of several contributions:

Dij
exp = Dij + ½ Jij

aniso = Dij
eq + Dij

ah + Dij
h + Dij

d + ½ Jij
aniso. (12)

On the right-hand side of Eq. (12), Dij
eq is the dipole-dipole coupling corresponding to the

equilibrium geometry of the molecule, Dij
ah arises from the anharmonicity of the

vibrational potential, Dij
h is the contribution from the harmonic vibrations, and Dij

d , the
deformational contribution, is due to the solvent-induced correlation between molecular
rotation and vibration. The indirect contribution, Jij

aniso, is approximated with Eq. (4) in
the presented papers. The other terms given in Eq. (12) are calculated by [13, 14, 17]
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In the Eq. (13), the anharmonicity of the molecular vibrational potential causes
temperature-dependent difference,

∆ rα(T) =  rij
α(T) − rij

eq, (16)
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between the internuclear distance rij
eq in equilibrium geometry and the corresponding

distance rij
α(T) in the thermodynamic average geometry, defined by the average positions

of the atoms [14]. The contribution from the harmonic vibration [37], given in Eq. (14)
[13], is calculated from the vibrational normal coordinates, Qk, and the corresponding
frequencies, ωk, where k is the index for the normal mode. The subscript 'eq' refers to the
equilibrium state and kB is the Bolzmann constant. Both harmonic and anharmonic force
fields are needed in applying Eq. (13), whereas the former is enough for Eqs. (14) and
(15), i.e. if the calculations are performed by using rα geometry. The contribution from the
solvent-induced deformation in Eq. (15) is calculated by applying Eqs. [17]

eq
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where the coefficients Aαβ form a second-rank interaction tensor. In Eq. (18), the tensor
φαβ

ij is defined as
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where θijα is the angle between the α axis and the radius vector r ij.
The solvent-induced deformations in the direct couplings are in practise determined by

fitting the traceless segmental interaction tensors A ij (corresponding to chemical bonds) to
the experimental data. The A ij tensors determine the orientation-dependent torques (acting
on the bonds), which deform the molecular geometry as a function of the molecular
instantaneous orientation with respect to n. The molecular average orientation, Sαβ

D, is
calculated from Aαβ, the sum of the A ij tensors in the molecule-fixed frame, by Eq. [18]
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where Zc is the normalization factor,

∫ ∑ Ω
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αβαβ dTksAZ Bc /exp , (21)

and Ω specifies the molecular orientation.



3. Production of LC NMR data

3.1. Preparation of the LC NMR sample

The physical properties of liquid crystals are considered in Ref. [38]. In LC NMR, there
are some features in the preparation of the sample, which differ from the common high-
resolution liquid NMR. The thermotropic liquid crystal is sensitive to the temperature and,
although the phase is fluid, the sample is easily slightly inhomogeneous. In practise, this
leads to somewhat broadened spectral lines, typically a few Hz at the half-height. The
minimum concentration is set by the signal-to-noise ratio and the maximum by the
tolerance of the anisotropic phase. The degassing of the sample improves the solubility of
the studied gases and removes the dissolved O2, causing fast relaxation. The degassing is
performed in the vacuum line by repeating the freezing-melting-pumping procedure. In
our research group, the gaseous molecules are usually condensed into the sample by
cooling the tube with liquid nitrogen, whereupon the sample is sealed with a flame.

3.2. LC NMR measurements

The first task at the beginning of the LC NMR measurement is to ensure the homogeneity
of the sample. The best method for this is to heat the sample into an isotropic state and
shake it strongly. The shimming of the external magnetic field is performed with the aid
of a signal, arising from the same phase as the studied molecules. If the signal of the
investigated substance is weak, one should think of adding some other molecules
(showing the spectral line with one scan) for shimming, for example methane that is also a
good 1H and 13C shift reference (with 13C enrichment).

In the case of small molecules, the LC NMR data is attainable from the usual 1D
spectra. For large molecules, the 2 or n-dimensional [39] or multiple-quantum spectra [40-
43] can be used in order to avoid overlapping of signals or to simplify the spectral
analysis. In the present cases, conventional 1D spectra, although rather complex, are
interpretable and, thus, no special experiments were needed.
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The temperature gradients in the sample cause most of the experimental problems
when thermotropic liquid crystal is used as a solvent. Another problem is the increasing of
the temperature during irradiation, which is mostly overcome by using composite pulses
[44], combined with the gated decoupling together with short accumulation (irradiation)
time. If the measuring conditions are needed to be the same for different measurements,
the molecular orientation should be checked immediately after the decoupling experiment
for example from the 1H spectrum, measured with one pulse. A typical effect of
inhomogeneity of the sample is shown in Fig. 1, where the average splitting of the signal
is the same for the good and the biased spectra. In the latter case, the splitting of the
doublet changes as a function of the position of a molecule in the sample. The change of
the splitting is compensated for by the different chemical shift in the case of the line on
the right, but the changes are summed on the left. However, the total-line-shape fit to the
spectra should lead to approximately the same average splitting. Only the error limit is
much larger for the biased spectrum.

With
temperature
gradient

Without
temperature
gradient

Fig. 1. The steady anisotropic doublet of a signal and a typical biased case where the sample is
inhomogeneous due to a temperature or concentration gradient.

3.3. Spectral analysis

The NMR spectra taken from molecules dissolved in anisotropic phases can be very
complicated. In the isotropic phase, the Jij couplings and chemical shifts obtain values that
are usually known on the basis of literature. However, the anisotropic couplings and shifts
depend on the molecular orientation, which is rarely guessed well enough to give
assignable spectral lines in the case of second-order spectra. For this reason, the molecular
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geometry should be known in advance to a reasonable degree of accuracy in order to
calculate the approximate relations between the direct couplings. The relations are useful
in the search for starting values for the couplings by systematically changing the
molecular orientational parameters or, preferably, in the calculation of the spectral
parameters on the basis of a few couplings, given for example by decoupling experiments.
The Jij couplings are often fixed in the analysis of NMR spectra taken from anisotropic
phases.

The spectral analyses in the present thesis are mainly performed using PERCH
software [45]. The programme has several modes which can be used on the different
levels of the spectral analysis. At the beginning, the traditional 'LAOCOON3-mode' can
be used in order to assign the well-resolved transitions to the observed peaks by
comparing the observed and calculated spectra. The 'Check-mode' is closely related to
this, but it rejects bad assignments. The 'Auto-assign-mode' makes the assignments
automatically, and rejects also the bad assignments. In the case of LC NMR spectra, the
rejection criterion is slightly problematic, as the starting values for the direct couplings
may differ several hundred Hz from the correct values, and the proper assignments are
easily rejected. The 'Peak-top-fit' and 'Total line-shape' (TLS) are even more sensitive to
the starting values, but they are the most accurate modes as well.

In the 'LAOCOON3-mode', the observed peak is assigned to a theoretical transition,
which leads to errors, if there are several transitions close to each other. This biasing is
removed from the 'peak-top-fit-mode' by comparing the experimental and calculated top
of the peak, but on the other hand, the line shape has to be known. The frequency of the
experimental spectral line is determined on the basis of several spectral points, which
reduces the requirements for the point-resolution of a spectrum compared with traditional
methods, where the highest point defines the frequency of a peak. The assignments of the
'Peak-top-fit' and LAOCOON3 modes are compared in Fig. 2, where two transitions
summed together form a spectral line. As seen from the figure, the transitions are fitted to
a slightly wrong frequency in the latter mode.

In a complicated case, the IT (integral-transformation) mode leads often to a solution
of the problem. The observed and the calculated spectra are multiplied by the 'saw-
function', composed of interlocked triangle functions whose width is called 'span' that is a
broadening factor for the spectral lines. After the multiplication, the result is integrated
over each span and the spectral information is compressed into a few data points. At the
beginning of the iteration, those features smaller than the span disappear, and only large
couplings and well-resolved shifts are iterated. The span is reduced during the calculation,
whereby smaller features are visible and the corresponding spectral parameters come
within the scope of iteration. This mode is, however, insensitive to the small-intensity
transitions and sensitive to the distortions of the baseline. The final iteration is performed
with other modes.



