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Stellingen

De bepaling van het electrische quadrupoolmoment van de stikstofkern
uit de gemeten quadnipoolkoppelingsconstante en de berekende
electrische veldgradiënt in NH3, zoals voorgesteld door Ha, wint aan
betekenis als voor meerdere moleculen hetzelfde resultaat gevonden
wordt.

(T.-K. Ha, Chem. Phys. Lett. 1QZ, H7 (1984))

2. Ten onrechte wordt benzeen vaak aangemerkt als een inert
oplosmiddel.

3. De interactie tussen benzeen en hexafluorobenzeen, door Evans et al.
omschreven als quadrupool-quadrupool interactie, kan beter aangeduid
worden met charge-transfer complexatie.

(M. Evans, G.J. Evans, W.T. Coffey, and G. Grigolini,
"Molecular Dynamics and Theory of Broad Band Spectroscopy",
Ch.l, (Wüey, New York 1982))

4. Door een onvolledige beschrijving van de ^ C spin-rooster relaxatie,
komt Leffler tot een onjuiste schatting van de borium quadnipool-
koppelingsconstante in ortho-carboraan.

(A.J. Leffler, J. Chem. Phys. SI, 2574 (1984); Chapter 8 of this thesis)

5. Hoewel met goede bedoelingen aangebracht, leidt het surplus aan
waarschuwende opschriften in laboratoria veelal juist niet tot de
beoogde verhoogde veiligheid.
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6. Reactievelden van moleculaire quadmpolen zijn in de kernspin-
resonantie vaak ten onrechte verwaarloosd.

7. Het is te verwachten dat de beide typen deuterium in trifenyleen-di2
quadrupoolkoppelingstensoren hebben die voornamelijk verschillen in
hun asymmetrieparameter. Een experimentele aanwijzing hiervoor is
te vinden in de hoge-veld-NMR.

8. De jongste kabinetsinformatie geeft aanleiding te denken dat voor de
kiezers het informatie-tijdperk nog niet is aangebroken.

9. Het feit dat de bepalingen van de arbeidsomstandighedenwet niet van
toepassing zijn op werk in onderwijsinstellingen, is uit educatief
oogpunt een arbeidsongeval.

( Ar t l 'Arbeidsomstandighedenbesluit burgelijke openbare dienst')

B .H. Ruessink Amsterdam, 9 oktober 1986



VRIJE UNIVERSITEIT TE AMSTERDAM

NMR OF DIELECTRICALLY
ORIENTED MOLECULES

A MULTINUCLEAR APPROACH

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
in de wiskunde en natuurwetenschappen
aan de Vrije Universiteit te Amsterdam,

op gezag van de rector magnificus dr. P.J.D. Drenth,
hoogleraar in de faculteit der sociale wetenschappen,

in het openbaar te verdedigen op donderdag 9 oktober 1986
te 15.30 uur in het hoofdgebouw der universiteit,

De Boelelaan HOS

door

BEREND HENDRIK RUESSINK
geboren te Winterswijk

1986

Offsetdrukkerij Kanters B.V.,
Alblasserdam



Promoter: Prof. dr. ir. C. MacLean

Referent: Dr. F.J.J. de Kanter

The present investigations have been carried out under the auspices of the
Netherlands Foundation for Chemical Research (SON), and with financial aid
from the Netherlands Organization for the Advancement of Pure Research
(ZWO).



Contents

Chapter 1 General introduction 1

Chapter 2 Anisotropic spin interactions 9

Chapter 2. Experimental aspects of EFNMR 24

Chapter 4. The ^ N quadrupole coupling tensor of pyridine
and pyrimidine in solution, assigned by NMR
in an electric field 34

Chapter 5 The first oxygen-17 NMR spectrum of a polar

liquid aligned by an electric field 44

Chapter £ Oxygen-17 quadrupole coupling in liquid acetone 57

Chapter 2 The ^S quadrupole coupling tensor of sulfolane 65

Chapter j£ Boron quadrupole coupling in ortho-carborane -

NMR study of an oriented liquid sample 81

Chapter 2 Anisotropy and asymmetry of the polarizability of
anthracene, studied by NMR 98

Chapter 1Q Electric field NMR - a method to measure
the molecular polarizability 115

Chapter JJ. Proton zero-quantum 2D NMR of 2-propenenitrile
aligned by an electric field - determination
of the ^H and ^ N quadrupole coupling constants 128

Chapter 12 Pretransitional behaviour of liquid crystals
in electric fields detected by NMR 142



Chapter H Electric field NMR of pretransitional effects
in liquid crystals - a solute study 154

Samenvatting

Dankwoord



Part of this thesis has been published:

Chapter 4

B.H. Ruessink, and C. MacLean, Chem. Phys. Lett. HQ, 634 (1984).

Chapter 5

B.H. Ruessink, and C. MacLean, Mol. Phys. SL 421 (1984).

Chapter 7

B.H. Ruessink, W.J. van der Meer, and C. MacLean, J. Am. Chem. Soc.
IflS 192 (1986).

Chapter 8

B.H. Ruessink, and C. MacLean, J. Chem. Phys. in press.

Chapter 9

B.H. Ruessink, and C. MacLean, J. Chem. Phys.J& 93 (1986).

Chapter 11

B.H. Ruessink, F.J.J. de Kancer, and C. MacLean, J. Magn. Res.
62,226 (1985).

Chapter 12

B.H. Ruessink, J.B.S. Bamhoorn, and C. MacLean, Mol. Phys.
52,939(1984).

Chapters 6,10 and 13 will be submitted for publication.

Part of the work in this thesis has been reviewed in the following papers:

P.C.M. van Zijl, B.H. Ruessink, J. Bulthuis, and C. MacLean,
Accts. Chem. Res. U, 172 (1984).

B.H. Ruessink, and C. MacLean, Z. Naturforsch. 4J& 421 (1986).



----1

CHAPTER 1

General Introduction

1.1 NMR of oriented molecules

From the very beginning of NMR spectroscopy, due interest has been
paid to NMR of oriented molecules. Among numerous gas and liquid
phase studies, in which the alignment is virtually absent, solids were
investigated, be it in powders or in single crystals. The interpretation and
understanding of the spectral phenomena observed, has contributed
invaluably to the further development of NMR spectroscopy as an
outstanding non-invasive technique in physics, chemistry and medicine.
A dominant feature in solid state NMR is the broadness of the resonance
lines, an effect often caused by extensive dipolar coupling in solids.

To overcome the line-width problems on one hand, but without
sacrificing the anisotropy of the spin-system on the other, a way-out was
found in the use of liquid crystal solvents in NMR [1]. The physical
properties of these mesophases warrant their long-range uniaxial
orientational ordering in the magnetic field of the spectrometer.
Dissolved non-mesomorphic molecules acquire an orientation as well, by
what are called 'ani so tropic solute-solvent interactions' - a rather
phenomenological description. The precise nature of the interaction has
been investigated succesfully for some small solutes only, and proved to
be quite intricate [2].

NMR of solutes in liquid crystals is widely used for the elucidation
structure of the dissolved molecules [3], for the investigation of the
dynamics of molecular motion [4], and for the study of quadrupole
coupling constants [5].

Orientation of molecules can also be achieved in normal (non-liquid
crystalline) solvents. An eminent example is the orienting torque
originating from the interaction of the NMR spectrometer's magnetic
field witi the anisotropic magnetic susceptibility of the sample molecule.
Consider e.g. the molecule benzene: its magnetic susceptibility is a



tensorial property, characterized by two principal components, one
perpendicular to the molecular plane (x±) and the other in plane {%//).
Since XJJ* %//, the molecule will adopt a preferential orientation in a
magnetic field, such that the orientational energy is lowest. The degree of
orientation depends on (Xj_- X//)> o n the strength of the magnetic field,
and on the absolute temperature.

The first evidence for the feasibility of magnetic field induced
orientation and its detection by NMR was obtained by MacLean and
Lohman in 1978 [6]. Since then numerous reports on the subject, dealing
with several theoretical aspects and applications, have appeared.
Diamagnetic as well as paramagnetic molecules were investigated
extensively. Recent compilations are available [7].

The advent of commercial modern high field NMR spectrometers
(with magnetic fields up to 11.9 T) has greatly facilitated the growth of
this technique. (As a rule of thumb: large diamagnetic aromatic
molecules are sufficiently oriented by a field of 10 T; higher fields are
needed for smaller molecules; lower fields will be adequate for certain
paramagnetic systems, in which the field interacts with the anisotropic
g-factor). The alignment is proportional to the square of the magnetic
field. For this, and other more obvious reasons, initiatives to realize
higher NMR fields than the current ultimate of 14.6 T (home-built at
Carnegy Mellon University, Pittsburg ,USA) deserve strong support. In
connection with this matter, the current interest in so-called
ultra-high-resolution NMR [8] should be followed critically [9].

A second method to invoke partial orientation of molecules in normal
liquids is by means of an applied electric field. Molecules with a
permanent electric dipole moment (m), which are subjected to an
externally applied electric dc field (E) will experience an orienting
torque, which is proportional to m and E. Apolar molecules may also be
oriented by an electric field. In this case, the partial orientation is
invoked by interaction of the electric field and the anisotropic electric
polarizability of the sample molecules.

The alignment effects for polar molecules in NMR were successfully
established for the first time by Hilbers and MacLean in 1969 [10]. Before
then, in 1954 Hahn already pointed at the possibility to visualize electric
field induced alignment effects in NMR [11]. In the early sixties,
Buckingham and others [12] gave detailed theoretical treatments of the
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effects to be expected. The way to practical realization of the technique
(denoted as EFNMR, short for Electric Field NMR in this thesis) was
paved with disappointments and contradictions [13], however, until
MacLean and Hilbers succeeded finally. Solving the problems of electric
conduction of the samples was one of the keys to their achievement.The
experimental and theoretical aspects of EFNMR have been further
developped since. Reviews and other compilations concerning the
principles and applications have been published [7a, 14],

All work in the EFNMR field has thusfar dealt with orientation of
polar molecules. The orientation of apolar, anisotropically polarizable
molecules (in apolar solvents), and its detection by NMR, though easily
foreseen to be feasible on the basis of an order of magnitude estimate,
could not be realized in practice until recently. This was the result of a
number of interfering experimental difficulties. The first positive and
convincing results are now reported as part of this thesis (Chapter 8).

Since alignment induced by the magnetic field of the spectrometer is
intrinsically present in NMR, one should always be conscious that its
effects might interfere with the actual experiment [9]. Particularly the
high field spectrometers in use nowadays readily lead to orientation of
many molecules, subsequently manifested in the NMR spectra. The
phenomenon may even turn out to be an unpractical nuisance, e.g. the
splitting of the CDCI3 deuterium lock signal in very high fields [15].
Electric field induced alignment has the definite advantage that it can
always be 'switched off by setting E zero. Magnetic field induced
contributions however, will always be present in anisometric molecules
and have to be accounted for.

Both magnetic and electric field induced alignment techniques have the
advantage of a relatively simple and well-defined mechanism behind
them. In this sense they compare favourably with the liquid crystal
orientation method. The order of magnitude of the amounts of
orientation induced by the several techniques are tabulated in table I.I.
The extremes are complete orientation (approached in solids at low
temperatures) and vanishing ordering (in liquids and gases at sufficiently
low (magnetic) fields). It will be clear from the table that the alignment
effects in normal liquids are generally much smaller, and hence more
effort has to be spent to extract them from the NMR spectra.

The incentive of the work undertaken for this thesis was to explore and



extend further the field of applications of EFNMR. To achieve this,
different types of compounds were investigated (all in the liquid state), a
multinuclear approach to NMR was followed, and new techniques were
tried.



Table 1.1 Orders of magnitude of the alignment <3/2 cos2e - !/2> H
attainable in liquids and liquid crystals.

Alignment Mechanism

(complete orientation) 1 o r -1 /2 )

liquid crystals 10"2 - 1 a)

electric field

polar molecules 10~5 - 10"4 b)
apolar molecules 10""" °>c)

magnetic field
paramagnetic molecules 10"5 -
diamagnetic molecules 10""" - 10~* c'^)

(isotropic state) 0

11) 6 is the angle between the principal molecular axis and the orientation
axis of the liquid crystal, or the direction of the applied field.

*) for parallel (9 = 0°) and perpendicular (0 = 90°) orientation
respectively.

a) in a magnetic field of a few tenths of a Tesla, or more
b ) in an electric field of about 5 x 106 V m"1

c) for aromatic molecules, e.g. anthracene, naphthalene
d) in a magnetic field of 10 T.
e) depending on the anisotropy of the g-factor.



1.2 Scope of this thesis

The theoretical description of anisotropic spin interactions that are
imminent in the NMR spectra of partially oriented molecules, is
reviewed in Chapter 2. Condensed representations of the theory are also
found in the other chapters, to ensure that they can be read without
reference to the second chapter.

Chapter 3 gives general information on experimental aspects of
EFNMR; i.e. on the construction of sample cells and on the preparation
of the samples. More specific information on experimental work is found
as part of the subsequent chapters.

The fourth chapter deals with the first EFNMR results of this thesis.
The complete ^ N quadrupole coupling tensor (qct) of pyridine and
pyrimidine in the liquid state are shown to be accessible by EFNMR.

In Chapters 5 and 6, the focus is directed away from the 'common1

EFNMR nucleus '^N towards another important quadrupolar nucleus,
^ O . Information about the ^ O qct in liquid nitromethane and acetone
could be obtained, and is compared with results from other techniques.

In Chapter 7 the ^S qct in liquid sulfolane is investigated. The results
from EFNMR, combined with those from spin-lattice relaxation time
measurements and from Hartree-Fock-Slater MO calculations, allowed
the complete assignment of the ^ S qCt.

A last extension to the field of multinuclear EFNMR is made in
Chapter 8. The quadrupole coupling of both ^B and * *B in a carborane
compound is investigated and together with the results of spin lattice
relaxation time measurements, detailed information about the assignment
of the boron qct's could be derived. Some contradicting results in the
literature are also discussed and partly solved.

The first EFNMR alignment studies of apolar molecules are described
in Chapters 9 and 10. The problem of the internal field in the liquid,
which differs from the applied electric field through polarization of the
sample, shows up. Upon adoption of a model for this field, the anisotropy
and the asymmetry of the static electric polarizability tensor of the
molecules could be calculated from the spectra. The new technique for
studying a is compared to established existing methods.

A severe limitation in EFNMR is the inhomogeneity (SB) of the
magnetic field, which is introduced by the use of non-spinning sample



cells. This problem is particularly present when observing 1=1/2 nuclei
with high magnetogyric ratios (e.g. protons), where the actual EFNMR
line-width is nearly completely governed by SB. A way out, shown in
Chapter 11, is the detection of zero quantum transitions. Intrinsically
their widths are independent of 8B. The results and prospectives of this
approach are shown for the simple three spin 1/2 system of acrylonitrile,
in which the small dipolar proton-proton couplings coulc be revealed via
the zero quantum transitions. As a spin-off, the ^H and ^ N quadrupole
coupling constants and the orientation of the molecular dipole moment
are reported.

Chapters 12 and 13 are concerned with so-called pretransitional
behaviour of thermotropic liquid crystals, which can be observed in the
isotropic phase just above the clearing temperature. EFNMR is shown to
be a strong technique in this field, in which it can be applied to study the
liquid crystal solvent, as well as dissolved solutes. The amount of
orientation in these systems is much larger than can be attained in normal
polar liquids. The effect of the applied electric field on the temperature
of the phase transition is also discussed.
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CHAPTER 2

Anisotropic Spin Interactions

The alignment phenomena that show up in the EFNMR spectra are mainly

related to two types of anisotropic spin interaction, viz. the interaction of the

nuclear quadrupole moment with the electric field gradient at the nuclear site,

and the direct magnetic dipole-dipole coupling between nuclear spins. In this

chapter the theory for these interactions will be described [1].

2.1 The nuclear quadrupole interaction.

2.1.1 Theory.

The Hamiltonian for the interaction of a nuclear quadrupole with
the electric field gradient at its site can be written as a scalar product
of two tensors of rank two:

V is the electric field gradient (efg) tensor, Q the nuclear quadrupole
tensor; both tensors are traceless and symmetric. Their cartesian
components Vaj$ and Q a p are:

with V the electrostatic potential at the nucleus, and cc,P laboratory-fixed
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axes (<x,P e {x',y',z'}), and

Q is the nuclear quadrupole moment, e the elementary charge, I the
nuclear spin quantum number; within the square brackets, I a , IQ and 1̂
are spin-operators, and 8 a p is the Kronecker delta function.

/ / Q (eq. 1) can then be written as

The tensors are described in the laboratory-fixed axes system (x',y',z').
In order to extract information about molecular properties from the
spectra, V is expressed in components of the efg tensor in a
molecule-fixed axes-system (x,y,z). In general, the relation between
cartesian tensor components A a p (a,p e {x',y',z'}) and Aj^ (j,k e
{x,y,z}) is

Ajk= XZ cosOjaCosekp A^ (5)

8 j a and O^p are the angles between the axes indicated by the subscripts.
To proceed, it is convenient to introduce spherical tensors [2] instead

of cartesian tensors, since the former ones transform conveniently as
spherical harmonics upon axes transformation. The Hamiltonian of eq. 4
is then rewritten as

v C 2 ) = < I » ( 2 )
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and (I I)(2) are the efg and the spin-operator spherical tensors,
both of rank two, as indicated by the subscript, and described in the
laboratory frame; (V)'2m' and (11)2 _ m ' are the tensor components
given by

(V)22 =

002*1 = -rVxV + Vyv]

(V)20 = V ( | ) V z V (7)

(V)2_i = [VxV-Vy .z .]

(V)2-2 = i

and by

(11)22 = 2 I + I +

(I 1)20 = < H $ [3IZ-IZ-I 2] (8)

(H)2- l=

(11)2-2=
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The step-up operator (I+ = Ix> + i Iy>) and the step-down operator
(I" = Ix* - i Iy-) have been introduced in the last expressions.
Substitution of eqs. 7 and 8 into eq. 6 leads to

with

" = l w i T ) I-I-(VxV-Vyy + 2iVxy)

[ r i z . + iz.i-](vx.z. + VyV)

[3IZ'IZ.-I2](VZ.ZO (10)

HQ =

I + I + (V x v-V y y-2 iV x y )

As stated above, it is convenient to switch to the molecule fixed axes
system (x,y,z,) for V if molecular properties are to be studied. In
general, rank-two spherical tensors transform as second order spherical
harmonics [2]:

A/nV= 1 Dl
mm{aN)A[m (11)

m=- /

A/m and A'/m' are the spherical tensor components in the unprimed and
primed axes systems respectively, D^mm ' (apy) are elements of the
Wigner rotation matrix [3], which in turn are related to spherical
harmonic functions Y/m [4]; the angles a,p and y are the Eulerian angles,
which describe the transformation between the two axes systems (see also
Fig. 2.1).
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Figure 2.1 The Eulerian angles transforming (x,y,z) into {x',y',z').

Applying the last expression to perform the transformation of the efg
spherical tensor form the laboratory to the molecular frame, one finds
for the terms Hq^ (eq. 10):

m = -2

2

m = -2

2

m = -2

2

m=-2

2

V2m

V2m d2)

V2m
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! The angular brackets ( ) indicate that the rotation matrix elements have
i been averaged over the molecular tumbling. The nature of the orienting

torque, i.e. the interaction with the applied electric field (parallel to the
quantization axis of the nuclear spins, z') with an anisotropic
polarizability or with an electric dipole moment leads to axial symmetry
around the z' axis. Hence (D^m'n(a.py)) = 0 for n * 0, and only the third
term, H(fl, in eq. 12 survives:

HQ = V($>ffljS&7 W z ' - I 2 ] m | _ 2 <°mO(«Py)>V2m 03)

Writing the summation explicitly, and taking real linear combinations of
the spherical functions, gives

m=-2

- < D ? 1 0 - D ? 0 > Vxz - i < D ? 1 0 + D!2
0 > V y z (14)

The terms in angular brackets are averages of goniometric functions of
the Eulerian angles p and a. Substituting them by polar angles 6 and <)>
(Fig. 2.2) gives:

HQ=

+ I (sin^ cos2<|)> (Vxx - Vyy) + <sin2e sin2())) Vxy

} (15)
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Figure 2.2 The polar angles 9 and «t>, defining z' in the axes system (x,y,z).

A judicious choice of the molecular axes may reduce the number of
non-zero angular functions, and a subsequent simplification of the last
expression. E.g., for molecules with D2h symmetry, only
(3/2 cos^G - 1/2) and (sin20cos2<j>) remain, while for an axially
symmetric molecule (e.g. C3V symmetry) only the first of these terms
survives. Throughout this thesis, the orientational mechanism and/or the
molecular symmetry garantees that only the first two averages of angular
functions in eq. 15 have to be considered. The expression is thus
symplified to

HQ= - 2>Vzz

^<sin2Gcos2<|))(Vxx-Vyv) (16)

Knowledge of the interaction potential causing the orientation of the
molecules, allows one to calculate the Boltzmann averages of the angular
functions. This possibility provides the key to extract information about
the anisotropic molecular properties underlying the molecular
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orientation from the NMR spectra.
One further axes transformation is often made, i.e. that from the

molecule-fixed system to a local one (x",y",z"). In this system the efg
tensor is diagonal. Since only diagonal elements V a o c in eq. 15 have to be
considered, the transformation between the respective diagonal elements
in the two frames of reference is of importance:

a p p p p y (17)
P

where 6aR are the cartesian angles between the a and p axes. The efg
tensor is traceless and diagonal in the local frame, hence two quantities
are sufficient to characterize the tensor, These two are commonly
defined as Vz"z ••= eq, and (Vx-X» - Vy»y")/Vz"z» = x\, the major
principal component and the asymmetry of the tensor respectively,
where the local axes are chosen in such a way that |VZ»Z"| > IVy-yl >
|VX»X"|. The product (eQ/h) Vz»z" = e2qQ/h is called the quadrupole
coupling constant (qcc), i.e. the diagonal element of the quadrupole
coupling tensor largest in absolute magnitude.

Another expression closely related to eq. 17, is often us?d to describe
the transformation from the local to the molecular frame. It can be
derived straightforwardly by substituting into eq. 17 Vz"z" and
(Vx"x»- Vy»y»)/Vz»z» (as defined above), realizing E a c o s ^ocz" = ' ^or

a e {x,y,z}, that

v<xoc = e<l K lC0&2Qaz" " 5) + J ^ o s 2 e a x " - cos2e a y»)] (18)<xoc = e<l K lC0&2Qaz" " 5) + J ^ o s 2 e a x " - cos 2 e a y »

Substituting the last expression into eq. 16 gives

- - cos2ezy")] + I <sin29 cos2(J>> [(cos29xz" - cos20yz")

+ 9(cos29xx» - cos26yX» - cos20Xy» + cos29yy»)]} (19)

In the case of T) = 0, ie . an axially symmetrical efg tensor, a simplified
equation is obtained.
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2.1.2. Quadrupolar line-splittings in NMR spectra.

Consider the resonance of a quadrupolar nucleus with spin quantum
number I, which is observed as a single line in absence of alignment and
spin interactions other than the dominant Zeeman term. As a result of the
alignment induced by the electric field the line splits into a multiplet of 21
equidistant lines as a result of the quadrupole interaction described in the
previous paragraph. The line-splitting (Av) between two adjacent lines
follows from eq. 16. In frequency units (Hz):

Av = i
+ ^<sin2ecos2(|)>(Vxx-Vyv)} (20)

The splitting can also be expressed in terms of local electric field
gradients, if convenient. The relevant expression can easily be obtained
from eq. 19:

Av = £ \ j ^ y [3IZ-IZ.~I2] {< ̂ cos2e - 1 ) [ (^cos 2 e z z »-

- - cos28Zy»)] + I (sin^ cos2<)>> [(cos28xz" - cos28yz")

x" - COS20yx" - COS29xy» + COS^yy'-)]} (21)
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2.2 The direct spin-spin coupling.

2.2.1 Theory.

The Hamiltonian describing the direct spin-spin (or dipolar) coupling
between two nuclear spins i and j is, analogous to H Q (eq. 6):

The components of the direct spin-spin coupling spherical tensor (Dj
are

(Dij)20 = >/(§)(Dij)2y (23)

>ip 2-1 =

(Djj)2-2 =

The components of (Ijlj)@) have been given above (eq.8). Again an axes
transformation to the molecule-fixed axes system is often made. Due to
the axial symmetry around the z' axis, the elements Dmn(ocPY) of the
Wigner rotation matrix are zero for n *• 0. Then
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(24)

where (Djj)2m are the components of the coupling spherical tensor
described in the molecular frame. In terms of real linear combinations of
the Wigner rotation matrix elements, the dipolar Hamiltonian is

- 1 )

- (Dy)y y) <sin20cos2(|)) + (Djj)xy <sin26sin2<|))

2(Dy)x z <sin6cos0cos(j)> + 2(Djj)yz <sin9cosesin(|>>} (25)

The term between braces is the product of Planck's constant and the
direct spin-spin coupling constant, i.e. hDjj. As before (eq.15), a
judicious choice of axes warrants that the angular functions in the last
three terms are zero.

Dy, a traceless symmetric tensor, now expressed in the molecular axes
system, can be transformed to a local frame of reference (x",y",z"), in
which the tensor is diagonal. Then, if the z" axis is chosen parallel to the
internuclear vector ry,

(26)

= COij)y..y.. = C^ ) 2Yi Yj r j f

Yj and Yj are the magnetogyric ratios of nuclei i and j , ry = |ry| is the
length of the internuclear vector. (The convention of Meiboom and
Snyder [5] is adopted.) The molecular and local tensor components are
related as
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D i jaa = Dyz"z" ( |cos2e i j a z» - £) (27)

with Qijocz" the angle between the vector TJ; and the molecular a-axis.
Making the relevant substitutions in eq. 25 (with only the first two
averages of the angular functions non-zero, as before) leads to

«D = - 2 <^) 2 YiYj4 P*1 fc1 " I $ i l t + ri+IP] {< 1 c o s 2 ° " 2>
x ( | cos^yzz" - ^) + 1 <sin20 cos2(()> (cos28jJXZ" - cos29ijyz")} (28)
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22.2. Dipolar couplings in NMR spectra.

In this section the effect of a direct spin-spin coupling on the NMR
spectrum is investigated for two common cases. For both it is assumed
that in eq. 28 only (3/2 cos28 - 1/2) differs from zero (e.g. on symmetry
grounds).

01
Two spins with 1=1/2 with the same chemical shift, i.e. the A2 case.
The observed dipolar line splitting (in Hz) can be calculated
straightforwardly from eq. 25:

Av= I D

D = - J l j £ < I c o s 2 e - 4>( 4 cos^zz- - 1) (29)
2 2 3 2 2 2 2

(contributions from the anisotropic part of the indirect spin-spin
coupling have been neglected, since they are expected to be very small)

£21
Two spins 1=1/2 with different chemical shifts, the AX case.
Doublets, centered at the chemical shift of A and X, are observed. The
line-splitting of each is given by the sum of the (isotropic) indirect
spin-spin coupling J ^ x

Av= | ( J + D)

^ ^ X | 2 1 J 2 \ (30)

The line-splitting gives information about the relative signs of J and D, if
one of the signs is known.
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2.3 Order of magnitude for quadrupolar and dipolar effect in
EFNMR.

It is convenient to have an a priori estimate of the magnitudes of the
quadrupolar and dipolar effects, discussed above, to be expected in the
EFNMR spectra.

To arrive at an estimate, consider an (imaginary) polar molecule,
which has axial symmetry ((sin28cos2$) = 0 in eqs. 19 and 28),
containing a quadrupolar nucleus and two dipolar coupling nuclei A and
B. The major principal axis of the qct and the internuclear axis are both
parallel to the symmetry axis. Suppose (3/2cos28 - l/2)g = 5 x 10"^; this
is a typical value for the alignment of strongly polar molecules in
EFNMR.
Say the internuclea distance r^g = 1.80A, with A and B both protons
(e.g. a CH2-fragment). For the quadrupolar nucleus (I = 1) the qcc is
taken to be 200 kHz (which is close to the lower limit for the nuclei
investigated in this thesis).

Substituting these parameters into the expressions for the quadrupolar
line-splitting (eq. 20) and the dipolar splitting (eq.29) gives: AVQ = 150
HzandAv£> = 0.78Hz.

Of course, the situation sketched is a special one. Particularly Avj)
refers to a upper limit for oriented normal liquids, since the high proton
gyromagnetic ratio and the short intemuclear distance both work very
favourably. On the other hand, AVQ may be smaller in case of a less
profitable orientation of the qct. Nevertheless, the quadrupolar effects
are generally by far the largest ones.

The averages of the angular functions, often called order parameters,
can be calculated by means of Boltzmann statistics, once the physical
nature of the mechanism leading to orientation is known. E.g., if a
molecule is oriented by the torque exerted by an electric field (E), acting
on the molecular dipole (m), (3 /2cos 2 8 - l/2)g is given by
(l/15)(mE/kT)2.

The expression obtained when the orientation is induced by the
interaction of E with the anisotropic molecular polarizability (Ace), is
<3/2cos28 - 1/2)E = (l/15)(AaE2/kT). (See also Ch. 9.)
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CHAPTER 3

Experimental Aspects of EFNMR

3.1 Introduction.

Central in the Electric Field Nuclear Magnetic Resonance (EFNMR)
method is the application of a strong dc electric field to the liquid sample.
To realize this, a specially constructed sample cell, as described before [1],
was used. This cell replaces the glass sample tube normally encountered in
high resolution NMR. Basically, the cell contains a parallel plate
capacitor, mounted in a well insulating housing of suitable material. The
alignment of the sample, which is in fact the dielectric between the two
plates, is achieved by earthing one of the plates and connecting the other
one (at 1.5 - 5.0 mm distance) to a dc high voltage source (up to 60 kV). It
will be clear, that severe demands as to the electric insulating properties
of the housing material and the sample are required. Teflon®, glass and
Delrin® have proven to be suitable for construction of the housing. Of
these Delrin® has the best mechanical properties (good machineability,
though not too soft). Glass sample cells are more laboxious to construct,
but, as will be shown, they lead to better resolution in the EFNMR
spectra.Teflon®, mechanically the weakest material, probably has the best
insulating properties. It is important to keep the electric conductivity of
the sample as low as possible, for two reasons: first, the sample will
become heated by a high conduction current, with the possibility of an
electric break-down and, second, the electric field between the plates
becomes inhomogeneous at high current densities [?.]. Apart from the
intrinsic sample properties, its dryness and the concentration of ionic
contaminations determine the conductivity that finally will be reached,
and hence purification of the sample is an important tool to tackle the
problem of conduction current. The use of electrodialytic membranes is
another aid to reduce the conductivity.
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3.2 The electric field sample cells.

Three types of cell have been used in the experiments described in this
thesis, viz. (slightly adapted) standard wide-bore Teflon cells,
normal-bore Teflon cells,(from now on Delrin cells are included in the
term 'Teflon cells') and glass cells.

3.2.1 Changes to the standard wide-bore design.

The Teflon cells have been described before in detail [1]. Two small, out
not trivial changes with respect to the former design have been made: the
filling-hole plus stopper were deleted, and the electric ground was no
longer supplied to the cell from above by a groove in the cell, but from
below through the thermocouple canal present as a standard on the NMR
probehead. This leads to some important advantages. First of all, the cell
becomes cilindrically symmetrical (by deleting the filling-hole and the
groove); this facilitates the shimming of the magnetic field, since the
angular orientation of the cell needs no longer be be optimized. Secondly,
the cell without filling hole has much better insulating properties, because
weak spots (as the filling hole plus stopper, and to a lesser extent the
groove, are) have been removed. This second improvement, though of
general importance, is especially felt in the EFNMR study of the
polarizability of apolar molecules, where very strong electric fields are
needed (> 3 x 107 Vm"1 (-1000 ese)).

3.2.2 The normal-bore Teflon cell.

A new Teflon cell was constructed for EFNMR measurements with a
normal bore NMR spectrometer. Its design is completely analogous to that
of the existing wide-bore sample cells. Only the dimensions of the
normal-bore cells have been adopted to the narrower probe size. As a
consequence, the actual sample volume in the new cell is reduced: 0.06 cc
(3 mm electrode separation) vs. 0.11 cc in the wide-bore configuration. A
schematic outline of the new normal-bore cell is given in Fig. 3.1. The
basic components are briefly described as follows:
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The teflon body (B) contains two electrodes (E), with the sample (S) in
between.The lower electrode is kept fixed in its place by a screw-cap (C).
The electrical ground (G) is fed to the electrode by means of a wire-holder
(W), which is mounted in C. The upper electrode is secured by the holder
(H), to which the body of the cell is connected. An adaptor (A) is applied
to attach the cell assembly to an aluminium pipe (P), by which it can be
positioned in the magnet. The high-voltage wire (V) is fed to the upper
electrode via a coaxial canal in A and H, and it is fixed by a fastening screw
(F).
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W

Figure 3.1 The normal-bore teflon EFNMR cell.

V - high-voltage wire; P - aluminium pipe;
A - adaptor; F-fastening-screw;
H - (teflon) holder; B - (teflon) body;
E • electrodes; W • wire-holderfor ground;
G - ground; C • screw-cap for E;
S - sample.
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V

W

Figure 3.2 The glass EFNMR cell.

V - high-voltage wire; P - aluminium pipe;
PL - plunger; SW - swivel;
O - glass outer cell; I - glass inner cell;
E - electrodes; W - wire-holder;
G - ground; H - glass holder; S - sample;
A - adaptor; C - screw-cap.
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3.2.3 The glass efnmr cell.