26

(b)

(a)

LAOCOON3-assignment
Peak-top-assignment

21

Fig. 2. The LAOCOON3-type assignment of the calculated transitions 1 and 2 to the studied
spectrum (b) compared with the top-to-top assignment used in the 'peak-top-fit' mode in
PERCH software.

The final iteration is possible once most of the calculated peaks are close to the
corresponding observed signals. If the peaks are intensive and mostly well resolved, and
the base-line is neat, the most accurate iteration mode is TLS (Total-line-shape). It
minimizes the sum, Σ[(Iobs − Icalc)

2], of the observed and calculated spectral points I. In
principle, the whole information of the spectral line is taken into account. However, the
small satellite signals are weighted only weakly in this method and, thus, the 'Peak-top-fit'
mode is preferred for them. It minimizes the sum of the squared differences,
Σ[(Fobs − Fcalc)

2], between the observed and calculated peak frequencies F. As a result, the
spectral parameters are obtained using PERCH software typically with a standard
deviation of a few hundreds of a hertz. As an example, the experimental and calculated 1H
spectra are shown in Fig. 3 for CH3SiH3 at 310 K, dissolved in anisotropic nematic liquid
crystal ZLI 2806, a product of Merck. The peak-top RMS of the fit is 0.16 Hz, which
consists of the simultaneous fits for the isotopomers 12CH3

28SiH3, 
13CH3

28SiH3 and
12CH3

29SiH3. The RMS is somewhat increased by signals arising from a small amount of
impurity in the sample, but being close enough to a desired line is thus not rejected. One
part of the satellite spectra, corresponding to the rare 13C and 29Si isotopes, is shown in
Fig. 4. The uppermost spectrum is the observed superposition of the spectra of all
isotopomers. The calculated satellite spectra, shown separately, are fitted simultaneously
with the intense main spectrum to the observed data.
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Fig. 3. The exerimental and calculated 1H spectrum of CH3SiH3 in nematic liquid crystal ZLI
2806 at 310 K.
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Fig. 4. A part (−2000 ... −1500 Hz) of the experimental total spectrum in Fig. 3 and the
calculated 13C and 29Si satellite spectra.



4. Interpretation of the LC NMR spectral parameters

4.1. Dipolar coupling tensor and molecular orientation

4.1.1. General

The dipolar coupling tensor, D'ij, is cylindrically symmetric in the internuclear i−j
direction. In LC NMR experiments, it gives an anisotropic coupling, Dij

exp, which is also
contributed by the indirect coupling, ½ Jij

aniso. The experimental anisotropic couplings
contain therefore detailed information on the molecular geometry, electronic core, and
orientation.

In the present thesis, the main aim is the determination of the Jij tensors by extracting
the ½ Jij

aniso contributions from the corresponding Dij
exp couplings. For the present

molecules, it demands high accuracy for the molecular orientation and for the other
contributions given in Eq. (12), because the studied property is only a few percent at its
maximum of the corresponding observable. Thus, even small relative errors in Dij

couplings would lead to large errors in the extracted experimental ½ Jij
aniso that is given by

the difference between Dij
exp and the calculated dipolar coupling, Dij

calc = Dij
eq + Dij

ah +
Dij

h + Dij
d. For this reason, the calculation of the several contributions, given in Eqs. (13),

(14), and (15), is extremely necessary. As a secondary result, the physically meaningful
molecular average geometry, rα, and equilibrium geometry, re, are obtained.

The production of accurate Dij
exp couplings is considered in the chapter 3. From the

experimental data, not only the resulting couplings, but also their error limits are needed
in the iteration of the molecular parameters. Each coupling is weighted with the
corresponding squared inverse of the error limit during the optimization procedure. The
different contributions to the Dij

exp couplings are calculated on the basis of the fitted A ij

tensors and the fixed anharmonic and harmonic force field, determined theoretically with
semi-empirical or (preferably) ab initio calculations or with other spectroscopic methods.
The molecular average orientation is calculated on the basis of A ij tensors and, thus, it
does not bring independent parameters to the iteration.
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4.1.2. Anharmonic vibration

The anharmonic contribution, Dij
ah, to the experimental coupling in Eq. (12) is caused by

the difference between the temperature-independent molecular equilibrium geometry and
the temperature-dependent average geometry. The anharmonic effects are defined as
anharmonic contributions to the molecular geometry, as seen in Eq. (13). The
anharmonicity of the molecular vibration gives two separate contributions, which are (a)
curvilinear vibration, leading to "transformational" anharmonicity, and (b) anharmonic
vibrational potential, leading to the "intrinsic" anharmonicity [14]. As an example, the
vibrational bending curve of an atom is presented in Fig. 5. The atom vibrates
symmetrically along the circular arc (shown with a twisting scale in the figure), i.e. the
internal bending coordinate is assumed to be purely harmonic in the valence coordinate
frame. The average position defines the rα geometry, which deviates from the rg geometry
(defined by average internuclear distances given by electron-diffraction experiments) by
the transformational anharmonicity. The intrinsic anharmonicity arises from the Morse-
like asymmetry of the vibrational potential, i.e. stretching in the present case. The
difference, ∆ rα = rα − re, represents the sum of the anharmonic effects on the average
geometry. The increased temperature enlarges the average vibrational amplitudes, which
is due to larger occupational numbers in the higher vibrational states according to
Boltzmann statistics.

0,9 1,0

-0,3

0,0

0,3
Intrinsic

Transformational

Vibrational curve

r
e

rα

∆rα

/Å

/Å

Fig. 5. The average position, rα (◆), and the equilibrium position, re (●), of a nucleus in a
molecule-fixed frame. The transformational deviation from the arc is due to the bending
vibration shown, whereas the intrinsic deviation is due to the asymmetry of the stretching
potential, not shown in the figure. See text for details.

The sensitivity of the vibrational contributions to the anharmonic force field is examined
for hydrogen cyanide, acetylene, methane, benzene, and ammonia in Ref. [14]. The
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typical contributions are to the order of 0.01 Å to the bond lengths, and a few tens of a
degree to the bond angles near room temperature. Dij

ah is typically a few percent of Dij
eq

(see for example Table XII in [V]). However, the the analysis of the experimental data can
be performed also at rα geometry, when the anharmonic contributions are taken into
account as small changes, δ Dij

ah = Dij
ah(T) − Dij

ah(Tref) (see for example Table 5 in [VI]).
Programme AVIBR [14] is developed for the calculation of the anharmonic effects on the
basis of the molecular geometry, atomic masses, and harmonic and anharmonic force
field. In the present thesis, the AVIBR version, modified to take into account also the
contributions due to centrifugal distortions, is used.

4.1.3. Harmonic vibration

The contribution, Dij
h, from harmonic vibrations to the experimental dipolar coupling is

given by Eq. (14). The contribution arises from the non-symmetric changes of the dipolar
coupling as functions of the harmonic vibrations around the average position of the atom.
The experimental coupling contains information on <rij

−3> (see Eq. (11)), which is
transformable to rα only after correction that is calculated on the basis of the harmonic
force field of the molecule. The contribution is different for each Dij and, thus, the fit of
the molecular geometry and orientation to the experimental data is poor, unless the
harmonic vibration is taken into account.