Three ideas were the leading objectives towards the construction of a
new type of EFNMR sample cell, the glass cell. The first was to investigate
whether such a cell would allow for a better magnetic field homogeneity
than the existing Teflon cells. Glass was chosen as a new material for its
good insulating properties, and for the fact that in normal high-resolation
NMR glass is invariably used as the material to construct the sample tubes
of. It was recognized that in such tubes (under non-spinning conditions)
the line-widths obtainable are much better than can be reached in the
Teflon cells. A second stimulus was given by the intention to start EFNMR
experiments on liquid crystals. These compounds are very viscous
compared to normal liquids and therefore they introduce difficulties in
filling the cells properly, i.e. completely and without air bubbles. A glass
sample cell, transparent as it is, would be very suitable, since it enables a
visual check on the filling procedure. Thirdly, it was noticed that liquid
crystals are adsorbed in some way to the surface of Teflon and Delrin
cells, and could not be removed by any suitable means. This problem was
absent when using glass.

The construction of the glass cell is given schematically in Fig.3.2, and
is described as follows:

The outer cell (O) is provided with a holder (H) at its bottom to allow
for a centered positioning of the inner (actual) sample cell (I). The flange
at the top of the inner cell suits the swivel connection (SW) of it to the
adaptor (A). The inner cell, centered at its top by the adaptor, contains the
two electrodes (E), separated by a spacer, and the sample (S). The lower
electrode is clenched between the spacer and H, by fastening SW. The
upper electrode is fixed by a plunger (PL), which is firmly pressed down
by the screw-cap (C). The high voltage wire (V) is fed to the electrode
through a channel drilled coaxially into the plunger. Similarly the ground
(G) is supplied through the holder from below, and fixed by a
wire-holder (W). The complete assembly is finally screwed to a
aluminium pipe (P) to be positioned in the magnet from above.
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3.2.4 Filling the sample cells.

As the filling hole is no longer present in the current designs, an
alternative method had to be found to fill the cells with sample.

The glass cell is filled from above after the lower electrode has been put
into place. A surplus of sample is used, such that the level of the liquid is
well above the top of the spacer. The top electrode is then sunk into the cell
(taking care not to trap any air bubbles) and the majority of the excess
liquid is recovered. The plunger is subsequently fastened on the top
electrode, and the remaining excess of sample removed.

The teflon cells are filled in a similar fashion as described for the glass
cells. The difference is the order of handlings: the upper electrode is
mounted first, and subsequently the cell is put upside down to be filled
with the sample. The second electrode is then sunk and tightened by the
screw- cap after the excess liquid has been removed . More care has to be
taken not to enclose air in the sample room, since there is no visual check
as with glass cells.

3.3 Treatment of the samples.

The standard preparation of the samples comprises drying on A3 or A4
type molecular sieves and alumina (AI2O3), both from a store pre-dried at
300 °C. The samples were passed over 2 or 3 small columns made of these
agents. Beforehand, the samples were purified by appropriate techniques,
e.g. by destination, sublimation or recrystallization (see the experimental
part of the following chapters).

Deionisation in situ was always applied. Electrodialytic membranes
(AMF, type C60 and A60, pretreated as reported [1]) were glued to the
electrodes to this end.
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3.4 NMR spectrometers.

The NMR experiments were performed with three spectrometers, one
of which (WH 180) had been used for earlier EFNMR work [1]. With the
availability of the two other spectrometers, considerably extended
possibilities have emerged for EFNMR, viz. measurement of other nuclei,
and with higher sensitivity then before. In Table 3.1 the features of the
spectrometers, relevant for EFNMR, are summarized.

A tabulation of the nuclei investigated is presented in Table 3.II.

Table 3.1 Spectrometers used for EFNMR, characteristic features

Type* Magnet^ Observable Nuclei^ Probediameter

WH 180 4.2 TWB ! H , 2 H ,
 13C, 14N 20/25 mm

WM 250 5.9 TNB JH, 109Ag-2H(BB)* 15 mm

MSL 400 9.4 T WB lH, 109Ag-3 ! P (BB) 20 mm

# ) All Broker equipment; % for EFNMR; *) BB = broad band;

*) WB = wide-bore; NB = normal-bore.



Table 3.II NMR properties of the nuclei investigated

Nucleu s

*H
2H

ioB

! 1B
1 4 N

1 7 O

33S

Spin qantum
number

1/2

1

3

3/2

1

5/2

3/2

natural
abundance^1)

(%)

99.985

0.015

19.58

80.42

99.63

0.037

0.76

magnetogyric
ratio(2)

(lo'radfV1)

26.7519

4.1066

2.8746

8.5843

1.9338

-3.6279

2.055

Quadrupole
moment^)

(10-28 m 2 )

2.8 x 10 "3

8.5 x 10 ~2

4.1 x 10"2

1 x 10"2

-2.6 x 10'2

-5.5 x 10"2

Linewidth
factor <4>

(10-5 6m4)

3.9 x 10"5

1.4 x lO" 3

2.2 x 10"3

5.0 xlO" 4

2.2 x l O 4

4.0 x 10"3

Relative
receptivity

1.00

1.45x10-6

3.93 x 10-3

1.33x10-1

1.00x10-3

1.08x10-5

1.72x10-5

u

1 ) Values taken from: "The Handbook of Chemistry and Physiscs" , 58 th Ed. (CRC Press, 1977).
2 ) G.H. Fuller, J. Phys. Chem. Ref. Data 5, 835 (1976).

) Nuclear quadrupole moments reported scatter considerably.
) Defined as (21+3) Q^/I (21-1) [I is the nuclear spin quantum number,Q the nuclear quadrupole moment];

see e.g.: R.K. Harris, "Nuclear MagneticResonance Spectroscopy", Ch. 5 (Pitman, London 1983).
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CHAPTER 4

The 14N Quadrupole Coupling Tensor of Pyridine and
Pyrimidine in Solution, Assigned by NMR in an

Electric Field

The principal components of the ^ N quadrupole coupling tensor in liquid

pyridine and pyrimidine are determined from the ^H and ^ N NMR spectra of

oriented samples. The orientation is induced by a strong electric field. The

major (z") component of the tensor, (±)5.10 MHz, is along the CNC bisector;

the y" component, (±)3.69 MHz, is perpendicular to the molecular plane.

4.1 Introduction.

Nuclear quadrupole coupling constants (qcc's) are important
quantities in chemistry, since they reflect the electronic structure
around a nucleus. The qcc is the major principal component of the
quadrupole coupling tensor (qct), which is a symmetric and traceless
second-rank tensor describing the interaction of the nuclear quadrupole
moment with the electric field gradient at the nucleus. Usually, the
principal values of the qct are characterised by the qcc and the so-called
asymmetry parameter r\. Also of interest, of course, are the
orientations of the principal axes of the qct with respect to a molecular
frame of reference, since only with that knowledge can the qct be
related to the electronic molecular structure.

Several methods are available for the experimental determination of
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qcc and T) [1]. Depending on the method employed, the orientation of
the qct in a molecular axis system may become available as well.

In the solid state, NQR and NMR on single crystals and, more
frequently, on polycrystalline samples have been used to measure qcc
and r|. Unless single crystals are available, the orientation of the qct
cannot be determined. In the gas phase, qcc, TJ and the orientation of the
principal axes of the qct with respect to the principal inertial axes
follow from microwave spectra. In liquids, NMR Tl measurements
have been employed to obtain (approximate) qcc's. NMR in liquid
crystalline solvents is also of importance to measure qcc's of dissolved
molecules [2]. In favourable cases, the qcc can be identified with a
molecular axis. Recently, a new NMR technique to assign the
components of the qct to specific molecular axes was presented [3]:
Electric Field NMR (EFNMR). The basic idea behind it is measurement
of the alignment of polar molecules in a strong external electric field.
This alignment may modify the NMR spectrum, e.g., the resonance of
an I = 5/2 nucleus is observed as a quintet [4] and I = 1 nuclei appear as
doublets. The line-splittings are related to the component of the qct
along the molecular dipole moment. This is the basis for determining
the orientation of the principal axes of the qct with respect to a
molecular frame of reference.

We now report the ^ N qct of pyridine and pyrimidine as obtained
by the EFNMR method.

4.2 Experimental.

Perdeuterated pyridine was obtained from Merck, Sharp and Dohme
Isotopes, and was used after drying with molecular sieves and alumina.
Pyrimidine, obtained from Aldrich, was deuterated by the method
described by Finlayson [5], using D2O as a source for deuterium and
Raney nickel alloy as a catalyst. The product, isolated after 24 h of
continuous extraction with diethyl ether, proved to be predominantly
deuterated at the positions adjacent to the nitrogens (positions 2, 4 and
6, see Fig. 4.1). In the EFNMR experiment, the compounds were
dissolved to ~20% by volume in diethyl ether.

The EFNMR equipment has been described in detail before [6]. The
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H

DM)

tZ" D(2)tr
(a) (b)

Figure 4.1 Structural formulae of (a) deuterated pyridine and (b) deuterated
imidine. Also indicated is the result for the orientation of the principal axes of the

electrodes in the sample cell were separated by 3 mm; they had been
coated with gold since the standard copper coating was not inert to
pyridine and pyrimidine. All NMR experiments were performed on a
Bruker WH 180 wide-bore spectrometer, operating with a 4.2 T
superconducting magnet and with a 20 mm probe-head for (selective)
l^N observation (13.0 MHz), using the lock channel for recording ^H
spectra (27.6 MHz). The spectra were recorded at ambient
temperature.

4.3 Theory.

In a strong electric field, the interaction of the nuclear quadrupole
moment with the electric field gradient at the nucleus may be treated as
a first-order perturbation with respect to the (dominant) Zeeman
interaction. This leads to [7]

" Q =

I is the nuclear spin quantum number (I = 1 for ^H and ^N), Iz> is the
component of the nuclear spin along the magnetic field direction (z1),
eQ is the quadrupole moment and Vz>z- the electric field gradient (efg)
along the magnetic field. Vz'z- can be expressed in terms of efg in a
molecular frame of reference, denoted by (x,y,z). In the limit that the
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alignment of the polar molecules is a result of the interaction of the
applied electric field (E//H) with the molecular dipoles only, Vz>z' can
be written as [8]

| 2 . - 1) (2)

V z z is the efg along the molecular dipole moment and the term between
angular brackets defines the alignment. The brackets indicate averaging
over the Brownian motion which counteracts the electric-field-induced
alignment. For I = 1 nuclei, the orienting field leads to a (doublet)
line-splitting, of magnitude (in Hz)

Av = \ (eQ/h) V z z < \ cos28zz- - \ > (3)

Finally, V z z may be expressed in terms of the components of the
electric field gradient tensor in the principal-axis system (x",y",z").
A simple transformation of axes leads to

v z z = vz"z" cos2Ozz» + Vy»y» cos2ezy» + Vx»x- cos29zx» (4)

By convention, the principal axes are labelled in such a way that
|VZ»Z»£ |V y -y |> |VX»X«|. The quantity (Vx»x» - Vy-y»)/ Vz-Z"
defines the asymmetry of the efg tensor.

In eq. 4, the number of principal components that contribute to V z z

depends on the orientation of the molecular dipole moment with
respect to the principal axes. In sufficiently symmetrical molecules, this
orientation is obvious; e.g. in pyridine the dipole moment coincides
with one of the principal axes at both the para deuteron and the nitrogen
(namely with the C2 symmetry axis of the molecule) and only the
principal component along that axis enters. In pyrimidine, for 1 4N,
two (in-plane) principal components enter eq. 4 (the third component is
perpendicular to the plane of the molecule and thus to the dipole
moment). If it is assumed that the principal components of the efg
tensor at 1 4 N are equal and oriented similarly in pyridine and
pyrimidine, then, from the nitrogen line-splittings in both molecules
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two principal components can be calculated from eqs. 3 and 4, if only
one extra quantity is known viz: the alignment. For that purpose, the
deuterium line-splittings were measured as well. Since the ^H qcc and
the orientation of its principal axes are known [9], the alignments
immediately follows. The third principal component of the ^ N qct,
which does not enter eq. 4, can be calculated from the traceless
character of the tensor. Now the qct is characterised completely.

4.4 Results and discussion.

4.4.1 Pyridine

From the spectra recorded at an electric field strength of 5.86 x
Vm~"l, the quadrupolar line-splittings of nitrogen and the para
deuteron are 247 ± 3 and 9.0 ± 0.1 Hz, respectively (see Figs. 4.2 and
4.3). In pyridine, a planar molecule, the dipole moment is along the C2
symmetry axis and its direction coincides with one of the principal axes
of the efg tensor at both nitrogen and the para deuteron. For the latter,
this axis (the C-^H bond) is to be identified with the major principal
component of the qct: for aromatic deuterons, qcc = eQVz»z"/h = 0.186
± 0.006 MHz [9]. Then, from the ratio of the deuteron and nitrogen
line-splittings, the principal component of the '^N qct along the Cj axis
(not necessarily the qcc) is (±)5.10 ± 0.28 MHz.

4.4.2. Pyrimidine

The ^H and ^ N spectra were recorded with an applied electric field
of 1.05 x 107 V m"1. The line-splittings for nitrogen and the deuteron
in the 2-position were 104 ± 2 and 33.6 ± 0.2 Hz, respectively. Again,
the 2H qcc is taken to be 0.186 ± 0.006 MHz. To be able to calculate the
coefficients cos 26 z a (a e {x",y",z"}) in eq. 4, the molecular structure
of pyrimidine should be known. Two reports on the structure of
pyrimidine have appeared in the literature: an electron diffraction
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Figure 4.2 ^H NMR spectra; (top trace) pyridine (electric field 5.68 x lCftVm J)
and (bottom) pyrimidine (at 7.45 x 1(P Vm~, the two low-field signals represent
the line splitting ofdeuteron 2).

structure [10] (gas phase) and an NMR study [11] (liquid-crystal
solution). The two results agree well.

The next step is to locate the principal axes of the 1 4N efg tensor in
the molecular frame. As pyrimidine is planar, one of the axes is
perpendicular to the plane, as in pyridine. To a first approximation,
another principal axis is along the bisector of the CNC angle. In
pyridine this is obviously correct for symmetry reasons, but in
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Figure 4.3 '^NNMR spectra ofpyridine: (top) without electric field, and (bottom)
with afield of 5.68 x 1(P VnT1.
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pyrimidine a justification is needed. Lucken [1] has indicated that the
deviation from the bisector will be 1 or 2 degrees at most. Even in
pyridazine (with two nitrogens in adjacent positions) the principal axis
only deviates 9° from the CNN bisector, reflecting different orbital
populations of the sigma bonding orbitals on the N-C and N-N bonds.
The populations of the two N-C orbitals in pyrimidine will be nearly
equal, and therefore the approximation made (concerning the direction
of the second principal axis) is believed to be a fair one. The third
principal axis is, of course, perpendicular to the other two. From both
the electron-diffraction and the liquid-crystal structure, the angle of the
CNC bisector with the molecular dipole moment is 58.5°, the other
in-plane principal axis making the complementary angle of 31.5°. As
stated before, only the two in-plane principal components of the efg
tensor enter eq. 4. In our approximation, the component of the ^ N qct
along the CNC bisector is known from the result on pyridine: (±) 5.10
MHz. Then, from the 2H and 14N line-splittings and eqs.(3) and (4), the
component along the second in-plane principal axis can be calculated.
Two values are obtained depending on the choice of the sign of the
splittings: 1.12 MHz and 2.70 MHz, with i\ values of 0.56 and 0.06,
respectively. In view of what is known about TJ from solid-state [1] and
gas-phase measurements [12], only the first solution is believed to be
acceptable. Since the qct is traceless, the third principal component, the
one perpendicular to the molecular plane, is (±)3.98 MHz. Using the

conventional labelling of the axes, we conclude:

eQVz»z«/h = ± 5.10 ± 0.28 MHz

eQVy.y-/h = + 3.98 ± 0.13 MHz

eQVx»x«/h =+ 1.12 ± 0.15 MHz

and

r\ = 0.56 ±0.04

The orientation of ihe principal axes is represented in Fig. 4.1.
Other data about the ^ N qct in pyridine or pyrimidine in the liquid

state are scarce. The only report is that of Jenks [13], who measured the
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14N qct in liquid pyridine from the ^ N spin-lattice relaxation time:
5.00 MHz, with r\ assumed to be zero. The T\ method is only
approximate and the agreement with our value is probably a
coincidence.

In the solid state, from NQR of polycrystalline samples at 77 K, qcc
and T| for pyridine are 4.58 MHz and 0.396 [14]. The corresponding
values for pyrimidine are 4.44 MHz and 0.386 [15].

From micowave spectroscopy, S0rensen [12] reported the ^ N qct of
gaseous pyridine: -4.88, 3.45 and 1.43 MHz for the z",y"and x",
components, respectively. Our result is in agreement with this as far the
labelling of axes and the qcc is concerned; however, r\ is not quite the
same. Interestingly, if the principal-axes system is allowed to turn by 2°
around the axis (labelled y") perpendicular to the plane in the direction
of the dipole moment (02Z" = 56.5°), recalculation leads to (±) 5.10,
3.69 and 1.41 MHz for the z", y" and x" components, respectively. These
values are in better agreement with the microwave results. The rotation
of 2° is just the maximum deviation of the principal-axes orientation
with respect to the CNC bisector, as predicted by Lucken [1].