The relative harmonic contribution to the direct coupling is typically a few percent at
maximum, as seen in Table 6 in [I]. However, the relative correction, Dij

h / Dij
eq, can be

anomalously large, if the Dij
eq coupling is almost negligible despite significant molecular

orientation. The harmonic vibrational corrections to the experimental couplings are
calculated in practise by using the MASTER programme [46]. The programme performs
the calculations by using the harmonic force field in the Cartesian basis, i.e. the vibrations
are assumed to be linear. This is a good approximation for small-amplitude vibrations,
whereas large-amplitude vibrations, an internal rotation for example, deviate significantly
from the linearity, and they demand separate examination [II, VI]. The ratio, Dij

h / Dij
eq, is

generally orientation-dependent, but for molecules of C3 or higher symmetry it remains.

4.1.4. Molecular deformation

The deformational contribution, Dij
d, to the experimental coupling is defined by Eq. (15).

Physically it represents a mechanism that changes the centre of harmonic vibration as a
function of the momentary molecular orientation with respect to the LC director, n. Fig. 6
is given as an example that shows an ethene molecule at two different orientations. The
H−C−C bond angle is reduced for the molecule on the left and enlarged on the right,
because the C−H bonds tend to turn parallel with n in the presented case. The
instantaneous deformation is determined by a second-rank interaction tensor, Aαβ, which
forms an anisotropic potential that affects the molecular vibrations together with the
vibrational potential, leading to the correlation between molecular rotation and vibration.
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Fig. 6. The torques (shown with short vectors) acting on the C−H bonds of ethene as functions
of the instantaneous orientation with respect to the director, n.

Aαβ is determined by the sum of the A ij tensors, which determine the torques acting on the
i−j bonds, leading also to non-zero average orientation (see Eq. (20). The A ij tensors are
extracted by fitted them together with the geometry parameters (and indirect coupling
tensors) to the experimental data. A ij is assumed to be a diagonal and traceless tensor in
the corresponding bond direction. Thus, it is determined by two independent parameters:
the anisotropy, ∆ Aij, and the asymmetry, ηij, which are defined by [18]

ij

ijij

ij
A

AA

L

VT −
=η (22)

and

)½( VTL
ijijij

ij AAAA +−=∆ . (23)

In the Eqs. (22) and (23), AT
ij and AV

ij are the transverse and vertical components, and AL
ij

is the longitudinal component in the bond direction.
In the case of hydrocarbons, the ACH and ACC tensors are often cylindrically symmetric.

For example in the case of ethane [II] the fit to the experimental data is good with the
fixed asymmetry, ηCH = 0 for the six equal ACH tensors, and ηCC equals zero because of
the local symmetry. However, in the case of benzene (see Table 6. in [I]), also the
asymmetry parameters were non-zero. An extremely large asymmetry is seen for CHF3 in
the ZLI 1132 solvent at 325 K [V], where ηCF = 69.7 due to the unusually small value for
AL

CF that appears in the denominator of Eq. (22).
∆ Aij is typically below 2 ⋅ 10−21 J in absolute value, and the resulting Dij

d contributions
are typically below two percent of Dij

eq (see Table 11 in [IV]), but they can be also very
important as seen in Table XII for CHF3 in [V]. Generally, both positive and negative
values for ∆ Aij are obtained, depending on the bond of the studied molecule and the LC
solvent used. There is also evidence that the ∆ Aij 's are linearly dependent on the
corresponding parameters in other molecules, provided that measurements are performed
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in equal physical circumstances [47-51]. However, this relation was not applied in the
present thesis.

In practise, the MASTER programme (recently used as a subroutine, as discussed later)
calculates the Dij

d contributions as well as the molecular orientation, Dij
eq couplings, and

Dij
h contributions. As an input data, the programme reads the molecular geometry, atomic

masses, and the harmonic force field used in the normal-coordinate analysis. The
interaction tensors are defined in the input file, and the programme is able to fit them,
together with certain Cartesian atomic coordinates, to the given experimental data.

4.1.5. Computational aspects

We have found the properties of the MASTER programme to be quite limited for our
purposes, and thus, we have used it as a Fortran-Matlab-EXtension (FMEX) together with
the Optimization toolbox in the MATLAB software[52] in the studies [IV-VI]. The easily
changed properties of the calculation code without compiling it, and the powerful
handling of matrices are the main benefits of the combination. For example, the molecular
geometry is calculated and iterated in MATLAB, which enables the effective utilization of
the molecular symmetry. Another example is the easy iteration of ∆ Jij values (as well as
other element combinations) in the molecule-fixed frame. Generally, any information on
the molecule is transportable between MASTER and MATLAB. This can be used even in
numerical transformation of the harmonic force field from the Cartesian coordinate basis
to the valence and symmetry coordinates, which was utilized in [VI]. The programme
combination enables the automatic calculation of the effects of large-amplitude vibrations,
which was also exploited in [VI]. The iterations for the studies [IV-VI] are performed
using Sun Ultra Enterprise 4000 COMPUTING SERVER, because the presented
programme combination is not yet optimized for fast calculation.

4.2. Nuclear shielding tensor

The nuclear shielding, σi, is determined experimentally from the directly observable
chemical shift difference, (δi − δref), between the nucleus i and the signal of the reference
molecule:

)( refref
aniso δ−δ−σ=σ+σ iii , (24)

where σref is the (known) shielding of the reference substance, for example methane, for
which σref

aniso equals zero due to the molecular symmetry. The chemical shift, δi, in Eq.
(24) is directly obtained from the spectral analysis. It consists of isotropic and anisotropic
contributions, if is extracted from an NMR spectrum taken from an anisotropic phase. The
anisotropic component, σi

aniso, of the nuclear shielding conforms to Eq. (6) and σi is the
1/3 of the trace of the σi tensor.
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The nuclear shielding tensor has, in general, the irreducible isotropic (rank 0),
antisymmetric (rank 1) and symmetric (rank 2) components, but the antisymmetric
component does not affect the observed chemical shift in LC NMR. Depending on the
molecular symmetry, certain combinations of the σi tensor elements are obtained from the
LC NMR measurements. In principle, the symmetric part of the nuclear shielding tensor is
determinable in a general case by measuring the chemical shifts as functions of the
independent orientational parameters, represented in Eq. (6), and by fitting the σi tensor to
the experimental σi and σi

aniso values. The changes in the molecular orientation can be
produced by using different temperatures, LC solvents, concentrations, and by utilizing
VAS experiments; the last does not change the relationship between the orientational
parameters and the medium effects may lead to anomalous behaviour of the shielding
[53]. In the case of small shielding anisotropy, typical for 1H, the accuracy of the
experimental results is reduced by the macroscopic and microscopic bulk susceptibility
effects; the former is however removed by employing internal reference. The most
reliable results are obtained for molecules of a C3 or higher symmetry point group with
ENEMIX method, where the chemical shifts corresponding to parallel and perpendicular
orientations of n with respect to B0 are obtained by extrapolation to the same physical
state [1].

There are also situations, where the complete shielding tensor is not necessarily
determinable with LC NMR. The number of the determinable combinations of σi tensor
elements is defined by the molecular symmetry, whereas the number of independent
parameters is defined by the local symmetry. For example, in the case of C3 or higher
molecular symmetry only the anisotropy, ∆ σi, is established in addition to the isotropic
shielding. This is enough to determine the complete tensor, if the nucleus i is on the
symmetry axis. Otherwise the PAS system of the tensor remains unknown due to
averaging of given tensor elements. As an example, the theoretical σH and σC tensors of
ethane are given in the molecule-fixed frame in Table 1. The carbons are on the symmetry
axis, and thus, the complete σC is determinable, whereas the non-zero terms, (σH,xx − σH,yy)
and (σH,yz + σ H,zy), are not observable by applying the LC NMR method, because the
corresponding orientational terms in Eq. (6) are zero due to the molecular symmetry.

Table 1. 1H and 13C shielding tensors in ethane.a

Tensor property σ(iso) ∆ σ σxx − σyy σyz + σzy

σH
exp 29.97 2.02 −b −b

σH
theor 30.92 1.21 −7.59 8.41

σC
exp 184.2 16.7

σC
theor 184.7 12.5

aValues in ppm in the molecule-fixed Cartesian (x, y, z) coordinates. The z-axis is parallel to the C-
C bond and the hydrogen considered is in the y-z plane. The tensors are taken from [III].
bNot affecting the LC NMR spectra.

Despite of the limitation in the tensor determination with LC NMR, it is a powerful
method for obtaining detailed information on the spin-system. Even in a complicated case,
certain combinations of the tensor elements are obtained. This is worthwhile information
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in a comparison between theoretical and experimental data, because the theoretical results
can be used to produce the experimentally determined quantity. The molecular orientation
needed is obtained from the Dij couplings of the molecule by applying Eq. (11), which is
approximated to a reasonable accuracy in the case of σi tensor determination with
<sij rij

−3> ≈  <sij> <rij
−3>, if needed. In the present thesis, the Jij tensors are the focus; the

experimental information of σi tensors is established only in [II] and [III]. However, σi is
a property of the electronic core and it is useful in testing the electronic structure
calculations used also in order to produce the theoretical Jij tensors.

4.3. Quadrupole coupling tensor

In the present thesis, the quadrupole couplings are measured only for formamide in [II].
Therefore this topic is discussed only briefly.

The quadrupole coupling, Bi, contains information of the electronic structure and thus it
is also utilized in order to test ab initio calculations. The Bi coupling is defined in Eq. (9).
It is present in the anisotropic spectra of nuclei with spin equal to or greater than 1. The
coupling is seen as splitting in the LC NMR spectrum and it is determined by the EFG
tensor, Fi, which is symmetric according to the exchangeability, ∂2V i/∂α∂β = ∂2V i/∂β∂α.
For most of the heavy quadrupolar nuclei, the anisotropic spectra are extremely difficult to
observe, because the fluctuations of the strong coupling broadens the lines that are also
originally wide due to the fast relaxation.

The Fi tensor is combined with the molecular average orientation by Eq. (6). It is
extracted from the LC NMR data by fitting it to the experimental couplings. The
corresponding molecular orientations are determined from the Dij

exp couplings measured
in the same conditions. In [II], the quadrupolar splittings are measured for 2H (spin-1), 14N
(spin-1) and 17O (spin-5/2) in formamide. The measurement of the deuterium spectra
required 2H-enrichment of the sample. The other nuclei were observable from the natural
abundance, because the quadrupolar splitting was only a few thousand Hz at its maximum
in the present experiments. The nuclear quadrupole coupling constants, defined

χi = −eQiF
i
cc / h, (25)

are reported for the nuclei mentioned. In Eq. (25) Fi
cc is the largest (in absolute value)

principal value of the Fi tensor.

4.4. Spin-spin coupling tensor

The spin-spin coupling, Jij, is a second-rank tensor, which consists of three irreducible
components [21],

Jij = Jij
(0) + Jij

(1) + Jij
(2), (26)
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the tensors of rank-0, 1, and 2, respectively. The rank-1 tensor is represented in the last
term in the brackets in Eq. (2), but it does not affect the LC NMR spectra, because the
corresponding component vanishes from Eq. (3). The rank-0 tensor is defined by

Jij
(0) =  Jij 1, (27)

where Jij is the isotropic coupling, Jij = Tr(Jij) / 3 = (Jij ,xx + Jij ,yy + Jij ,zz) / 3, and 1 is the 3x3
unity matrix. The anisotropic spin-spin coupling, Jij

aniso (arising from the Jij
(2) component),

is determined by five independent components, given in Eq. (6) for a general rank-2
tensor, T.

Jij is directly observable in common isotropic liquid samples, and it is often called "the
spin-spin coupling constant". Actually this name is a bit misleading as, in fact, Jij values
vary because of the small solvent effects, which are typically a few Hz at their maximum
for 1JCH and only a few hundreds of a Hz for long-range JHH and JCH couplings. However,
these effects are essential to take into account in accurate spectral analysis for weakly
oriented molecules. In many cases, Jij is combined with Dij

exp coupling in the LC NMR
spectra. Therefore, the latter is determined only by fixing the former, and the possible
error from the ignored solvent effect in the fixed value of Jij reflects on Dij

exp. This is taken
into account in the present thesis by measuring the Jij couplings of the studied weakly
oriented molecules for each sample at elevated temperatures, where the LC solvents
appear in isotropic phases. Also the temperature dependence of the Jij couplings was
checked, but it was found to be small, except for formamide [II]. The spin-spin couplings
may also be determined by applying VAS experiments for the unresolved coupling
combination as a function of the angle, θ, between the rotational axis and external
magnetic field. The isotropic coupling is separated from the combination by extrapolating
the P2(cosθ)-dependent function to the magic angle, where the Dij

exp is negligible, and
only the Jij coupling remains.

The experimental Jij tensor is, in principle, affected by the molecular motions. The
solvent-induced deformations affect most probably only slightly the trace of the tensor,
because the Jij couplings are rather insensitive to the solvent used. The effects of the non-
disturbed molecular vibrations do not seem to cause dramatic changes to the Jij tensors,
which is implied by the small theoretical vibrational corrections to the ab initio results in
[V] and in Ref. [27]. For example, the rigid-molecule approximation gives the value of
207.84 Hz for ∆1JCF in CH3F, whereas after the vibrational (C−F stretching) correction the
value is 207.00 Hz. The respective isotropic couplings are −156.56 Hz and −151.48 Hz,
all from the RAS-II/HIII ab initio calculations from [V]. All these findings imply that the
Jij tensor is generally quite insensitive to any small disturbance. Therefore, the small
experimental ½ Jij

aniso contributions to Dij
exp determined in different surroundings are

explained to a high accuracy with the same Jij
(2) tensor, at least if the direct coupling is

clearly the dominating term in Dij
exp.

The ½ Jij
aniso contribution to the Dij

exp coupling is extracted by calculating the
corresponding direct coupling, Dij, from the optimized molecular geometry and interaction
tensors. In [I] and [III] regarding the indirect C−C couplings, the optimization is
performed on the basis of the couplings for which the ½ Jij

aniso contribution is assumed to
be small and fixed to zero. The studied ½ JCC

aniso contributions are given by Eq.
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calc
CC

exp
CC

aniso
CC½ DDJ −= , (28)

where DCC
calc is the calculated dipolar coupling. In [IV-VI], we used the combination of

the MASTER programme and Matlab software, which enabled us to constraint the
½ Jij

aniso values, corresponding to several measurements, to satisfy the Eq. (6) with one Jij

tensor.
The determination of the indirect contributions to the Dij

exp couplings is a demanding
task in the case of coupled light nuclei, because the experimental information is given by
the small difference between two rather large values, the experimental and calculated Dij

couplings in analogy with Eq. (28). Thus, the variation in the resulting ∆ Jij corresponding
to different measurements can be even a few ten percent. From this point of view, it is
really encouraging that the experimental and theoretical results for the Jij tensors are in
good mutual agreement in the present thesis. The experimental and theoretical tensor
properties are given in Tables 2 and 3 for the molecules studied by utilizing LC NMR
measurements with sophisticated data analysis, and by modern ab initio MCSCF
calculations. In addition to the results of this theses, the 1JCN tensors are presented on the
basis of the literature. The isotropic Jij couplings are experimentally very accurate and
they provide a severe test for the theoretical results. As seen from the tables, the
experimental and theoretical Jij couplings deviate by only a few Hz. As slight systematics,
the theoretical absolute value is slightly larger than the experimental one for each 1JCC and
1JCN. Contrary to this, the theoretical ∆1Jij is somewhat smaller for most of the one-bond
couplings. The possibility for the experimental determination of the tensor in PAS
applying LC NMR depends on the molecular symmetry point group and the local
symmetry of the tensor. Therefore, only the theoretical tensors are always complete, i.e.
all the tensor elements are known. Moreover, the ab initio calculations are able to provide
all the Jij tensors for the studied molecule. For this reason, the systematics of the tensors
are considered on the basis of the theoretical results in the next chapter in order to give a
general insight into the transferability of the indirect contributions from one molecule to
another. The transferability can be utilized in the determination of the molecular geometry
by examining the internuclear dipolar couplings, if the Dij

exp couplings can be corrected
for the indirect contributions on the basis of the Jij tensors adopted from other molecules.
Also the application in the experimental determination of Jij tensors is obvious, because
the molecular geometry and orientation have to be determined simultaneously and, thus,
certain Jij