Possible influences of solute-solvent interactions on the results
should be kept in mind. Specific interactions such as hydrogen-bonding
or charge-transfer complexation are not likely to occur in view of the
properties of the solutes and the solvent (weakly basic and aprotic,
respectively). Dipole-dipole association cannot be ruled out a priori.
The worst situation that could rise is a change in the orientation of the
effective dipole moment, compared to that in the free solute, upon
association. As can be seen for pyrimidine in Fig. 4.2, the ratio of the
line-splittings of the 2-deuteron and the 4,6-deuterons is about 6, in
good agreement with the expected value in free pyrimidine, indicating
no important change of the dipole moment direction. Furthermore,
nuclear quadrupole coupling constants reflect local electronic
properties. Hence dipole-dipole interactions, where comparatively long
distances are involved, are not likely to be of much influence on the qct.

It is concluded that the present EFNMR results on the 14N qct of
pyridine and pyrimidine are in good agreement with the reported
gas-phase values.
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CHAPTER 5

The first Oxygen-17 NMR Spectrum of a Polar Liquid
Aligned by an Electric Field

From the ^H and ' 'O NMR spectra of liquid nitromethane, partially oriented by

an external electric field, the component of the ' 'O quadrupole coupling tensor

along the molecular dipole moment direction could be obtained: 9.1 ± 0.4 MHz.

For *^N the analogous component was found to be 1.75 ± 0.05 MHz.

5.1 Introduction.

Since the first NMR studies of molecules aligned by an external
electric field, only a few nuclei have been studied. After some
contradictory results with proton NMR [1,2], the first succesful
experiments on nitrogen [3] unambiguously proved the possibility and
applicability of electric field NMR (EFNMR). In a later stage these
studies were extended to ^H, ^H and ^C NMR [4]. Deuterium and
nitrogen are especially suited, since the quadrupole coupling constants
are small enough to prevent excessive line broadening, but sufficiently
large to generate substantial line-splittings.

Information concerning the internal field in a liquid, nuclear
quadrupole coupling constants (qcc's), the assignment of quadrupole
coupling tensors (qct's), intermolecular interactions and dielectric
saturation have been obtained from EFNMR studies [5], Measurements of
13C-1H dipolar couplings have been applied to determine the dipole
moment orientation in aromatic molecules [6]. Recently, large ' H - ' H
dipolar couplings were observed in studies of pretransitional phenomena
in the isotropic phase of liquid crystals [7].

A problem inherent in EFNMR is the inhomogeneity of the magnetic
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field, introduced by the use of non-spinning electric field sample-cells.
The effect is felt most seriously in ^H experiments, since the
inhomogeneity contribution to the line-width increases with the
gyromagnetic ratio. Superimposed on this line-width problem (Avj/2 ~
15 Hz at 4.2 T) is the smallness of the expected dipolar splittings. Even if
strongly polar liquids are aligned by strong electric fields, the splitting is
only of the order of 1 Hz. This renders EFNMR of hydrogen difficult,
despite the favourable sensitivity.

For deuterium, the line-width (Avj/2 ~ 3 Hz at 4.2 T) is still governed
by the magnetic field inhomogeneity. Quadrupolar line-splittings of ^H
are typically one order of magnitude larger than dipolar couplings
between protons; they are thus readily measurable, if deuterated samples
are available.

In the case of nitrogen, the fast quadrupolar relaxation determines the
line-width. As remarked above, the quadrupolar line-splitting of ^N is,
in general, large compared with the line-width. As an example, in
nitrobenzene at room temperature, Avj/2 is about 70 Hz, while splittings
of 104 Hz have been detected [5].

A third quadrupolar nucleus of potential interest is oxygen-17. Many
important organic and inorganic compounds contain oxygen. NMR of
*"O was observed for the first time more than 30 years ago [9]. Since then
only about 150 publications on ^ O NMR have appeared in the literature.
A comprehensive review was published recently by Kintzinger [10]. The
reasons for the low popularity of ^ O NMR are obviously its poor natural
abundance and its moderate sensitivity. Furthermore, isotopically
enriched samples are often not easily prepared from commercially
available labelled compounds. The fast development of high field Fourier
transform NMR spectrometers is likely to lead to an increasing interest in
'?O NMR at natural abundance.

As can be seen in [10], experimental data concerning the ^ O qCt is
scarce, particularly in the liquid state. EFNMR offers a method to obtain
information about qct's [5], provided that deuterated samples are
available and that electric-field-induced quadrupolar line splittings can
be observed. To check the latter point for '^O, we decided to study liquid
nitromethane. This compound has a large molecular dipole moment and a
relatively small '^O line-width, which are both favourable circumstances
for the observation of the ^ O linessplitting. Furthermore, nitromethane
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can be purified very well, a prerequisite for attaining a low electric
conduction [3]. As will be shown below, the component of the ^ O qct
along the dipole moment can be derived from the deuteron and oxygen
splittings. In the present case this component cannot be identified with the
qcc, since it is a linear combination of two principal components of the
qct. Nevertheless, the results clearly demonstrate the potential versatility
of studying''O in other molecules.

The magnetic properties of '^O and other nuclei that have been studied
in electric fields are collected in the Table 5.1.

Table 5.1 Properties of nuclei measured in EFNMR.

Isotope

lH
13^

2 H
14N

"o

Nuclear
spin

1/2
1/2
1
1

5/2

Natural
Abundance

(%>

99.985
1.108
0.015

99.63
0.037

Magnetogyric QuadrupoJe
ratio moment'

aoWVi

26.751
6.726
4.106
1.932

-3.627

) (10"28 m2)

2.73 xlO~3

1.6 xlO"2

-2.6 xlO~2

Relative j .
receptivity*

1.00
1.76 X10"4

1.45 x lO" 6

1.00 xlO~3

1.08 xlO~5

| ) Data from: "The Handbook of Chemistry and Physics", 58th Ed. (CRC Pressl978).
*) The relative receptivity is the product of the relative sensitivity and the natural

abundance.
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5.2 Experimental.

Nitromethane was obtained from J.T. Baker Chemicals, and was used

after drying with molecular sieves and alumina. Deuterated nitromethane
was obtained from Merck, Sharp and Dohme, and was dried in the same
way. In the EFNMR experiment a mixture containing 20 per cent by
volume of the deuterated compound was used. All NMR experiments
were performed on a Bruker WM 250 normal-bore spectrometer,
operating with a 5.9 T magnet (33.91MHz for 17O). The electric-field
sample cell was of basically the same design as previously described for a
wide bore spectrometer [6]. The outer diameter of the cell was 15 mm,
leading to an effective sample of 7.0 mm diameter and 4.0 mm height.
All experiments were performed at probe temperature. The *'O
spectrum with an applied electric field took an overnight run of 900,000
scans, 36 ms each, accumulated in a data memory of 512 words. The
length of a rc/2 pulse was 105 \is. Before processing, the FID was
zero-filled up to 2 K, leading to a digital resolution of 6.9 Hz/pt. As well
as I 7O, 2H and 14N spectra were recorded, at 38.4 MHz and 18.1 MHz
respectively. The time required to obtain a good spectrum was about 15
minutes. The nuclei mentioned could be measured on the same broadband
tunable probehead by simple nucleus switch-over. In this way the spectra
could be recorded under identical experimental conditions.

5.3 Theory.

The hamiltonian of quadrupolar nucleus in a magnetic field is given by

H = HZ + HQ (1)

The Zeeman interaction, / / z is dominant in a strong electric field. HQ,
describing the interacting of the nuclear quadrupole moment with the
electric field gradient at the nucleus, may be treated as a first order
perturbation, leading to [11]
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HQ= imafa PVt-i2i(vZ 'z0 (2)

eQ is the nuclear quadrupole moment, I is the nuclear spin quantum
number, Vz-Z' the electric field gradient (efg) in the direction of the
magnetic field, labelled z'. Vz'z- can be related to molecular properties if
expressed in terms of the field gradients in a molecular frame of
reference (x,y,z). If z1 makes polar angles 9 and § with this frame, the
result is [4]

Vz-Z. = < \ cos20 - \ > Vzz + 1 {sin29 cos2(t) > (Vxx - V y y ) +

(3)

{ sin20 sin2<|>) Vx y + 2(sin 6 cos 0 cos (J>) VXZ + 2{sin 0 cos 0 sin <)>) Vyz

The orientation of the molecules is determined by the interaction of the
applied electric field (E//H) with both the molecular dipole moment and
the molecular polarizability. An estimate of the relative contributions of
the two mechanisms, assuming a dipole moment (defining the z-axis) of
3.5 D and Le Fevre's values for the polarizability tensor [8], indicates
that (sin20 cos 20 ) is less than 1 percent of (3/2 cos20 -1/2). Thus, to a
fair degree of approximation, the orientation is axially symmetrical
around the z-axis, and only the first term on the righthand side of eq. 3
differs from zero. If the CNO2 skeleton is planar, the dipole moment,
and thus the z-axis, is along the C-N axis for symmetry reasons. Vz z is
the electric field gradient along the molecular dipole moment;
(3/2 cos20 -1/2) is called the alignment, the angular brackets indicating
averaging over the Brownian motion in the liquid. In an isotropic liquid
the alignment equals zero and no quadrupolar splittings arise.

In the presence of an orienting electric field, the resonances of nuclei
with I = 1 (^H, l^N) will appear as doublets with a splitting (in Hz) given
by

Av= | (^V z z )<^cos20 z z . - £> (4)

In the case I = 5/2 (^O), a quintuplet of equidistant lines results. The
frequency difference between adjacent lines is (in Hz)
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(5)

The intensity ratios within the quintuplet can be calculated to be
5:8:9:8:5 [12].

From eqs. 4 and 5 it is clear that the line-splitting for an I = 5/2 nucleus
is ten times smaller compared to I = 1 if no compensation in the
magnitude of [(eQ/h)Vzz] is present. Another point of consideration is
the line-width to be expected in the two cases. Quadrupolar relaxation is
dominant, and under extreme narrowing conditions the following
equation holds [13]

T| is the asymmetry parameter of the field gradient, e^qQ/h is the qcc,
and xc is the rotational correlation time for the molecular tumbling. The
terms in I equal 5 and 8/25 for I = 1 and I = 5/2 respectively. Assuming
that the ratio of the '^N and '^O quadrupole coupling constant is 7 [10],
and neglecting r\, leads to a ^ O line-width which is only three times that
of '^N. To conclude: compensation by the term in I is very welcome to
overcome the line-width problem in '?O NMR.

5.4 Results and discussion.

The ^ O EFNMR spectrum of nitromethane is shown in Fig. 5.1. r or
comparison, the spectrum obtained in the absence of the electric field is
represented as well. The ^H and '^N spectra, obtained under the same
experimental conditions, are shown in Fig. 5.2.

For the interpretation of the spectral data, it is convenient to start with
the deuterium spectrum. As can be seen from eq. 4, the ratio of the 2H
and ^ N quadrupolar line-splittings will allow one to obtain (eQ/h)Vzz

for the nitrogen nucleus if the corresponding value for deuterium is
known. The latter quantity, defined in the molecular frame of reference,
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400HZ

400Hz

77
Figure 5.1 ' 'O NMR spectra ofjiitromethane without an electric field (bottom), and
with an electric field of 1.0x10' VnT1 applied (top).

can be related to the electric field gradients in the local frame, in which
the efg is diagonal, with elements Vx«x"f Vy"y" a°d Vz»z». A
straightforward transformation of axes leads to

Vzz = ( \ - \ )vz"z" - (fa sin2ezz» cos2<|>) Vz»z» (8)
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K)Hz

200HZ

Figure 5.2 Deuterium (top) and nitwgen (bo
an electric field strength of 1.0x10'Vm~.

<ttom) NMR spectrum of nitromethane at

As before r\ is the asymmetry parameter of the efg tensor:
i\ = (Vx«x» - Vy"y")/Vz"z". The local axes are, as usual, labelled such
that |VZ»Z»| £ |Vy"y»|£ |VX»X»|. The major component of the
quadrupole coupling tensor, (eQ/h)Vz"z" is commonly denoted as the
quadrupole coupling constant (qcc). For deuterium the z" axis is along
the C-̂ H bond, or very nearly so, and the electric field gradient tensor is
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practically symmetrical around this axis [14]. In the following r\ is taken
to be zero. Consequently, according to eq. 7, (eQ/h)V,,z at '^N can be
calculated from the ^H qcc and the angle between the C-^H bond and the
dipole moment. Deuterium qcc's can in principle be obtained from a
number of experiments: from NMR of deuterated solute molecules in
liquid crystals [15], single crystals or powders [16,18]; from T|
measurements in isotropic liquids [14]; from microwave spectra and
molecular beam work [16,17] in the gas phase, and from NQR of solid
(poly-)crystalline samples [16]. For nitromethane, results from liquid
crystal studies are particularly abundant, but unfortunately widely
scattered in values, a fact recently emphasized by Bjorholm and Jacobsen
[19]. The reported values range from 111.7 kHz in EBBA to 167.0 kHz in
ZLI 1167. These are apparent differences, that may be attributed to
correlations between structure and orientation of the molecules, as has
been done by Diehl et al. in terms of a two-site model [20]. In view of the
uncertainties from the liquid crystal determinations, we prefer to adopt a
suggested average or best value for the qcc of deuterons bonded to sp^
hybridized carbons, viz. 165+5 kHz [21], a number in agreement with the
reported solid state NMR value of 164 kHz [22].

1.489A

1072°

figure S3 The microwave structure of nitromethane, as reported in (23 j .
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The structural information needed, namely the angle between the
molecular dipole moment and the C-^H bond is taken from microwave
data [23]: 107.2° (see Fig. 5.3). Hence, a value of 72.9 kHz follows for
(eQ/h)V2Z(2H). Then, from eq. 4 and the deuterium and nitrogen
quadrupolar line-splittings (19.5 and 561 Hz respectively),
(eQ/h)Vzz(

14N) is found to be ±(1.75 ±0.05) MHz. Note that this value is
not necessarily to be identified with the ' 4 N qcc. However, it is very
probable that the major component of the qct lies along the dipole
moment, as the subsequent discussion will demonstrate.

In an analogous way the value of (eQ/h)Vzz for oxygen can be
calculated from the deuterium and oxygen line-splittings. Applying eqs.
4 and 5 with a 17O line-splitting of 291 ± 5 Hz leads to (eQ/h) V z z (

I7O) =
9.1 ± 0.4 MHz.

The quadrupole coupling tensor of '4N in nitrotnethane has been
studied in the lyotropic liquid crystal poly-y-benzyl-L-glutamate.
Loewenstein and Goldsmith [24] report that the major principal
component is along the C-N axis and has a value of 1.68 MHz while
Gerace and Fung [25] arrive at 1.45 MHz for the same quantity. Both
values, however, are derived under the assumption that the orientation of
nitromethane may be described by a single parameter. This is an
over-simplification which the authors do not substantiate. So the
agreement between the value from [24] and ours is accidental. From an
NQR experiment at 77 K, Subbarao et al. [26] reported a 14N qcc of 1.695
MHz, with T| = 0.424. As a polycrystalline sample was used, the resulting
qcc could not be related to a specific molecular axis. If it is assumed that
the quadrupole coupling constant does not depend very much on the state
of aggregation of the sample, our result strongly suggests that the value
found by Subbarao et al. should be associated with the C-N-axis (see also
[27]).

Experimental data about the '7O qct in nitromethane are not available
to our knowledge. The only molecules containing C-bonded nitrogroups
whose oxygen qcc's have been studied, are a number of substituted
nitrobenzenes. Cheng and Brown [28] reported the ' 7 O qcc and the
asymmetry parameter from an NQR investigation in solid polycrystalline
nitrobenzene: 13.1 MHz and 0.58 respectively. The authors also derived
a probable orientation of the qct, shown in Fig. 5.4. The assignment was
based on electronegaiivity and hybridization considerations. Hiyama and
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X "

o

2"

Figure 5.4 The orientation of the principal axes of the electric field
gradient tensor at oxygen in a nitrogroup, from [28].

Brown [29] later confinned this assignment by using an analysis based on
the Townes and Daily theory, and simple MO calculations. If the same
assignment is valid for ^ O in the nitrogroup of liquid nitromethane,
(eQ/h)V z z can be calculated from the results of [28] by simple
transformation of axes, using the microwave result for the angle of the
N-O bond with the dipole moment (62.7°, see Fig. 5.3). The result is:
(eQ/h)Vzz (17O) = 8.2 MHz. In view of the assumptions made, the
agreement with the EFNMR data is considered satisfactory.
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CHAPTER 6

Oxygen-17 Quadrupole Coupling in Liquid Acetone

1 'O NMR spcctroscopy of liquid acetone, oriented in a strong applied electric

field, is used to measure one of the principal components of the 'O

quadrupole coupling tensor (qct). The component along the carbonyl bond is

found to be (±) 3.0 ± 0.2 MHz. By comparison with other data in the

literature concerning acetone and related molecules, it can be concluded that

this vaue refers to the smallest of the principal components. The present NMR

method is a powerful technique to obtain information about qct's in normal

liquids.

6.1 Introduction.

The advent of high field NMR spectrometers has enhanced the study of
less sensitive and/or low abundant nuclei. Examples of this trend in the
literature are numerous. Recent reviews have been published by
Kintzinger and Klemperer [1]. Two important elements in group VI are
33s and ^ O . Sulfur, a member of the class of low abundant nuclei with
low sensitivity [2], has been investigated in terms of chemical shifts,
spin-spin couplings, and the substituent effects on these parameters [3],
Reports concerning the 33s quadrupole coupling tensors (qct's) are
becoming available [3,4]. Oxygen, an (extremely) low abundance,
medium sensitivity nucleus, has been studied on the same topics [1],
Information about ^ O quadrupole coupling, which is less scarce than of
sulfur, mainly deals with compounds in the solid state. Molecules in the
gaseous, and particularly in the liquid state have been investigated much
less [la]. It seems justified, therefore, to pursue an extension of qct data
for oxygen, which is, after all, one of the principal elements in nature.
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Quadrupole coupling tensors (qct's), which reflect the coupling of a
nuclear quadrupole moment with the electric field gradient (efg) at the
nuclear site, can be studied by a number of experimental techniques. An
exellent compilation of these approaches can be found in the book of
Lucken [5], e.g.: nuclear quadrupole resonance (NQR) spectroscopy in
solids; microwave spectroscopy and molecular beam resonance in gases
(both for not too large molecules). For liquids NMR spectroscopy is the
only method to obtain information about qct's.

Two approaches may be followed in the liquid state NMR technique:
either measurement of nuclear spin relaxation times (giving often only
approximate results by the lack of sufficient information about the
diffusion tensor), or the study of NMR spectra of partially oriented
molecules. This orientation can be achieved in several ways. Well-known
is the use of liquid crystalline solvents [6]. In these liquids the dissolved
molecules acquire a finite orientation through interaction with the
solvent molecules, which themselves have become oriented to form an
uniaxial liquid phase through interaction with the magnetic field.

Less frequently applied, but nevertheless well documented [7], is the
orientation of molecules in normal isotropic liquids and solutions by an
electric or a magnetic field. In these cases appropriate anisotropic
electric or magnetic molecular properties interact with the applied fields.
The extent of orientation generally decreases in the order liquid crystal
solvent, electric field, magnetic field.

In this chapter the study of ^H and 1 ?O NMR of liquid acetone,
oriented by an electric field, is applied to obtain information about the
l^O quadrupole coupling tensor. The basic principle of the method is the
orientation of molecules by an electric field. The field imposes an
orienting torque on the molecular dipole of acetone, and as a result the
1^0 NMR spectrum will change with respect to the one observed in
absence of orientation. Comparison with similar changes in the ^H
spectrum allows one to derive information concerning the 1 7 0 qct. The
method has been used before in studying the * 7 0 qct of nitromethane [8].
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6.2 Experimental.

Acetone-dg (Aldrich, 99.9 %) was dried on molecular sieves prior to
use. The basic design of the electric field sample cell and some
improvements to it were described before [9]; the electrode separation
was 2.0 mm (giving a sample volume of 0.13 cc).

The 2H and 1 7O NMR spectra were recorded with a Bruker MSL 400
spectrometer, equipped with a 9.4 T wide-bore magnet. The ^H and ^ O
resonance frequencies were 61.4 and 54.2 MHz respectively. To obtain a
sufficient signal-to-noise ratio for the natural abundance *?O signal,
~800,000 free induction decays were accumulated (at a pulse repitition
rateof30/s).

The spectra were recorded at room temperature (295 K).

6.3 Theory.

The changes observed in the NMR spectrum of a molecule when it is
partially oriented can be accounted for by two terms in the spin
Hamiltonian, the dipole-dipole coupling and the quadrupole coupling. In
the case of ^ O in partially oriented liquid acetone-dg, the quadrupolar
term is much larger than the dipolar one (this is a result of the low
gyromagnetic ratios of and/or the large internuclear distances between
candidate coupling nuclei). The only anisotropic contribution of
relevrnce is the quadrupole coupling term HQ. In the strong magnetic
field approximation it may be treated as a first order perturbation to the
Zeeman term [10J:

(0

eQ is the nuclear quadrupole moment, Vz'z> is the electric field gradient
at the nucleus in the direction of the magnetic field (z1), found at the site
of the nucleus; I is the nuclear spin quantum number, and lz> and 1̂  are
spin operators.

The orientation of acetone results from the torque exerted by the
applied electric field on the molecular dipole. For parallel electric and
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magnetic fields, as is actually the case, Vz'z- can be related to the efg
along the dipole moment. If the orientation of the z' axis with respect to
the dipole moment direction (denoted the z axis) is given by the angle
0ZZ', then

^ J (2)

The brackets indicate averaging over the molecular tumbling.
Substitution of the last equation in eq.l, and evaluation of the subsequent
expression, shows that the quadrupole interaction leads to a multiplet of
21 lines, with an adjacent line separation Av given (in Hz) by

A V = W^T) h
Q V z z ^ c o s 2 9 z z - l > (3)

For l^O (I = 5/2) a quintuplet is observed, for deuterium a doublet.
If (eQ/h)Vzz(2H) in acetone is known, then the corresponding

term will follow from the observed ratio of Av for the two resonances (at
a given alignment). To obtain (eQ/h)Vzz(

2H), the major principal
component of the ^H qct (i.e. the ^H qcc), which is assumed to be along
the C-^H bond (the symmetry axis (z") of the qct), the average
orientation of this bond with respect to the molecular dipole moment
(z-axis) should be known. In the limit of free rotation of the CD3 group
about the C-C axis, one finds

Vz z (%) = (^cos2<pzz»- J ) r o t {qcc(2H)} (4)

9ZZ" is the instantaneous angle between the z and z" axes, which varies
with rotation of the C-2H3 group. Qcc (2H) is taken to be 165 kHz, a
value found on the average for deuterons attached to aliphatic carbons
[11]. The relevant structural information adopted is that the angles CCD
and CCO are 109.5° and 120.0° respectively [12].
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6.4 Results and discussion.

The * 7O NMR spectrum observed for acetone oriented by an electric
field of 1.7 x 107 Vm"1 is shown in Fig. 6.1. The values of Av for 1 7O
and ^H are 240 ± 2 and 5.5 ± 0.4 Hz respectively. Along the lines
sketched above, the value of (eQ/h)Vzz for * 7O is found to be (±)3.0 +
0.2 MHz.

By symmetry, the z component should be a principal component of the
qct, viz. the component along the carbonyl bond. To decide whether it is
the major principal component (i.e. the ^7O qcc), the present results are
compared to those from other investigations.

A report on the * 'O qct in acetone originating from a study in
lyotropic and thermotropic liquid crystals is available [13]. The qcc as a
function of r|, the asymmetry of the qct, could be derived from the ^H
and * 7 O NMR spectra of acetone dissolved in the mesophases. The
correct solution for the couple (qcc, r\) was found by comparison of the
functional relationship between the two quantities predicted by the simple
(but often successful) Townes and Dailey theory [la]. The results showed
a small solvent dependence of qcc and T). This effect was accounted for by
the influence of the solvent polarity on the polarization of the carbonyl
bond. The upper and lower limits for the ^7O qcc are 11.65 and 11.15
MHz, with corresponding r) values of 0.57 and 0.47. With these numbers,
the extremes of the remaining principal components of the *7O qct are
-2.95 and -2.50 MHz (for (eQ/h)Vx»x-.) and -9.15 and -8.20 (for
(eQ/h)Vy"y") respectively.

The smallest component is in good agreement (considering its absolute
value) with the principal component along the C=O bond as derived in
the present EFNMR experiment. (The sign of the qct component can not
be measured in EFNMR.) It is therefore concluded that the smallest
principal component of the *7O qct in acetone is found along the C=O
bond.

Other specific results on the ^7O qct of acetone are not known.
Information on related molecules is available, however. Formaldehyde
has been studied by microwave spectroscopy (gas phase), and the
principal tensor components and their assignments were reported [14]:
the smallest (-1.9 MHz) is along the C=O bond, the largest (qcc = 12.4
MHz) is the is the other in-plane component. It seems reasonable to
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Figure 6.1 The "o EFNMR spectra of acetone, observed with an applied
electric field of 1.7 x 10' Vm~! {top), and with zero field (bottom)
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similar to those in formaldehyde, since the substitution of two protons by
two methyl groups should only have secondary effects on the electric
field gradient at oxygen. Confirmation of this is found in the theoretical
work of Gready [15], where the substitution by a -CH=CH2 group, or
even a fluorine atom, did not affect the assignment of the qct. The
expectation is borne out experimentally by the present study of the
principal component along the carbonyl bond.

In an NMR study of 1,3-dichloroacetone [16], the ^ O qcc and T|
arrived at are 10.7 MHz abd 0.45 respectively. Intrinsically in the NQR
technique on powders, no information about the orientation of the
principal components is obtained. However the smallest component
calculated from the given qcc and r\ is 2.9 MHz (absolute value), which is
in good agreement with the z (C=O) component obtained from EFNMR.

It would be of interest to investigate the influence of the state of
aggregation on the * ?O qct of acetone, since intermolecular interaction
will likely involve the carbonyl group and hence possibly influence the
oxygen quadrupole coupling. This aim awaits specific investigations of
acetone in the gas and solid phases, not reported up to now. Furthermore,
the effects of solvents on the ^ O qct would also be an important topic for
further research.

In conclusion, EFNMR is shown to be a powerful technique, dedicated
to liquids and liquid solutions, for the investigation of qct's. For liquid
acetone, it could be used to assign one of the principal components of the
1'O qct, viz. the component along the carbonyl bond. It is suggested that
the present study might serve as a starting point to explore the effects of
solvents and the state of aggregation on the ^ O qct of acetone.
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CHAPTER 7

The 33S Quadrupole Coupling Tensor of Sulfolane

The 33s quadrupole coupling tensor components in sulfolane are measured

from the NMR spectrum of the dielectrically aligned liquid and form spin-lattice

relaxation (Tj) measurements. The assignment of the principal tensor

components to molecular axes follows straightforwardly from the NMR

experiments for one of the components. The other two are assigned on the basis

of Hartrce-Fock-Slater MO calculations. The major principal ^S quadrupole

coupling tensor component is +1.34 MHZ and is found perpendiclular to the

five-membered molecular ring; the one of intermediate magnitude (-1.0S MHz)

is along the C2 molecular symmetry axis. From the Tj measurements, the

molecular reorientation is found to be essentially isotropic. Decoupling

experiments indicate that the 2 j ( " s - *H) scalar coupling is 4-5 Hz.

7.1 Introduction.

Tetrahydrothiophene-1,1 -dioxide (trivially called sulfolane) is a
dipolar aprotic solvent which is frequently used in both pure and aplied
chemistry. Striking properties of sulfolane are its high polarity (dipole
moment -16.2 x lO"3^ Cm), its high dielectric constant (e ~ 40), and its
low autoprotolysis constant (pKs ~ 25.5). Important applications of the
solvent are found in extraction processes in petrochemical industry. The
properties and applications of sulfolane have been comprehensively
reviewed by Martinmaa [1]. For completeness, the structural formula of
sulfolane is represented in Fig. 7.1.

Nuclear magnetic resonance studies of sulfolane have predominantly
dealt with carbon-13 [2,3], hydrogen [4], and deuterium [5]. NMR
relaxation investigations have also been undertaken for sulfolane in the
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Figure 7.1 The structural formula of sulfolane. The
protons attached to carbon are omitted for clarity.

plastic crystalline phase just below the melting point. Oxygen-17 NMR,
generally not observed easily (the nucleus has a small magnetogyric
ratio, a low natural abundance, and fast quadrupolar relaxation), has
nevertheless been reported [6]. Neither is sulfur-33 a favourable nucleus
for NMR, for the same reasons as oxygen-17. In spite of this, 3 3 S NMR
of sulfolane and other sulfones has been reported a few years ago [7,8],
and chemical shifts, line-widths, and substituent effects [9] were
tabulated. Very recently the first ^S Tj study on sulfolane as a function
of solvent and temperature appeared [10].

As 33s is a quadrupolar nucleus (1=3/2), its T] is dominated by
quadrupolar relaxation, i.e., the modulation of the interaction between
the nuclear quadrupole moment and the electric field gradient at the
nucleus. It is, therefore, of interest to obtain information about the
quadrupole coupling tensor (qct) describing this interaction. To this end,
we investigated the ^S NMR spectrum of liquid sulfolane, aligned by a
strong electric field (EFNMR). The results, together with 2H and 3 3 S
relaxation time measurements, are now reported.
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7.2 Experimental.

Sulfolane (Fluka A.G.) was destilled just before use. To obtain the
EFNMR sample, it was mixed with 20% vol. of sulfolane-dg (Merck,
Sharp and Dohme, used without further purification) and 10% vol. of
benzene. The latter was added to ensure a liquid sample at ambient probe
temperature. All NMR experiments were performed with a Bruker WM
250 spectrometer, operating (in quadrature detection) at 38.4 MHz for
^H and at 19.2 MHz for 33$, using a IS mm broad-band tunable
probehead. Apart from the actual dimensions, the EFNMR sample-cell
was of the same design as described before [ 11 ], as is the case for the high
voltage equipment. The electrode distance was 3.0 mm.

The 33s EFNMR spectrum was recorded under proton decoupling,
sampling the free induction decay (FID) following a 90° pulse (190 |is)
for 0.1 s and storing it in IK data points. The pre-acquisition delay was
50 ms and no recycle delay was used. In total 400,000 scans were
accumulated. Before Fourier transformation, the FID was weighted by a
Lorentz-Gauss function (maximum at 15% of the FID, with a line
broadening of -10 Hz) and was zero-filled to a digital resolution of 1.2
Hz/pt. The accoustic ringing, though hardly present, could be removed
by deleting the first few data points of the FID. The 2 H EFNMR
spectrum was obtained by accumulating 300 FID's for 2.7 s each after a
60 |Xs 90° pulse, and subsequent storage in 4K data points. The
pre-acquisition delay was half the dwell-time. The FID was weighted by a
Lorentz-Gauss function (having its maximum at 10% of the acquisition
time, with a line broadening of - 4 Hz) and zero-filled to a digital
resolution of 0.18 Hz/pt. The Tj relaxation times were measured by the
inversion recovery pulse sequence, using pure sulfolane-ds sealed in a 5
mm o.d. tube.



68

7.3 Theory.

A strong external electric field will partially orient a polar molecule by
interaction with the permanent molecular dipole moment. In principle,
there is also interaction of the electric field with the anisotropic
molecular polarizability, but in the case of small, strongly polar
molecules like sulfolane, the orientation via the permanent dipole is the
dominant mechanism [11]. The effect of the partial orientation may
become apparent in the NMR spectra through anisotropic spin
interactions. For quadrupolar nuclei (e.g. ^H and 3 3S) the Hamiltonian
describing the interaction between the nuclear quadrupole moment and
the electric field gradient at the nucleus, treated as a first-order
perturbation to the Zeeman energy, is [12]

HQ= i o l f e " Wz-^KVz-zO (1)

eQ is the nuclear quadrupole moment, I the nuclear spin quantum
number, Iz> the component of the nuclear spin along the magnetic field
direction (z1), and Vz>z- the electric field gradient along the z' axis. The
latter term may also be expressed in terms of gradients in a molecular
frame of reference (x,y,z). In the present case, the orientation
mechanism leads to a simple expression [11]

V z z is the electric field gradient along the molecular dipole moment, and
(3/2cos^6 - 1/2) is the socalled alignment, with 9ZZ- the instantaneous
angle between diplole moment and magnetic field, the brackets indicating
averaging over the molecular tumbling in the liquid. The quadrupolar
interaction leads to line-splittings in the NMR spectrum. For parallel
electric and magnetic fields, the frequency difference between adjacent
lines of the (in total) 21 lines is (in Hz)
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As can be seen from this equation, the ratio of line-splittings for 33s and
^H is related to the ratio of the corresponding (eQ/h)V2z terms.
Fortunately, of these terms the one for deuterium is often known. Taking
the asymmetry parameter (T|) of the electric field zero (a good
approximation for deuterons [13]), (eQ/h)Vzz can be calculated from

(4)

" is the angle between the dipole moment and the z" axis, (eQ/h)Vz»z"
is the major principal component of the qct, commonly called the
quadrupole coupling constant (qcc) and found along the C-̂ H bond. If
the ^H qcc and azz"

 a r e known, the ratios of ^H and 33s line-splittings
and of the terms in I (eq. 3) permit the calculation of (eQ/h)Vzz for the
sulfur atom.

Additional information about the " s qct can in principle be obtained
from spin-lattice relaxation time measurements. For quadrupolar nuclei
T\ generally is dominated by quadrupolar relaxation. The relaxation rate
may then be written as [14a]

T| is the asymmetry parameter of the electric field gradient tensor
(i\ = (Vx»x» - Vy»y»)/Vz»z») and t c the correlation time for isotropic
molecular tumbling. Again, the deuterium qcc and TI are known, and the
3^S qcc can be calculated from the ratio of relaxation times, if TJ(^^S) is
known, and if isotropic molecular tumbling is taking place. Extreme
values for r\ are 0 and 1, making the term (1 + TI 2/3)-1/2 contribute
factors 1.00 and 0.87 respectively to (eQ/h)Vz»z» (see eq. 5), and
consequently, a fair indication of the 33s qcc is obtained. To check
whether the tumbling in liquid sulfolane is indeed isotropic, the
temperature dependence of the ^H and 33s Ti's was measured, and
activation energies for the reorientation were calculated from an
Arrhcnius plot. Isotropic tumbling should lead to the same activation
energy for deuterium and sulfur reorientation.
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7.4 Results and discussion.