(2) tensors have to be fixed according to a prior knowledge.
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Table 2. Experimental and theoretical JCC and JCN tensor properties in a few molecules.a

Molecule Tensor J ∆ J Jxx − Jyy Ref.
C6H6

b,c 1JCC 55.8
70.9

17.5
11.0

−
44.6

[I]

2JCC −2.5
−5.0

−3.9
−12.7

−
−0.2

3JCC 10.1
19.1

9.5
12.8

−
−3.1

C2H6
b 1JCC 34.5

38.8
56

32.1
[III]

C2H4
b,d 1JCC 67.5

70.2
11

26.5
−44

−44.3
[III]

C2H2
b,e 1JCC 169.7

181.2
59.5
47.5

[III]

CH3CNb,f 1JCC 58.0
72.0

30±33
36.6

[54]
[27]

2JCN 2.9
2.8

−18±7
−7.7

[54]
[27]

CH3NCb 1JC≡N −8.9
−12.6

−60.0±3.9
−47.1

[55]
[27]

1JC−N −10.7
−19.3

−12.0±2.4
−17.0

[55]
[27]

aValues in Hz in the molecule-fixed frame. The couplings to nitrogen are given for 15N. The upper
values are determined experimentally applying the LC NMR method by taking into account the
molecular motions (including also deformational contributions). If a tensor property does not affect
the structure of the LC NMR spectra, it is marked with '−'. The lower values are produced with ab
initio MCSCF calculations.
bz is along the symmetry axis.
cThe x-axis is the corresponding internuclear axis.
dThe x-axis is in the molecular plane.
e∆2JCH is fixed to the theoretical value.
f 1DCN was not used in the analysis of the data.
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Table 3. Experimental and theoretical JCF and JCSi tensor properties in the molecules
studied in the present thesis.a

Molecule Tensor J ∆ J Jxx − Jyy
b Jxz + Jzx Jyz + Jzy Ref.

C6H4F2
c 1JCF −242.6

−184.7
400±90
368.8

13±3
11.5

[IV]

2JCF 24.3
42.5

−39±2
−36.9

−20.5±1.1
−19.4

−
90.7

3JCF 8.2
3.5

17.6±0.2
37.5

13.7±0.1
29.1

−
−18.85

4JCF 2.7
7.4

−20.0±0.9
−19.2

−35±2
−34.0

5JFF 17.4
21.6

−36.5±0.5
−36.2

−38.4±0.5
−38.1

CH3F
d 1JCF −163.0

−156.6
350

207.8
[V]

CH2F2
d,e 1JCF −233.9

−220.7
13.5
10.4

−360
−280.3

−
183.3

[V]

CHF3
d 2JFF −

152.4
−200

−232.1
−

−375.0
−

336.4
[V]

CH3SiH3
d 1JCSi −51.6

−60.5
−89±10
−59.3

[VI]

aSee footnote a in table 2.
bThe ratio, ∆ J / (Jxx − Jyy) was fixed to the theoretical value in the fitting to the experimental data.
cThe z-axis is in the direction of C−F bond and x in the molecular plane.
dz is along the symmetry axis.
ey is in the F−C−F plane.



5. Systematics of the Jij tensors

The experimental determination of the Jij tensors applying the LC NMR method requires
the simultaneous determination of the molecular geometry and orientation, which is
possible only by using the anisotropic couplings for which the indirect contribution is
small or known. The knowledge of the indirect contributions would be significantly
supported by the possible systematics of the Jij tensors. Some examples of the systematics
are found in this thesis and reported in this section. Also the determination of the
molecular geometry is discussed in order to give an impression of the meaning of the
indirect contributions to anisotropic couplings.

In the case of dipolar coupling between heavy atoms, the indirect contribution,
½ Jij

aniso, typically stands for most of the Dij
exp coupling. Jij

aniso does not contain direct
information on the molecular geometry and, therefore, it disturbs the investigation of bond
lengths, bond angles and orientation of the molecule. In the present thesis, the studied
molecules consist of relatively light atoms that possess the indirect contributions of
maximally a few percent of Dij

exp (unless the direct coupling is negligible due to an
accidentally small Sij despite significant molecular orientation). The relative indirect
contribution, discussed later, is given by the ratio, ½ Jij

aniso / Dij
eq. Even though the

theoretical results for Jij tensors deviate slightly from the experimental values, they most
probably provide reliable data for the similar features of same kind of Jij tensors in
different molecules. Moreover, all the elements of the theoretical tensors are known and
they are capable of correcting most of the ½ Jij

aniso contribution from the Dij
exp coupling.

For these reasons, mainly theoretical ab initio MCSCF results are used in the present
section. The results for the couplings involving 1H, 13C, 15N, 17O, 19F, and 29Si isotopes are
treated, but the relative indirect contribution is directly profitable for other isotopes of the
atom, as the scaling with the gyromagnetic ratios, γi and γj, is removed in the division. In
many papers, the anisotropies, ∆ Jij, are given relative to Jij:

ij

ij

ij

ij
ij K

K

J

J
R

∆
=

∆
= , (29)
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where K ij is the reduced spin-spin coupling tensor (in units 1019 T2 J−1), which is related to
Jij by

π
γγ

=
2

ijji
ij

K
J

!
. (30)

Rij is a directly comparable property for the couplings between different pairs of nuclei.
For example, RCC = 1.6 in ethane [III] and RCSi = 1.7 in methyl silane [IV]. The values are
nearly the same, because the coupled pairs of nuclei are in similar structural surroundings.
However, the ratio changes in the substitution of a light atom with a heavy atom, for
which the relativistic effects are important [20]. For instance, RCCd = 0.70 in Cd(CH3)2

[56] and RCHg = 0.95 [57]  or 1.12 [58, 59] in Hg(CH3)2.

5.1. Indirect contributions to the apparent molecular geometry

Now we choose the z'-axis of the molecule-fixed frame to be parallel to the internuclear
i − j direction for each examined Jij. Then, the corresponding D'ij tensor is diagonal and
cylindrically symmetric and (see Eqs. (6) and (11)) the direct coupling corresponding to
the equilibrium geometry is determined in this frame by

3
''eq

ij

zz
ijij

r

S
KD −= . (31)

However, Jij
aniso can consist of several terms according to Eq. (6), because the D'ij and Jij

tensors can possess different PAS. The indirect contribution is now divided into the
relative orientation independent term, ½ Jij ,L

aniso / Dij
eq, and the residual orientation-

dependent term, Jij ,T
aniso, where 'L' and 'T' refer to the 'longitudinal' and 'transverse'

components, respectively. The latter is independent of the Sz'z' parameter, but the
properties of the molecular orientational tensor have to be fulfilled; Sαβ is traceless and
symmetric. The separated indirect contributions are given by