The 2 H and 3 3 S EFNMR spectra recorded at an electric field of 8.3 x
10^ Vm~* are shown in Fig. 7.2 and 7.3 respectively. The outer lines of
the 3 3 S triplet are broader than the central transition. This effect is real,
and can be understood by evaluating the Redfield expression for
quadrupolar relaxation [14b].

Figure 7.2 %H EFNMR spectrum (10 Hz div~h ofsulfolane; electric field strength
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Figure 73 ^S EFNMR spectrum (100 Hz div~l) ofsulfolane; electric field strength

The quadmpolar line-splittings are 17.8 ± 0.2 Hz and 73.9 ± 1.2 Hz
for the a-deuteron and sulfur respectively. No splitting is observed for
the p-deuteron, reflecting the unfavourable orientation of the C-^Hp
bond with respect to the molecular dipole moment. The ^ S spectrum
was recorded onder broad-band proton decoupling, thus removing the
line-broadening caused by the 2j(lH-33s) scalar coupling. From the
broadening, which was noticed before by Hinton [10a], the indirect
coupling was estimated to be 4.5 Hz. This observation is in good
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agreement with the directly measured value of 6 Hz in a closely related
compound[10b].

To calculate (eQ/h)Vzz for sulfur, azz" (eq. 4) and hence the molecular
structure should be known. There has been disagreement in the literature
about the structure of sulfolane. An electron diffraction study [15] was
said to be incompatible with a planar structure of the five-membered
ring. Later, microwave spectra could be interpreted with two models: a
bent, non-planar structure and an essentially planar one [16], the latter of
which was afterwards confirmed from additional evidence and a
reinterpretation of the early electron diffraction results [17]. Apart from
the planarity of the skeleton, the complete structure of sulfolane is not
known, however. We therefore performed an MNDO MO calculation
[18] for optimization of the positions of the protons, keeping the skeleton
and the two oxygens fixed in the planar electron diffraction structure
[15]. The results indicate that the C-Ha bond is inclined 54.7 ° to the
molecular plane, with its plane projection deviating 70.9° form the Cj
axis (dipole moment direction) and hence a z z" (eq. 4) is 79.1°. For the
C-Hp the angles are 53.1, 146.9, and 59.8°, respectively. Indeed the
orientation of the C-HR is less favourable for the observation of a
quadrupolar splitting «3/2cos28 - 1/2) in eq. 4 is 0.12 for Hp, vs. -0.45
for HQ.). For clarity the final structure from electron diffraction plus
MNDO optimization is given in Table 7.1.

A second quantity to be known in eq. 4 is the ^H qcc. From the
measured T\ relaxation times and the observed isotropic reorientation
(see below), the qcc's for the two deuterons obviously differ by about
15%. The average value observed for the qcc of deuterons attached to sp^
hybridized carbons is 165 kHz [19]. We prefer to attribute this value to
the P deuterons, since for the a deuterons, the nearby SO2 fragment
probably leads to a deviation from the quoted value. From the relaxation
times, the ^ H a qcc then is calculated to be 190 kHz, a rather high, but not
an impossible value for a deuteron bonded to an sp-Mike carbon.
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Table 7.1 Structural parameters of ..rjlfolane *

angles

oso
CSC

sec
ccc
sqHj
C 1 C 2 H 3
H1C1H2
H3C2H4

degrees

115.3

102.0

105.0

114.0

107.8

109.0

109.4

106.2

distances

OS

sc
ClC2

C2C3

C1H1

C2H3

nm

0.1450

0.1800

0.1540

0.1545

0.1105

0.1112

*) The numbering of atoms is as follows: Hj and H2 are
attached to C^ H3 and H4 to C2

With the calculated oczz" and ^Hn qcc, the value of (eQ/h)Vzz in eq.4
can be calculated and (eQ/h)Vzz (

33S) follows from the ratio of deuteron
and sulfur quadrupolar line splittings: (eq/h)Vzz (33S) -(±)1.05 ± 0.03
MHz. Since the z axis coincides with the C 2 symmetry axis, one of the
principal components of the 3 3S qct is now known.

The activation energies, calculated form the T\ measurement as
function of temperature (Fig. 7.4), are 15.4 ± 1.5, 14.5 ± 1.5, and 17.2 ±
2.5 kJ mol"1 for the ^Ha,

 2 H Q , and 3 3S reorientation, respectively. For
sulfur this is in good agreement with the result of [10a]: 17.0 and 18.1 kJ
mol~l foi sulfolane in Me2SO and CDCI3 solution, respectively. The
results indicate that the molecular tumbling is isotropic or very nearly so.
This might appear unlikely at first sight, since sulfolane is a polar
molecule with low symmetry, both unfavourable properties for isotropic
reorientation. It should be noted, however, that sulfolane forms a plastic
crystalline phase in a small temperature range just below its melting point
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Figure 7.4 Plots of In T} vs, J~] for for 2Ha (o), 2HP (x), and 33S (A)

[1]. This, again, is unexpected: normally only highly symmetrical
"globular" molecules do so; NMR relaxation studies have revealed
isotropic reorientation of sulfolane in the plastic phase [4,5], indicating
that one may speak of an effectively globular molecule. These
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observations in the (solid) plastic phase make our conclusions not as
unexpected as might seem at first sight. Consequently, applying eq. S, the
Tj of 2 H a and 3 3 S (0.28 and 0.019 s, respectively, at 303 K) allows the
calculation of the 3 3S qcc as a function of TJ. The extreme absolute values
are 1.41 and 1.22 MHz, found forii = Oand 1, respectively. The correct
choice of qcc and T| should, however, reproduce the principal component
of the 3 3 S qct measured in the EFNMR experiment ((±)1.05 MHz). The
result is: qcc ( 33S) = (±) 1.34 MHz, T| = 0.56. (Use has been made of the
Laplace condition that the qct is traceless.) The zz component of the
tensor has to be identified with th C2 axis of sulfolane, so two possibilities
are left for the orientation of the major principal component:
perpendicular to either the five-membered ring or to the SO2 plane. Of
course it would be of interest to indicate the most probable solution. The
first idea is to refer to literature data on molecules closely resembling
sulfolane in electronic structure as far as the SO2 moiety is concerned.
To our knowledge no such data are available. Another approach to obtain
an unambigious assignment is a theoretical calculation of the efg tensor at
the sulfur nucleus.

7.5 Theoretical calculation of the efg tensor.

A reliable determination of the efg tensor elements requires essentially
electronic structure calculations on an ab initio level. To this end LCAO
Hartree-Fock-Slater (HFS) calculations have been performed by using
the discrete variational method developed by Baerends and Ros [20,21],
in which the molecular orbitals are calculated in a self-consistent manner.
The method is relatively efficient, and thus can be used to deal with
comparatively large systems on an ab initio level. Characteristic of the
HFS method is the replacement of the Hartree-Fock exchange operator
by a simple local potential as proposed by Slater [22]:

v x o c
( r ) = " 3 o c ( J 7 t ) { i p { r ) } 1 / 3

The scaling parameter a was taken to be 0.7, which has been shown to be
the optimal value [23]. The basis set used in the calculations consisted of
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Slater type orbitals (STO's) and was of optimized double-^ quality [24].
On the sulfur nucleus, on which the field gradient tensor components are
evaluated, extra 3d polarization functions have been added. The elements
of the Fock matrix, needed to solve the one-electron equations, were
evaluated by numerical integration. To simplify the integrals for
Coulomb and exchange potentials, a least-squares fit of the electron
density was used

P(r) =Sa i f i (7)
I

in which the fitting functions are again STO's. On the sulfur nucleus an
extended fit set (10 s; 8 p; 5 d; 3 f and 1 g type STO) was used in order to
describe the electron density in this part of the molecule as accurately as
possible. Again it should be emphasized that the accuracy of both density
fitting and numerical integration is such that with this method essentially
ab initio quality solutions to the HFS one-electron equations can be
obtained. Detennination of the efg tensor elements requires calculation
of integrals of the form

p(r) / w V ) N d r (1=2) (8)

where p(r) is the electron density from the MO calculation, rN is the
vector with respect to nucleus N, and rN is the unit vector in this
direction. Z / m (m > 0) is a real spherical harmonic. Evaluation of the
electric field gradient from the fitted electron density (eq.7) yielded
reliable results for hydrogen and methane [25].

An improvement, that offers a circumvention of the problems
associated with possible errors due to the incompleteness of the fitset in
eq. 7, can be obtained by replacing the expression of p(r) in a set of
fitfunctions by an expression obtained from the squared eigenfunctions
of the HFS one-electron equations. One-electron properties can then be
calculated with the package of the POLY ATOM program [26]. Since this
program is based on GTO's, the eigenvectors from HFS (STO's) should
be expanded in a set of GTO's. The interface program described by
Ravenek [27] was used for this purpose. The number of GTO's used in
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the expansion was increased until a stable value for the efg was obtained.
The calculated 3 3 S qct (adopting -6.4 x 10~30 m2 for the 3 3 S nuclear
quadrupole moment [28]) is given in Table 7.II in terms of tensor
components in the principal axes system (a,b,c) at sulfur. The b axis is
perpendicular to the plane formed by the five-membered ring; the c axis
is parallel to the C2 axis.

The HFS calculation indicates that the efg component of intermediate
absolute magnitude is along the C2 axis. This results is in agreement with
the experimental observation. It should be noted that the component
along the dipole moment direction is the one that can be assigned
explicitly, due to the nature of the EFNMR experiment. The aim of the
HFS calculation was to discriminate between the two possible solutions
left for the assignment of the components perpendicular to the symmetry
axis. If it is assumed that the calculated values are at least relatively
confident, and adopting their signs, only the assignment which puts the
major principal tensor component (+1.34 MHz) perpendicular to the
molecular five-membered ring is justified by the calculation.

Table 7.II. Principal Components of the 3 3S Quadrupole Coupling
Tensor of Sulfolane (Calculated' and Experimental
Values)

tensor component H F S / M H z H E x p e r i m e n t a l / MHz

(eQ/h)Vbb

-1.65

+3.55

-1.90

(±)0.29#

(±)1.34#

(±) 1.05

1) Calculated with cQ(33S) = -6.4 x 1(T3 0 m2 [28].
*) Assignments interchangeable on the basis of experimental evidence alone.

A question that still needs consideration is the discrepancy between the
absolute values of the calculated and experimental results (the calculated
values are 2 - 5 times the experimental ones, see Table 7.II). A possible
explanation is the use of the frozen-core approximation in the HFS
calculation. Computational time can be saved if the core electrons,
generally not involved in the chemical bond, are kept frozen. This means,
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in the present case, that Is, 2s, and 2p electrons on sulfur, and Is
electrons on carbon and oxygen are treated as if they originate from
atomic calculations. Because of the spherical symmetry the frozen core
of sulfur does not give a contribution to the one-center part of the efg
tensor. This effect is expected to be dominant over the change in the
two-center contribution to the tensor due to the frozen core on carbon
and oxygen. In principle, Sternheimer factors could be used to correct
for the assumption of a frozen core. These factors have been calculated
for atoms and their ions [29], but for molecules they are not very reliable
[30]. Another explanation might be the use of an insufficiently extended
basis set. The set chosen in the present case should, however, be regarded
as a fair compromise between reliability and computational time.

Finally it should be noted that nuclear quadrupole moments are often
not known very accurately: uncertainties of 20 - 30% are not unusual
[31]. For the 3 3 S quadrupole moment two values have been reported:
-6.4 x 10"30 [28] and -5.5 x 10"30 m2 [32]. By adopting the latter, the
more recent one, the difference between calculated and experimental
values is reduced, but by no means removed. We are therefore left with a
discrepancy which is most probably caused by the frozen-core
approximation used in the HFS calculation. To check this thoroughly, a
new calculation with an all-electron treatment, at least on sulfur, is
needed. In view of the extreme calculational efforts involved with such
an approach, and considering the fact that, in spite of the deviation of
absolute field gradient values, the relative figures can be expected to be
reasonably reliable, we decided that it was not appropriate to proceed
with the all-electron calculations.

7.6 Conclusions.

Electric field NMR, in combination with Tj relaxation measurements
and Hartree-Fock-Slater MO calculations, was applied to measure the
3 3 S quadrupole coupling tensor in liquid sulfolane. The major principal
component of the tensor (the quadrupole coupling constant) is found
perpendicular to the five-membered ring and has a value of 1.34 ± 0.03
MHz. The component along the molecular dipole moment is -1.05 ± 0.03
MHz. Hence the asymmetry of the tensor is 0.56.
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CHAPTER 8

Boron Quadrupole Coupling in ortho-Carborane
An NMR study of an oriented liquid sample

Line-splittings observed in the ^ B and ' ' B NMR spectra of

ortho-carborane-d2> when a solution of the compound is exposed to a very

strong electric field, have been used to derive the components of the boron

quadrupole coupling tensors along the molecular dipole moment direction.

Furthermore, the magnitudes of the boron quadrupole coupling constants

were measured from the spin-lattice relaxation times (Tj). The boron

line-widths observed indicate the presence of a substantial scalar coupling

contribution to T2 for both boron isotopes.

The direction of the axis to be associated with the quadrupole coupling

constant has been derived for some of the borons in o-carborane by

combining the EFNMR results with those of the T j study.

8.1 Introduction.

Nuclear magnetic resonance of boron has frequently been applied
for structure elucidation of boron compounds and for the study of
reactions in which they are involved. Measurements of chemical shifts
and of spin-spin coupling constants are generally the main goals of such
investigations. Spin relaxation of boron has also been studied, though
much less frequently. Extensive compilations of boron NMR results
have been made by Nolh and Wrackmeyer [1], and by Kidd [2]. By far
the majority of data is concerned with the ' ' B isotope (1=3/2). This is
easily understood in view of the higher gyromagnetic ratio and the
higher abundance compared with the other isotope,'% (1=3, see Table
8.1). Apart from sensitivity, the line-width to be expected also should
be considered. For a quadrupolar nucleus, as both boron isotopes are,
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the line-width is generally dominated by quadrupolar relaxation, i.e.
the modulation of the interaction of the nuclear quadrupole moment
and the electric field gradient at the site of that nucleus by the molecular
tumbling. This relaxation mechanism is expected to give a narrower
line for the lighter isotope.

The nuclear quadrupole coupling tensor (qct) describing the
above-mentioned interaction is, in principle, accessible by relaxation
time measurements. Reports concerning the boron qct, though scarce,
are available for some compounds, predominantly in the solid state [3].

In this paper results of a study of the ^ B and ^ B qct of
ortho-carborane (Fig. 8.1) partially oriented in liquid solution are
reported. The orientation is achieved by a strong electric field, applied
externally to the sample, which interacts with the permanent electric
dipole moment of the molecule. Changes in the NMR spectra upon
alignment of the molecules can be interpreted in terms of the
components of the qct's along a specific molecular axis, i.e. the dipole
moment direction.

8.2 Experimental.

o-Carborane (810^2^12. Strem Chemicals) was deuterated at the
two carbons (positions 1 and 2, see Fig. 8.1) by treatment with
n-buthyllithium and D2O [4]. The NMR experiments in presence of the
orienting electric field (EFNMR) were performed with a solution in
benzene, using an EFNMR cell as described before [5], with a 2.5 mm
electrode distance. The spectra were measured with a Bruker MSL 400
Fourier transform spectrometer, equipped with a wide-bore 9.40T
magnet. A broad-band 20mm probehead was employed to measure
1 0 B , U B and 2H spectra, at 43.00, 128.38 and 61.42 MHz
respectively, by simple nucleus switch-over. The protons were
decoupled when recording the boron spectra.



Table 8.1 Nuclear properties of boron, compared to those of some other nuclei.

nucleus I abundance •fin

(%) (10 V 1 s"1)

relative
receptivity

Quadrupole ref-
moment

(10-28m
2) (10-59 m4

19.6

U B 3/2 80.4

1 0.015

0.4575

1.3662

3.9 x 10
-3

0.133

0.6539 1.45x10

0.074
0.085
0.111
0.08

0.035
0.041
0.04

0.0028
0.00273

b
7
1
11

l.b
7
11

7,1
h

1.4

2.2

0.039

1/2 99.985 4.2577

13C 1/2 1-11 1.0708 1.76x10

*) line-width factor Jt= (2I+3)Q2/12(2M), defined for I>1

b) R.K. Harris, and M.E. Mann, NMR and the Periodic Table, Ch.l, (Academic Press, London
1978).
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£ carbon atoms

O boron atoms

Figure 8.1 The molecular structure ofortho-carborane^; protons and deuterons
attached to borons and carbons respectively, have been deleted for clarity.
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8.3 Theory.