''
aniso

L 3

2
zzijij SJJ ∆=, , (32)

and

[ ''''''''''''''
aniso

T )())(½(
3

2
yxxyyxyyxxyyxxij SJJSSJJJ ++−−=,

]'''''''''''' )()( zyyzzyzxxzzx SJJSJJ ++++ . (33)
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The contribution, given in Eq. (32), vanishes together with the direct coupling with a
negligible Sz'z'. In the determination of the distance rij, the neglected Jij ,L

aniso contribution
leads to an error, δr, in the real value of rij by

3
3

3

3

3

ijijij

ijij
ijij

rJK

rK
rr

∆−
+−=δ , (34)

if the transverse contribution, Jij ,T
aniso, is zero. Contrary to this, the transverse contribution

is independent of the Sz'z' parameter and is thus not related to Dij. This may lead to a
situation, where the indirect coupling stands for most of Dij

exp. In the case of C3 or a
higher symmetry point group, the angle, θij ,C3, between the r ij vector and the symmetry
axis contains an error of














−θ+θ−=δθ

ij

ijij
ijijij K

Jr

3
cosacos

aniso
T,

3

3C,
2

3C,3C, , (35)

if the indirect contribution is ignored and Jij ,L
aniso is negligible. At the magic angle,

cos2θ = 1/3, Eq. (35) gives an error of 0.41 degrees with the contribution,
½ Jij ,T

aniso / ( Kij / rij
3) = 1%. However, if the molecule is not cylindrically symmetric or

close to it, even small transverse contribution, ½ Jij ,T
aniso, may lead to significant errors in

the resulting molecular geometry (at least if the three coordinates of an atom are fitted on
the basis of only three couplings). This possible source of error is eliminated significantly,
if the geometry is fitted to the data corresponding to several molecular orientations with
differently balanced order parameters.

5.2. Systematics of 1JCH

Most probably the best estimate for a unknown Jij
aniso contribution is given by directly

adopting the similar Jij tensor from a probe molecule being the structural unit of the
studied molecule. However, we examine the similarities of alike Jij

(2) tensors in different
molecules, because they give information of the sensitivity of the tensor to the changes in
the surrounding molecular structure. The changes imply the transferability of the property;
large changes would be difficult to estimate reliably.

The DCH
exp coupling is generally used in the determination of molecular geometry and

orientation, as it is detectable even for highly oriented liquid crystal molecules with 13C at
natural abundance [39]. The ratio, ½ JCH

aniso / DCH
eq, is known to be generally small [20]

and the reliable theoretical ab initio MCSCF calculations confirm this. One way to search
for systematics in Jij tensors is to compare them in PAS. However, the principal axis
directions are difficult to estimate reliably in a general case and we are now interested in
the systematics of the indirect coupling tensors in an easily determinable basis; the i−j
direction appears to be suitable for fixing the frame.
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The theoretical results for the complete 1JCH tensors are given for several molecules in
Table 4. As can be directly seen, the tensors are nearly cylindrically symmetric in the
bond direction, z'. The anisotropy, ∆1JCH, stands for most of the 1JCH

aniso contribution in
this case. Moreover, the anisotropy appears to be nearly invariant for each group of
molecules, where the classification is performed considering the carbon-bonding to other
atoms: in the fist group, the carbons are single bonded, double at the second, and the triple
bond is the common feature in the last group. The respective anisotropies are in the ranges
of −25.6 ... −31.2 Hz, −32.5 ... −35.7 Hz, and −62.4 ... −73.3 Hz. C6H6 is aromatic and,
thus, treated separately. In the table, also the theoretical maximum values are given for
½ 1JCH

aniso.
The residual maximal ½ 1JCH

aniso  is reduced significantly, if we calculate the average of
the ∆1JCH values within a group of molecules and subtract them from the 1JCH,z'z' values.
This means that we approximate the 1JCH

(2) tensor (see Eq. (26)) with the last term in the
equation
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The approximate tensor, 1JCH
(2),av, is useful in calculating the indirect contribution from

the experimental Sαβ tensor during the analysis of the experimental data, if 1JCH is
otherwise unknown. Note that 1JCH

(2),av has to be transformed to the chosen molecule-fixed
frame before using it. The residual component, 1JCH

(2),res, in Eq. (36) consists of the errors
made in the approximation. 1JCH

aniso is not affected if the rank-0 tensor, 1JCH
(0) (see Eq.

(27)), is subtracted from the complete tensor and neglected. The residual tensors,
1JCH

(2),res = 1JCH − 1JCH
(2),av − 1J'CH 1 (where 1J'CH = Tr(1JCH − 1JCH

(2),av)/3 is the average of
the diagonal elements after the former subtraction), are given in Table 5. The theoretical
maximum values of ½ 1JCH

aniso, the indirect contribution to 1DCH
exp, are reduced

significantly as seen by comparing with Table 4. In the first group of molecules, the
subtracted ∆1JCH was −27.85 Hz, whereas the second group was corrected with −34.14 Hz
and the couplings to triple-bonded carbons with −67.65 Hz. In the case of CH2F2, the
vicinity of the electronegative fluorine atoms disturbs the approximation. This is
manifested as a difference of about 12.3 degrees between the C−H bond and the closest
principal axis of 1JCH, leading to rather large (Jx'z' + Jz'x') term in the bond-fixed frame.
Despite this, the maximal indirect contribution was reduced by about 65% in magnitude.
An important feature is also the fact that the 1JCH tensor is not changed significantly in the
C2HX molecules along heavier X nuclei. Therefore, at least the anisotropic properties of
1JCH are transferable to a good degree of accuracy from a probe molecule to another, even
if the molecules contain heavy atoms.
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Table 4. The original 1JCH tensors in the C−H bond directions.a

Molec. Jx'x' Jy'y' Jz'z' Jx'z'+Jz'x' ½ Janiso b Ref.
group 1
CH3SiH3 124.8 125.6 96.8 2.3 9.5 [VI]
CH3F 151.7 149.8 122.9 10.4 9.7 [V]
CH2F2 184.7 184.1 158.2 −12.2 9.4 [V]
CHF3 247.2 247.2 216.0 10.4 [V]
C2H6 128.4 128.3 102.8 3.6 8.6 [III]
group 2
HCONH2 192.9 195.2 161.5 0.2 10.9 [II]
C2H4 158.0 161.2 123.9 −0.2 11.9 [III]
group 3
C6H6 190.8 195.4 144.0 0.8 16.4 [I]
group 4
HCN 270.4 270.4 207.0 21.1 [27]
C2H2 252.9 252.9 190.6 20.8 [III]
HCCF 313.2 313.2 239.9 24.4 − c

HCCCl 300.4 300.4 227.8 24.2 − c

HCCBr 297.3 297.3 225.4 24.0 − c

HCCI 290.7 290.7 219.9 23.6 − c

aValues in Hz. The z'-axis is always in the bond direction and x'-axis in the plane of planar
molecules. For the other non-linear the molecules, x' is in the plane formed by the bond and
the molecular symmetry axis.
bThe theoretical maximum (absolute value).
cPrivate communication with Dr. Juha Vaara.
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Table 5. The residual 1JCH
(2),res tensors in the C−H bond directions.a

Molec. Jx'x' Jy'y' Jz'z' Jx'z'+Jz'x' ½ Janiso b

group 1
CH3SiH3 −0.2 0.6 −0.4 2.3 0.7
CH3F 0.9 −0.9 0.0 10.4 2.8
CH2F2 −0.3 −0.8 1.1 −12.2 3.3
CHF3 1.1 1.1 −2.2 1.1
C2H6 −0.7 −0.8 1.5 3.6 1.3
group 2
HCONH2 −1.7 0.6 1.1 0.2 0.8
C2H4 −1.1 2.2 −1.1 −0.2 1.1
group 4c

HCN −1.4 −1.4 2.9 1.4
C2H2 −1.8 −1.8 3.5 1.8
HCCF 1.9 1.9 −3.8 1.9
HCCCl 1.6 1.6 −3.3 1.6
HCCBr 1.4 1.4 −2.8 1.4
HCCI 1.0 1.0 −2.1 1.0

aSee footnote a in table 4.
bThe theoretical maximum (absolute value).
cC6H6 is not averaged, because it is the only molecule in group 3.