The spin Hamiltonian describing the energy of an oriented spin
system is

(1)

the subscripts refer to the Zeeman energy, the chemical shielding, the
scalar spin-spin coupling, the nuclear quadrupole coupling and the
direct dipole-dipole coupling respectively. The last two terms of eq. 1,
which average out in the isotropic (non-oriented) state, are the
anisotropic spin interactions showing up upon alignment of the
molecule, / / Q describes the interaction of the nuclear quadrupole
moment with the electric field gradient at the nuclear site. It can be
treated (in a strong magnetic field) as a first order perturbation to the
Zeeman term [6]:

e is the elementary charge, Q the nuclear quadrupole moment, I the
nuclear spin, Iz< the component of the spin along the z' direction, i.e.
the quantization axis of the spins, and Vz>z> the z' component of the
electric field gradient tensor at the nucleus.

/ / j ) , the direct dipole-dipole coupling of the spins, is expected to be
much smaller than HQ , and is omitted from now on.

In the present case, the alignment of the molecules is achieved by
application of a strong dc electric field (parallel to the magnetic field of
the spectrometer), which interacts with the permanent dipole moment
of the sample molecules, and with the induced dipole moment [8]. The
latter contribution, as well as the interaction of the magnetic field with
the anisotropic molecular magnetic susceptibility [8], is expected to be
negligible compared to the permanent dipole based mechanism. The
line splitting between the 21 components of the quadrupolar multiplet is
(in Hz)
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V z z is the electric field gradient along the z-axis, i.e. the direction of
the molecular dipole moment. The term (3/2cos^8 - 1/2) describes the
average orientation of the z' axis in the molecular frame (x,y,z,), 0 is
the angle between the dipole moment and the magnetic field, the
angular brackets indicate averaging over the molecular tumbling.

From eq. 3 it is clear, that the isotope with smaller I (* *B) gives the
larger splittings (for equal values of Q). However, the quadrupole
moment of ^ B is smaller (Table 8.1), thus counteracting the profit of I
to some extent. The magnitude of Q not only influences the observed
splitting of the resonance, but also the width of the resonance lines. For
pure quadrupole relaxation, a line-width factor has been defined [7]:

Q2 ( 4)

Which gives a ratio of X for 1 0B and llB of 0.65. The line widths
actually observed (at 300 K) are -25 and -75 Hz for 1 0B and n B
respectively, which is in disagreement by a factor of 2 with the
expectation based on eq. 4. Clearly, T2 cannot be governed by
quadrupole relaxation alone. We will return to this point in the
discussion of the T\ relaxation time measurements.

The last term on the r.h.s. of eq. 3, which is generally called the
alignment, is, at given E, a molecular constant. Hence, the ratio of
quadrupole splittings observed for two nuclei in a molecule, gives
direct access to the ratio of (eQ/h)Vzz [8]. Since for deuterium the
value of (eQ/h)Vzz can be calculated straightforwardly from the
(often) known deuteron quadrupole coupling constant and the
orientation of the C-^H axis with respect to the molecular dipole
moment, one is in a position to derive (eQ/h)Vzz for the two boron
isotopes.

The final step is to deduce the orientation and the magnitude of the
principal components of the quadrupole coupling tensor. The
observable (eQ/h)Vzz (eq. 3) is related to the principal components of
the qct as

= (eQ/h)Scos2e izV i i (5)
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where 0 j z is the angle between the z-axis and the principal axis i e
{x",y",z"}. In the latter axes system, the qct is diagonal. Due to the
traceless character, only two terms are needed then to identify the
tensor. These are generally chosen as e2qQ/h (where eq = Vz«z»), i.e.
the quadrupole coupling constant (qcc), and as (Vx"x- - Vy»y»)/Vz»z«,
which is the asymmetry T] of the tensor (|Vz»z"|>|Vy'y|>|Vx"x"|). In
terms of the qcc and rj, eq. 5 can be rewritten as

x " z - cos2ey"z)}

(6)

9 2" z , 6y"z, and 9X"Z denote the angles between the z-axis and the
principal axes of the qct. After substitution of eq. 6, the expression for
the line splitting (eq. 3) becomes

Av=

J(cos2ex-z-cos28y»z)]} (7)



00
00

Figure 8.2 NMR spectra of o-carborane-d2. Top, from left to right, the 11B, 10B and 2H
spectrum as observed in absence of an electric Geld. Bottom, in the same order, the spectra
observed with an applied field of 1.4 x 10' Vm~', The frequency scales are 200, 100, and 20
Hzldiv. respectively.



89

8.4 Results and discussion.

The deuterium and boron spectra of o-carborane-d2, dissolved in
benzene, observed without and with electric field applied, are shown in
Fig. 8.2 (protons were decoupled in the boron spectra). The boron
spectra become rather complex upon alignment, due to overlap of
multiplets (triplets and sextets for ^ B and ^ B respectively). To
support interpretation, the spectra were recorded at a number of
different voltages; the splittings induced should be proportional to the
square of the voltages applied [8]. This expectation is borne out
experimentally (see Fig. 8.3).
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10 12 14

E2 (106 V2 nf2)

Figure83 **B quadrupolar line splittings as function of the square of the
applied voltage: (®) borons 9,12; (A) borons 4,5, 7, and 11; (0) borons 3,6.
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As explained in the previous paragraph, comparison of the deuteron
and boron line-splittings gives a method to calculate (eQ/h)Vzz for the
boron nuclei. To do so, the deuteron quadnipole coupling constant is
taken to be 180 kHz [9], the asymmetry parameter is small and will be
neglected; the major principal axis (z") of the deuteron electric field
gradient tensor is supposed to be along the C-^H bond, making an angle
of 31.7° with the dipole moment (calculated from the nearly perfect
icosahedral structure of o-carborane [10]). The results are tabulated in
Table 8.H.

Table 8.II Values of (eQV2z/h) for the boron nuclei, as derived
from the EFNMR results.

boron nr.

(MHz)

eQVzz/h(10B)

(MHz)

ratio(10B/nB)

3,6
4,5,7,11
9,12
8,10

0.84
0.64
0.52

a

1.66
1.29
1.05

a

1.98
2.02
2.02

a) no line splitting observed in the EFNMR spectrum.

Incorporated in the table is the ratio of (eQ/h)Vzz for 1 0B and * 1B.
This number should reflect the ratio of nuclear quadrupole moments
for the isotopes. The literature value of Q(10B)/Q(1 *B) is 2.08 [11], in
agreement with the present EFNMR observation. (Note that there
seems to be some confusion about the nuclear quadrupole moments of
boron, see Table 8.1).

Trying now to derive the principal components and the orientation
of the principal axes of the boron qct's, a difficulty arises. Eq. 5 gives
(eQ/h)Vzz as a linear combination of principal components, with the
orientation of the z-axis in the principal axes system determining the
coefficients. The relations emerging from eq. 5 can be simplified for
boron nuclei lying in one of the two mirror planes of the molecule
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symmetry): two of the principal components for the qct of such nuclei
will be, mutually perpendicular, in that plane; the third normal to it.
This situation applies to borons (3,6), (8,10) and (9,12) (see Fig. 8.1).
Since the z-axis lies in both symmetry planes, the foregoing implies that
one of the principal components is perpendicular to the z-axis, and does
not enter eq. 5. Because the two remaining angles 9j z are inter-related,
only one directional parameter has to be solved. In spite of these
simplifications, too many unknowns provoke the solution of the
problem since neither the orientation of the principal axes, nor the
principal values of the qct's are known.

Some progress can be achieved by measuring the boron quadrupole
coupling constant, i.e. the major principal component of the qct.
Relaxation time measurements offer a means of deriving the qcc. For
quadrupolar nuclei, the spin-lattice relaxation is generally dominated
by quadrupolar relaxation, a mechanism provided by the modulation of
the electric field gradient at the nucleus by the molecular tumbling of
the molecule in the liquid. Assuming this tumbling to be isotropic, no
doubt a fair approximation for a globular molecule like o-carborane,
the spin-lattice relaxation time is given by [12]:

eq is the major principal value of the electric field gradient tensor, xc

the correlation time for isotropic rotational diffusion, the other
symbols have their usual meaning. The Tj relaxation times for ^H, ^ B
and H B have been measured by the inversion recovery method. Again,
the boron and deuteron results are compared. With the same
assumptions concerning the deuteron quadrupole coupling constant and
asymmetry parameter as before, values of (e^qQ/h)(l+(r)2/3))l/2 for

the boron nuclei follow from the ratio T I Q ( B ) / T J Q ( ^ H ) . The results
are given in Table 8.HI. Only the product of the quadrupole coupling
constant and the square root of the rj-term can be obtained, but it should
be noted that the extreme values for the latter are 1.00 and 1.15, found
for the extremes T|=0 and T|=l respectively. Therefore, the product
approximates the qcc reasonably well.
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Table8.III Values for the boron quadrupole coupling constants as
derived from deuterium and boron Tj relaxation times;
comparison with other reported results.

Bnr

3,6

4,5
7,11

9,12

8,10

(e2qQ/h)[l+(Ti2/3)]

(MHz)

10B

3.84

3.14

2.47

2.39

llB

1.88

1.52

1.17

1.13

l lB
NQRa

1.86

1.60

1.22

1.10

1/2

l lB
13c&

1.45

1.11

0.92

0.80

10B/llBc

2.04

2.07

2.11

2.12

1.01

0.95

0.96

1.03

! llB/13ce

1.30

1.37

1.27

1.41

a) nBNQR(77K) results by Lotz [15].
b) results for UBfrom 13C and UB relaxation in CDClj solution [14].
c) ratio of the present '"B and * *B results (columns 2 and 3).
d) ratio of the present and the NQR results for ^B.
e) ratio of the present **B results and those from *'B and "C relaxation [14]

(column 5 of this table).

Two checks should, however, be made with respect to the applicability of
eq. 8. First: is Ti really dominated by quadrupolar relaxation, and second: is
the rotational diffusion indeed isotropic?

As a check for the dominance of quadrupolar relaxation, the ratio of
( e 2 qQ/h) ( l+ (T i 2 / 3 ) ) 1 / 2 for 1 0 B and n B (following from the T}

measurements) is also given in Table 8.HI. One should find for this ratio a
value equal to Q(^B) /Q(^B) if quadrupolar relaxation is prevailing. The
literature value for the ratio of quadrupole moments, as mentioned before, is
2.08 [11]. The experimental observation is in good agreement.
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As already pointed at before, the line-widths observed do not reflect the
expectations based on pure quadrupolar relaxation, i.e. (for extreme
narrowing) the values for RJQ/JC = R2Q/n do not account for all widths
observed. The extra contribution can in principle be attributed to either
unresolved scalar boron-boron coupling, or to an extra contribution to T2 [2].
As no splittings could be revealed with line-narrowing techniques, the effect
must be due to a second relaxation mechanism. In practice only a contribution
by the scalar coupling mechanism can be of importance [2]: rapid relaxation of
a nucleus S (e.g. by a quadrupolar mechanism) scalarly coupled to nucleus I
affects the T2 of spin I (the effect on Tj can be shown to be negligible [2]). So
the transverse relaxation rate R2 = R2Q + ^2SC> ^ ^ m ^ac^ ^
contribution is substantial: 80% or more for * *B, and 50% or more for
An experimental method for discriminating between unresolved coupling and
scalar relaxation contribution to the line-width is given by Kidd [2]: d[R2 -
Rj]/dT ^ 0 indicates non-zero scalar relaxation, as was found experimentally
in the present case. Since the sample is of normal isotopic constitution, scalar
boron-boron couplings refer to all combinations of isotopes, but of these the
1 lB-1 IB and l^g-l 1 B couplings will be most important to the relaxation of
the heavier and lighter isotope respectively. The scalar relaxation rate is
proportional to the square of the coupling Jjg [2], so proportional to (YfYs)̂ -
This clarifies the experimental observation that the scalar contribution to the
l^B line-width is smaller than that of the other isotope. Scalar coupling
relaxation of boron has been reported before for some other boron
compounds [13].

The prerequisite of isotropic rotational diffusion, imbedded in the use of
eq. 8, deserves some discussion. o-Carborane, an essentially spherically
symmetric polar molecule, might expected to be tumbling isotropically, but an
experimental check of this would be weLome. Investigation of the
temperature dependence of the relaxation might be used to this end. In the case
of isotropic tumbling, an Arrhenius plot of lnTj vs. T~"* should show the same
slope (to be associated with the activation energy for the reorientation process)
for all borons, and the deuterons. Within the limits of experimental accuracy,
the results of temperature dependent relaxation time measurements indeed
show the behaviour expected. The activation energy found is 10 ± 0.5 kJ
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Incorporated in Table 8.III are the results of Leffler [14], who measured
the H B qcc by comparing boron and ^C T\ relaxation, assuming a purely
dipolar (^C-^H) relaxation mechanism for the carbon spin, and a purely
quadrupolar mechanism for boron. Furthermore, ^ 'B NQR results of Lotz
[15] are represented, which refer to the solid state.

The various results are compared in the last two columns of Table 8.III.
Nice agreement is found between the NQR results and those of the present
work. The ^ C , ^ B relaxation study gives too low values compared to the
other results, and the question arises as to the cause of the discrepancy. The
reason for the difference might be that the ^ C relaxation is not solely
governed by the dipolar ^C-^H mechanism (as assumed [14]): the NOE factor
observed for * ̂ C upon irradiation of the protons is ~80% of the maximum
value of 3 which would have indicated pure ^C-^H dipolar relaxation. The
extra contribution is probably dipolar interaction between carbon and the
various boron nuclei bonded to carbon. In any case, the ^^C-^H dipolar
contribution to the Tj relaxation observed has been overestimated; a
subsequent correction works out in the right sense, i.e. the qcc's mentioned in
[14] become larger, as required by our results and those of [15].

Now that a value for the product of the boron qcc's and {l+Cn^/S)}!^ has
been obtained from the Tj study, it is worth considering again the possibility
of deriving the orientation and magnitude of the principal components of the
qct's. If the discussion is restricted to the borons found in the symmetry planes
of o-carborane (thus excluding borons 4, 5, 7 and 11), even then a multitude
of solutions satisfying the boundary condition of reproducing the observed
(eQ/h)Vzz is found. The solutions refer to different choices of TJ, and of the
two principal axes lying in the symmetry plane, and each is characterized by
the angle of one of those axes with respect to the z-axis. Without further
assumptions, concerning T| and/or the orientation of the principal axes, no
definite decision can be made. To do so, it should be noted, that electric field
gradients are strongly determined by the local charge distribution around the
nucleus of interest, i.e. charges at longer distances away are felt only weakly
due to the r~3 dependence for the electric field gradient. It is therefore
reasonable to take into account the high local symmetry around the 8,10 and
9,12 borons (Fig. 8.1). These nuclei are all bonded to five other borons. The
carbons are relatively far away and their presence is expected to be of
secondary importance. Hence, the situation found for the borons mentioned
can be supposed to have much resemblance to that found in the 'parent'
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icosahedral boronhydride B ^ H ^ " . a s ^ar a s &e ' o c a ' electronic situation is
concerned. o-Carborane is formally derived from the hydride by the
replacement of two BH~ units by two (isoelectronic) CH fragments. In the
hydride, the high molecular symmetry (Ijj) ensures that the efg tensors are
axially symmetrical around the C5 axes pointing along the B-H axes on the
apexes of the icosahedron. Thus the B-H axis is the principal axis of maximum
efg, with zero asymmetry for symmetry reasons. To arrive at a solution for
o-carborane, it is thus assumed that the actual situation is still similar to that in
the hydride sketched above, i.e. the major principal axis (z") of the boron qct
is expected along a direction close to the B-H bonds (which make angles of
122° and 148° with the z-axis for (8,10) and (9,12) respectively), and the
asymmetry of the tensor is probably small. With these limitations, solutions of
the general problem are indeed found with the z" axis at angles from the B-H
bond of 3° or less and 8° or less for the (8,10) and (9,12) borons respectively,
for T| < 0.2. It can be concluded that the assumptions concerning the efg at
borons 8,10 and 9,12, outlined above, are not disproved by experiment.

For borons 3 and 6, which are bonded directly to the carbons, the local
symmetry is lower, and it can be expected that the asymmetry of the efg is
substantial, and/or the orientation of the z" axis is not close to the B-H bond
(which is at 58° from the z-axis). For T| < 0.2, the angle between the B-H bond
and z" is 15° or more. To obtain a smaller angle, T\ has to be larger: for the
extreme case of T|=l, the closest solution is 3°. Alternatively, for moderate
values of r| solutions with the x" or y" axis at ~5° from the B-H bond are
found. The z" axis is then practically perpendicular to the bond. Intermediate
solutions with neither of the principal axes along the apical bond are also
possible, irrespective of the choice of the asymmetry. What can be concluded
for the qct of the (3,6) borons is, that it is not axially symmetric around the
B-H bond. The EFNMR observation confirms this expectation (as it should): a
substantial quadrupolar line splitting is observed, which would have been
absent if the qct were axially symmetric around the bond, since 0Z»Z (58°) is
close to the magic angle (54.7°).
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8.5 Conclusion.

Changes in the ™B and ^ B NMR spectra of ortho-carborane-d2 observed
upon exposure of the sample solution to a strong external electric field, have
been interpreted in terms of characteristics of the boron quadrupole coupling
tensors. The orientation of the molecules is a result of the interaction of the
permanent molecular dipole moment with the electric field, and in
consequence the component of the qct along the direction of the dipole follows
from the NMR experiment.