5.3. Systematics of 2JHH

The short-range H-H dipolar coupling is usually very strong. At the same time, the
corresponding indirect contribution is small, because the hydrogen atom has only one
electron in the core, causing the responses to the nuclear spins in the molecule. However,
the 2JHH tensor is useful for examining the trends of the J tensors in general as it is
calculated for several molecules.

The bonding atom, denoted X, between hydrogens affects the 2JHH(X) tensor. If these
three atoms are not linearly positioned, the tensor appears nearly cylindrically symmetric
in the y' direction that is perpendicularly to the H-X-H plane. In this case, there is no point
in subtracting the ∆ J value from the Jz'z' component as in the case of 1JCH in Eq. (36), but
the 2JHH(C)

(2) tensors are approximated with the average combination, Jy'y' − ½ (Jx'x' + Jz'z') =
−15.14 Hz. The corresponding average tensor is given in Hz in (x', y', z') basis by
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where z' is in the H−H direction and y' perpendicularly to the H−C−H plane. The original
2JHH(X) tensors are given in Table 6, and the residual 2JHH(C)

(2),res tensors consisting of the
deviations from the mean values are given in Table 7. Again, the electronegative fluorine
slightly disturbs the approximation (in CH3F), but the rank-2 tensors are mostly removed
from each 2JHH(C)

(2),res tensor. For comparison, also the couplings via N and Si bonding
atoms are shown. The symmetry appears to remain in them, but the value of the
difference, given above, is changed.

Table 6. The original 2JHH tensors in the corresponding H−H directions.a

Molec. Coupl. Jx'x' Jy'y' Jz'z' Jx'y'+Jy'x' Jx'z'+Jz'x' Jy'z'+Jz'y' ½Janiso b

CH3SiH3
2JHH(C) −9.7 −26.5 −9.5 0.4 0.0 0.0 5.6

CH3F
2JHH(C) −5.5 −19.6 −9.4 7.3 −1.2 4.2 4.7

CH2F2
2JHH(C) 3.3 −11.0 5.6 0.0 5.2

C2H6
2JHH(C) −8.9 −25.5 −8.0 −0.1 0.0 0.0 5.7

C2H4
2JHH(C) 4.5 −8.4 6.8 0.0 4.7

HCONH2
2JHH(N)

c 11.5 −11.8 11.6 −0.3 7.8
CH3SiH3

2JHH(Si)
c 3.7 0.2 3.7 −0.2 0.0 0.0 1.2

aValues in Hz. The z'-axis is always in the H−H direction and the x'-axis in the plane, formed by the
hydrogens and the mediate atom, given in parenthesis. See table 4 for the references.
bThe theoretical maximum (absolute value).
cNot used in the averaging.

Table 7. The residual 2JHH(C)
(2),res tensors in the corresponding H−H directions.a

Molec. Coupl. Jx'x' Jy'y' Jz'z' Jx'y'+Jy'x' Jx'z'+Jz'x' Jy'z'+Jz'y' ½Janiso b

CH3SiH3
2JHH(C) 0.5 −1.2 0.7 0.4 0.0 0.0 0.6

CH3F
2JHH(C) 1.0 2.0 −3.0 7.3 −1.2 4.2 2.7

CH2F2
2JHH(C) −1.0 −0.3 1.3 0.0 0.6

C2H6
2JHH(C) 0.2 −1.3 1.1 −0.1 0.0 0.0 0.7

C2H4
2JHH(C) −1.5 0.7 0.8 0.0 0.8

aSee footnote a in the table 6.
bThe theoretical maximum (absolute value).

5.4. Systematics of 1JCX

The dipolar couplings to carbons are very important in NMR studies for most of the large
molecules, because they form the best-resolved information due to the low natural
abundance (1.1%) of the 13C spin-½ nucleus, i.e. the rare 13C−13C couplings do not
complicate the spectra. Even a long carbon chain gives a simple 13C spectrum, if the
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couplings to hydrogens are removed with 1H irradiation. This is utilized, for example, by
studying the structure and/or ordering of liquid crystal molecules using DCF, [8, 9] and
DCC couplings [6, 7]. In the examinations, the indirect contributions are ignored, which is
a good approximation for DCC couplings [I, III], but generally only moderate for DCF

[IV, V].
The theoretically produced 1JCC and 1JCF are used as previously for 1JCH and 2JHH

tensors in order to determine the average matrix that can be used to correct the
corresponding Dexp coupling for the indirect contribution. In the present case, the average
correction is based on the average values, ∆1JCF = 299.4 Hz, ∆1JCC = 30.9 Hz, and
(1JCC,x'x' − 1JCC,y'y') = −39.8 Hz; the last correction is performed only for the double bonded
carbons. The corresponding approximate tensors are given in Hz as
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where the z'-axis is in the bond direction for the (x', y', z') basis, and x' is in the plane of a
planar molecule for doubly bonded carbons. The original 1JCC and 1JCF tensors are given
in Table 8 and the residual 1JCC

(2),res and 1JCF
(2),res in Table 9.
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Table 8. The original 1JCC and 1JCF tensors in the bond directions.a

Molec. Jx'x' Jy'y' Jz'z' Jx'z'+Jz'x' ½Janiso b
1JCC

C2H6 28.1 28.1 60.2 10.7
CH3CN 59.8 59.8 96.3 12.2
C2H4 39.2 83.6 87.9 15.5
C6H6 44.9 78.2 89.5 13.0
C6H4F2

c 70.8 112.7 120.3 15.2
C2H2 165.4 165.4 212.9 15.8
HCCF 276.9 276.9 303.5 8.9
HCCCl 230.6 230.6 259.3 9.6
HCCBr 218.5 218.5 245.4 9.0
HCCI 193.2 193.2 220.9 9.2
1JCF

CH3F −225.8 −225.8 −18.0 69.3
CH2F2

 d −256.6 −364.3 −41.2 63.8 92.1
CHF3

 d −385.3 −333.5 −7.4 54.5 118.3
C6H4F2 −301.9 −313.4 61.1 122.9

aValues in Hz. The z'-axis is always in the bond direction and the x'-axis in the plane of planar
molecules. The data for 1,4-C6H4F2 is from [IV]. For other references, see table 4.
bThe theoretical maximum (absolute value).
cFor the equivalent carbon nuclei.
dx'-axis in the plane, defined by the coupled nuclei and the symmetry axis.
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Table 9. The residual 1JCC
(2),res

 and 1JCF
(2),res tensors in the bond directions.a

Molec. Jx'x' Jy'y' Jz'z' Jx'z'+Jz'x' ½ Janiso b
1JCC

C2H6 −0.4 −0.4 0.8 0.4
CH3CN −1.9 −1.9 3.8 1.9
C2H4 −0.8 3.7 −2.9 0.4
C6H6 4.3 −2.3 −2.0 2.1
C6H4F2

c −0.2 1.8 −1.6 0.1
C2H2 −5.5 −5.5 11.1 5.5
HCCF 1.4 1.4 −2.9 1.4
HCCCl 0.7 0.7 −1.5 0.7
HCCBr 1.3 1.3 −2.7 1.3
HCCI 1.1 1.1 −2.1 1.1
1JCF

CH3F 30.5 30.5 −61.1 30.5
CH2F2

d 64.0 −43.8 −20.2 63.8 37.3
CHF3

d −43.4 8.4 35.0 54.5 26.0
C6H4F2 −17.4 −28.9 46.2 23.1

aSee footnote a in table 8.
bThe theoretical maximum (absolute value).
cFor the equivalent carbon nuclei.
dx'-axis in the plane, defined by the coupled nuclei and the symmetry axis.

As seen from the tables, the maximum indirect contributions are mostly diminished. The
orientation-independent contribution, ½ 1JCF,L

aniso / 1DCF
eq, is reduced from the values of

−1.1 ... −0.6% to −0.2 ... +0.3% (not shown in the table). Unfortunately, the fluorine
atoms affect strongly the principal axis directions of the J tensors. The present molecules
are therefore too different to show similar values for 1JCF,x'x' − 1JCF,y'y'. The harmful
1JCF,T

aniso contribution is not reduced, which may lead to the dominant indirect
contribution to the experimental coupling. However, even though the estimation based on
the average properties in different molecules do not correct for the 1JCF,T

aniso contribution,
the whole 1JCF tensor most probably does when it is taken from a probe molecule that is a
structural unit of the studied molecule. The accurate transferability of 1JCF

(2) from one
molecule to another is supported by the fact that the studied rank-2 tensors are rather
similar in the present molecules possessing different structural surroundings for the C−F
bond.

5.5. Significance of the indirect contribution to 1DCX
exp

In this section we give an insight into the significance of the atomic number to the
magnitude of the indirect contribution. The comparison is performed by using the
1JCX,L

aniso contributions that cause orientation-independent relative contribution to the
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corresponding dipolar coupling. The ratios, ½ 1JCX,L
aniso / 1DCX

exp, are therefore directly
comparable. The X nuclei used are 1H, 6C, 7N, 8O, 9F, 14Si, 48Cd, and 80Hg. As before, the
theoretical results are used for the couplings between light X atoms, because some 1JCX

tensors had to be transferred to the bond-fixed frame, which was not possible for all of the
experimental tensors. On the contrary, in the case of silicon and heavier X atoms, the
experimental results are used. In the early LC NMR studies, the deformational
contributions and harmonic vibrations are ignored for (CH3)2Cd [20, 56], but the latter has
only a minor relative correction to ∆1JHgC in (CH3)2Hg [59], because the indirect C-X
contribution is large (as also in the former molecule). For comparison, the data for
CH3HgNO3 [20, 60] is also shown in Fig. 7, where the ratios, ½ 1JCX,L

aniso / 1DCX, are
presented in percent as a function of the atomic number of X in several molecules. The
other molecules shown are C6H6 [I], HCONH2 [II], C2H6, C2H4, C2H2 [III], 1,4-C6H4F2

[IV], CH3F, CH2F2, CHF3 [V], CH3SiH3 [VI], HCN, CH3CN, HNC, and CH3NC [27]. The
four points for the Hg atom correspond to different results; the two uppermost points are
for (CH3)2Hg [57, 59] and the lowest two for CH3HgNO3 [60]. The deviation of the values
for the same coupling in the same molecule can be due to the ignored ½ Jij

aniso

contributions in the other Dij
exp couplings, but it can be also due to the different

deformational effects to the 1JHgC tensor, determined in different solvents. In fact, the
deformation of the 1JHgC tensor is implied also by the large solvent effect to 1JHgC in
CH3HgNO3; the coupling is 1697 Hz and 1794 Hz in nematic and lyotropic phase,
respectively. Anyhow, the clear conclusion on the basis of the figures is that the relative
indirect contribution increases rapidly with the atomic number of X. This lays strong
demands on the correction for the indirect contributions to the Dij

exp couplings between
heavy atoms i and j in order to obtain accurate dipolar couplings for the determination of
molecular orientation and geometry. In the case of significant indirect contributions, the
probe molecules used to provide the estimate for 1Jij

aniso must be very similar to the
studied structural unit.
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Fig. 7. The relative indirect contribution, ½ 1JCX,L
aniso / 1DCX, in a few molecules as a function of

the atomic number of X. The lower figure is zoomed from the upper. In order to separate the
overlapping points, the X-axis is shifted with 1/3, if the coupled carbon is double bonded and
with 2/3 if is triple bonded to the other atoms.



6. Conclusions

In this thesis, the spin-spin coupling tensors, J, are studied by applying the liquid crystal
(LC) NMR method for C6H6, HCONH2, C2H6, C2H4, C2H2, 1,4-C6H4F2, CH3F, CH2F2,
CHF3, and CH3SiH3. The experimental anisotropic couplings, Dexp, of the molecules are
obtained with a high degree of accuracy from the one-dimensional LC NMR spectra. The
Dexp couplings are explained by taking into account the contributions from the molecular
vibrations and the correlation between vibration and rotation to the direct dipolar
couplings. The motional effects play an important role in the extraction of the J tensors
from the anisotropic couplings; J's define the indirect contribution, whereas the
simultaneously fitted molecular interactions and geometry determine the direct dipolar
contribution to Dexp. The final data on the indirect couplings is compared with the
corresponding theoretical quantities determined by ab initio MCSCF calculations; the
experimental and theoretical J tensors are found to be in good mutual agreement.

The second goal was to gain insight into the relative contribution from the anisotropic
spin-spin coupling, Janiso, to the dipolar coupling, Deq, corresponding to the molecular
equilibrium geometry. The ratio, ½ JCC

aniso / DCC
eq, is found to be typically below 1% in

absolute value. Thus, the indirect contribution, JCC
aniso, can usually be neglected without

introducing large error in the determination of the molecular geometry and orientation.
However, in the case of multiple orientational parameters, even small indirect
contributions may dominate Dexp due to accidentally vanishing dipolar coupling. If this is
the case, the neglected Janiso can lead to serious errors in the determination of molecular
geometry and orientation. The probability for this anomaly is reduced significantly by
using the data that is taken at several temperatures and liquid crystal solvents.

The ratio, ½ Janiso / Deq, increases significantly with the atomic numbers of the coupled
nuclei. For example, approximate orientation-independent portions of the ratios are
0.04%, −0.4% −0.8%, −1%, −1%, −3%, −17%, and −40% for carbon couplings to H, C,
N, O, F, Si, Cd, and Hg, respectively. In this thesis, the indirect contributions to DCF

exp,
DFF

exp, and DCSi
exp are found to be non-negligible by  applying LC NMR experiments, and

the ab initio MCSCF calculations confirm this. Among all contributions, Janiso is found to
cause the largest correction to most of the aforementioned Dexp couplings. However, the
pure rank-2 components, J(2), causing the indirect contribution to Dexp, are rather
insensitive to the structural surroundings of the coupled nuclei. This fact can be utilized
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by approximating the unknown Janiso contribution on the basis of the average properties of
the same kind of tensors known.

The 1JCC
aniso contribution is partially removed from 1DCC

exp by producing the correction
on the basis of the average values, ∆1JCC ≈ 31 Hz and for double bonded carbons also
(1JCC,x'x' − 1JCC,y'y') ≈ −40 Hz in the bond-fixed basis with z' parallel with the bond and x'
being in the plane formed by the bonds to the double bonded carbon. These results imply
that also the ratio, (½ 1JCSi

aniso / 1DCSi
eq) ≈ −3% in methyl silane, is nearly the same in the

other molecules possessing the C−Si single bond. Similarly, the orientation-independent
portion of the ratio is about −1% for C−F single bond, but the orientation-dependent part
is sensitive to the molecular structure in the case of couplings to fluorine. Therefore, the
reliable estimation of the JCF

aniso contributions on the basis of other molecules may
demand that the studied molecule possesses the same structural segment as the probe
molecule from which the needed J tensor is adopted. This is necessary also in the case of
anisotropic couplings between nuclei for which the indirect contribution is larger than a
few percent, because in such a case, the accurate derivation of the dipolar couplings
demands a high degree of accuracy for the indirect contribution.

The LC NMR method is proven to be a powerful method in the determination of small
anisotropic properties of the J tensors. The present results give information of several type
of anisotropic indirect couplings that are detected as small contributions to the
corresponding Dexp couplings. The given trends in the contributions can be utilized in
experimental determinations of other J tensors that demand the use of Dexp couplings for
which the Janiso contributions are small or known. Analogously, the transferability of the
J(2) tensor from one molecule to another containing the same structural segment is useful
for producing corrections for the indirect contributions in the determination of molecular
orientation and/or geometry by utilizing the internuclear dipolar couplings.
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