Besides EFNMR measurements, Tj relaxation times were investigated.
The magnitude of the * "B and 1 * B quadrupole coupling constants were
derived by a comparison with the deuteron relaxation. The results are in good
agreement with a recent ^ B NQR study [15]. Comparison of the ^ B and ^ B
Tj indicates that the relaxation is dominated by the quadrupolar relaxation
mechanism. For T2, however, an extra mechanism is shown to be
boron-boron scalar coupling.

Combination of the EFNMR result and the qcc result from the T\
investigation allows the determination of the orientation of the major principal
axis of some of the boron qct's in o-carborane (8,10 and 9,12).

Ideally one would like to deduce for all borons the magnitudes and
orientations of the three principal components of the qct. This is,
unfortunately, impossible; nevertheless, the present results contain at least a
part of such information, which was previously unknown.

The complete determination of the boron qct's in o-carborane, though
recently attempted by an MO calculation [14] (which gave poor agreement
with experiment, however), probably asks for application of special
techniques. NQR of * ®B could in principle give a value for the asymmetry
parameter (for ^ B , with 1=3/2, T| cannot be obtained independently from
NQR). In practice, ^ B NQR presents experimental difficulties, preventing
the feasibility of the intended goal [15]. Another approach might be NMR or
NQR of single crystals, if they can be prepared.
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CHAPTER 9

Anisotropy and Asymmetry of the Polarizability of
Anthracene, studied by NMR

NMR of dielectrically aligned apolar molecules in solution is presented as a new
technique for the study of their electric polarizability tensor (a). Spectral changes
in the H NMR spectrum of anthracene-djg (in dilute benzene solution), subjected
to a very strong external d.c. electric field, were interpreted in terms of Aa and
5a, the anisotropy and asymmetry of the polarizability. The results are:
Aa = (15.4 ± 0.4) x 10~24 cm3 and 8a = (-9.6 + 1.2) x 10~24 cm3. The new
NMR method is outlined and compared with existing methods for the
determination of a.

9.1 Introduction.

Electric fields offer a method to align molecules in liquids and gases.
This phenomenon is exploited, e.g., in the study of the Kerr effect [1],
where the resulting birefringence of light is studied. A further illustrative
example of the use of electric fields in spectroscopy is the Stark effect [2],
where changes in the spectrum may be observed.

NMR has been employed to study dielectrically aligned liquids and
liquid solutions [3], The anisotropic spin interactions, which show up in
the spectra upon alignment of the sample, give in principle access to the
anisotropic electrical properties required to obtain alignment. Thusfar,
these electric field NMR (EFNMR) investigations have dealt with polar
liquids and solutions of polar molecules. The partial orientation in these
cases is a result of the interaction of the permanent molecular dipoles with
the applied field. From the anisotropic spin interactions modifying the
NMR spectra, a number of anisotropic properties have been studied, e.g.
the nuclear quadrupole coupling [4a], pretransitional phenomena in liquid
crystals [4b], and the orientation of the effective dipole moment [4a,c].



99

A review of the EFNMR method and its applications has recently been
published [4d].

In principle, apolar molecules possessing an anisotropic electric
polarizability will also be partially oriented by a strong electric field. This
alignment is a consequence of the interaction of the field with the dipole
moment it induces in the molecule. Up to now, no EFNMR of
dielectrically aligned apolar molecules has been observed because of
insufficient sensitivity of the spectrometer [5]. (The alignment observed
for benzene in nitrobenzene solution [6] originates from transfer of
alignment from the polar solvent molecules).

We now report the first EFNMR study of dielectrically aligned apolar
molecules (anthracene-djo) in an apolar solvent (benzene). This technique
is a new spectroscopic method for the study of the molecular
polarizabiblity tensor. A comparison with existing methods for
investigation of a is also given.

9.2 Experimental.

Anthracene-djo (Merck, Sharp and Dohme, 99%, used without further
purification) was dissolved in benzene (concentration 0.036 M).
Perdeuteroheptane was added to the sample as a reference. The NMR
spectra were measured with a Bruker MSL-400 wide-bore Fourier
transform spectrometer. Deuterium NMR was observed at 61.42 MHz
(9.40 Tesla). The special EFNMR sample cell (which gives the electric
field parallel to the magnetic field) was modified with respect to the
previously given description [7]: the filling hole and the stopper were
deleted, thus obtaining a completely cylindrical symmetric cell with
improved insulating properties. The electrode distance was reduced to
1.45 mm, making the desired electric field strenght attainable at a lower
(and safer) applied voltage. The low solubility of anthracene in benzene,
together with the small active sample volume of the cell (~0.07 cc),
necessitated the accumulation of -3000 FIDs for sufficient S/N ratio in the
EFNMR spectra.
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9.3 Theory.

The Hamiltonian describing the interactions in the deuteron spin system
is

(1)

The terms on the r.h.s. represent the Zeeman energy, the chemical
shielding and the quadrupole coupling respectively. Scalar spin-spin
couplings are negligible in view of the small gyromagnetic ratio of 2H.
Non-averaged dipolar couplings between deuterons can be omitted for the
same reason, in combination with the small amount of orientation to be
expected. HQ describes the interaction of the deuteron nuclear quadrupole
moment with the electric field gradient at its site (this term vanishes in the
isotropic, non-oriented state.) It can be written, in the strong magnetic
field approximation as [8]

(2)

where z, the direction of the magnetic field, is the quantization axis of the
spins, eQ is the nuclear quadrupole moment, Vz>z- is the electric field
gradient at the nucleus in the direction of z'. Vz 'z ' is more conveniently
expressed in gradients defined in a molecule fixed axes system (x,y,z) [3]

VzVJ = ( | cos2e - \ ) Vz z + \ < sin29 cos24> > <VM - Vyy)

+ V x y <sin26 sin2<t>> + V ^ (sin20 cos<[>> + V y z <sin26 sin<|>) (3)

The functions in 9 and <j>, the polar angles describing the orientation of the
laboratory z' axis in the molecular (x,y,z) axes system (see Fig. 9.1), are
averaged over the molecular tumbling, as indicated by the angular
brackets. The D2h symmetry of anthracene ensures that only the first two
terms in eq. 3 have to be considered. From eqs. 2 and 3, the deuteron
NMR line-splitting observed upon alignment is (in Hz)

ZZ + J<sin28cos2<l>>(Vxx-Vyy)} (4)x x - V y y )



101

Figure 9.1 Anthracene and its molecular axes system. The major principal axes of the
polarizability tensor a and the magnetic susceptibility tensor % are along the z andx
molecular axes respectively (see discussion).

In the present study, the molecular alignment is a result of the presence
of two orientation mechanisms. First, the interaction of the electric field
(E) with the molecular polarizability (a ) , a second rank tensorial
property. The effect of the hyperpolarizability is small and can be
neglected. The principal axes of a are identical with the molecular axes
x,y and z. The second mechanism is between the magnetic field (H) and the
molecular magnetic susceptibility (%), also a tensor of rank two. The
magnetic field of a high-field NMR spectrometer is strong enough to
invoke observable deuteron line-splittings in aromatic molecules [4d,9].

Stated in a general way, the interaction energy W of an applied field F
(E or H) with a molecular property represented by a tensor t of rank two
(i.e. a or %), can be written as

W = - .F

At £ 8t (sin29 cos2<l>) + ^ Tr(t)] F 2 (5)

where At = t z z - l/2(txx + tyy) and 8t = tx x - tyy are the anisotropy and
the asymmetry of t, with tjj the component along the principal i-axis of t.
The polar angles 8 and § give the orientation of F in the molecular axes
system (x,y,z). Eq. 5 can be used to calculate the Boltzmann averages for
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the functions l/2(3cos29 -1) and (sin26cos2<{>). In general, for a function
f(O,<p) one may write

1 2n
,<!>)>= / f f(9,<)>) exp (-W/kT) dcos9 d<() x

(1 2% V I
J / exp (-W/kT) dcosG d<|> (6)

For the two functions mentioned above, this gives (in the
high-temperature approximation):

< \ cos20 - £ )E = Y3 A« E2 (7a)

(sin2© cos2<p>E = ^ 5 a E 2 (7b)

These expressions can be used to relate the quadrupolar line splittings
(eq.4) to the molecular properties a and %.

It is common practice to express the electric field gradients Vjj (i e
{x,y,z}) in eq. 4 in components Vy (j 6 {x",y",z"}) of the tensor in a local
axes system, in which it is diagonal. Two terms are sufficient then to
characterize the tensor, since it is traceless; they are normally chosen as
Vz»z», the major principal component (denoted by the term eq) and
(Vx"x» - Vy"y»)/Vz"z», the asymmetry parameter (rj) of the tensor (0 ̂  r\
^ 1 since the local axes are chosen such that |VX"X»| ̂  IVy-yl ^ |VZ"Z-|).
The transformation of the local to the molecular frame then reads

v i i = eq {(|cos29iz» - ^) + ^TJ (COS2GJX» - cos2e iy" )} (8)

i e {x,y,z}, Gy is the angle between the relevant molecular and local axis.
As stated before, the x,y,z, axes are coincident with the principal axes of a
and %• Concerning the principal axes system of the deuteron electric field
gradient tensor, it can be stated that the major principal component
(vz"z") i s practically along the C- 2 H bond, with the y"y" an x"x"
components perpendicular to, and coplanar with the aromatic skeleton.
Assuming regular hexagons in anthracene, V z z and (Vxx - Vyy) in eq. 4
can now be expressed (applying eq. 8) in terms of eq and x\ (see Table
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9.1). Throughout this work, the term e^qQ/h, i.e. the quadrupole coupling
constant, is taken to be 180 kHz for all deuterons in anthracene, with
T|=0.05 [10].

Table 9.1 Electric field gradients at the deuterons expressed in the
molecular axes system.

deuteron V x x
a V y y (vxx~vyy) v zz

meso

alpha - ^(1+n) 1 - ^(1+ J)

beta -£(1+T1) - | ( 1 - 3 T I ) -

a) all values in units of eq.

A problem remains to be solved, i.e. the relation between the externally
applied electric field (EM.) and the field actually 'felt' by the molecules in
the solution (Ej). In other words, the appropriate value for E in eq. 7
merits some discussion.

9.3.1 The internal field in the liquid.

The relation between Ej and EM. is a fundamental problem in dielectric
theories. One approach is that of Lorentz [11], stating

(9)

e is the relative permittivity of the liquid, and E L is the electric field
present in a virtual, spherical cavity in which the molecule under
investigation resides.

An alternative expression was proposed by Onsager [12] by writing the
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internal field as the sum of the cavity field (Ec), and the reaction field (R)
invoked by the permanent or induced dipole moment of the molecule in
the cavity

c (10)

Ec is related to EJ^J, the applied field, as

The reaction field created in the dielectric by the (induced) dipole moment
of the molecule is

R = focm(Ec + R) (12)

where f is the so-called reaction field factor, and a m is the mean
polarizability (1/3 Tr(ce)) of the molecule. For a spherical cavity of radius
a in a dielectric of permittivity e

Then, combining eqs. 10-13, one finds [1]

B 3e
Ei=

1 2e + l

m ( )
1 - -_ Elyf (14)

J ( 2 1) ) M

The problem in applying eq. 14, is to substitute a reasonable value for a,
the radius of the cavity in which the molecule is contained. The approach
suggested by Onsager [12] is to take the volume of the cavity equal to
volume available for each molecule in the sample. For a binary mixture
with Nj solvent molecules (of radius aj) and N2 solute molecules (radius
dq) per cm3:

(4JI/3) [Nja!3 + N2a2
3] = 1 (15)
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Figure 9.2 2H EFNMR spectrum of anthracene-diQ without electric field (bottom),
and with afield of 43 kV over 1.45 mm applied (top). The two signals at high field are
of the reference n-heptane-dj^. The frequency scale is 30 Hz div~\
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For dilute solutions of anthracene, the radii of the cavities have been given
by Kuball [13]: aj = 3.28 x 10~8 cm, and a2 = 4.16 x 10~8 cm, which
implies that the volume of the anthracene cavity is twice that of benzene.

The mean polarizability a m has been measured for anthracene (in
benzene solution) from refraction experiments [14,15]: ocm = 25.4 x
10~24 c m 3 The t w 0 approaches, i.e. the Lorentz model (eq. 9) and the
Onsager reaction field model (eq. 14), respectively give the following
ratios of Ej/Ej^: 1.43 and 1.47. In the subsequent discussion, 1.45 will be
used for the ratio.

9.4 Results and discussion.

The ^H EFNMR spectra of anthracene-dig, as observed without and
with orienting electric field (3.0 x 107 Vm"'), are given in Fig. 9.2. The
p-deuteron resonance splits into a doublet upon alignment, with the
splitting proportional to the square of the applied voltage (Fig. 9.3). The a
and m deuterons and also the deuterons of the reference compound
(n-heptane-dig) do not show such an effect. The molecular alignment is
the result of two orienting torques, one by the magnetic field and the other
by the electric field. The first alignment effect has been observed before
for anthracene-djo m diethylether solution [9].

In order to extract information about the anisotropic properties of a
from the EFNMR spectra, the splittings observed have to be corrected for
the magnetic field induced contributions. The latter ones cannot be
resolved in the EFNMR spectra recorded in absence of the electric field,
due to the unfavourable line-widths associated with the use of the
non-spinning cells. Therefore, the correction was extracted from the
NMR spectrum of the sample observed in a normal spinning tube (Fig.
9.4). In a magnetic field of 9.40 T, the quadrupolar line splittings are
0.63,0.65 and 0.87 Hz for the a, m and P deuterons respectively (absolute
values, since the sign of the spittings cannot be derived from the spectra).

Calculating the values for A% and §x, in principle four possible solutions
arise, each connected with a specific choice of the signs of the observed
splittings. For diamagnetic aromatic molecules, the magnetic field induces
a ring current in the 7i-electron system, which gives rise to a large
magnetic moment perpendicular to the molecular plane. Thus the x-axis
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Figure 93 The quadrupolar line-splitting observed for the fi-deuterons as a function of
the square of the applied voltage. The unfilled circles are estimates of the splitting
obtained by fitting the spectrum.
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Figure 9.4 Normal ̂ H NMR spectrum of anthracene-din in benzene, showing the
quadrupolar splittings induced by the magnetic field (9.4 T). The spectrum was
obtained in a spinning NMR tube. The frequency scale is 2 Hz div~*.

(Fig. 9.1) is the major principal axis of x> a n d for the principal
components (all negative) the relation |%xx | > IXyyUXzzI holds.
Consequently A%xx < 0, and |A%XX| » | 5 / x x | (the two parameters are
defined in line with existing practice in describing magnetic field
alignment effects in NMR [4d], i.e. Ax^ = x x x - l/2(xzz + Xyy), and
&3Cxx = (Xzz ~ Xyy)- Taking this into account, one finds (for positive
splittings) Axx x = -3.93 x 10~28 emu and 8x x x = °-5 4 * JO"2 8 emu-
These values differ from those reported for a dilute diethylether solution
(-2.94 x 10~28 emu and 0.11 x 10~28 emu for Ajc^ and 5 i x x respectively
[9b]). Clearly one can only speak of an effective anisotropy and
asymmetry of %. The reason for the difference in the two solvents is
probably molecular complexation.

To be able to correct the splittings observed in the EFNMR experiment
for the magnetic field induced contributions, the signs of the splittings
should be known. The polarizability of a molecule is closely related to the
molecular dimensions [1]. Therefore, the largest principal component of
a (all positive numbers) is expected to be along the longest molecular axis
of anthracene, i.e. the z-axis (Fig. 9.1). So it can be envisaged that Act (as
defined in eq. 5) is positive and that 8a is negative. Then, according to eqs.
4 and 8, Avp is positive. The sign of A v a m depends on the relative
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magnitudes of Act and 5a. The magnetic field induced splittings were
already shown to be positive. Therefore, the electric field induced AVQ is
+10.5 Hz. As stated before, no splitting was observed in the EFNMR
experiment for the a and m deuterons. Spectrum simulation shows that a
corrected A v a m between -1 and +1 Hz gives good agreement with
experiment. The motional parameters calculated for A v a m = 0 ± 1 Hz
and Avp = 10.5 Hz are <3/2cos26 - 1/2>E = (5.11 ± 0.13) x 10"5 and
<sin29cos2<|»E = (-3.18 ± 0.41) x 10"5.

As expressed in eqs. 7a,b, these parameters are related to the
polarizability anisotropy, Aa, and asymmetry, 5a:
<3/2cos26 - 1 / 2 > E = (l/15)Aa(Ei2/kT) and <sin29cos2<t»E =
(l/15)5a(Ej2/kT), where Ej is the local (or internal) electric field [1], i.e.
the field 'felt' by the molecules in the liquid. As shown, Ej differs from the
Maxwell field Ej^- Adopting 1.45 for the ratio of internal and applied
field (see the discussion concerning the internal field), the anisotropy and
asymmetry of a can be calculated from the motional parameters, the
applied voltage, and the temperature (eq. 7). The result is Aa = (15.4 ±
0.4) x 10~24 cm3 and 5a = (-9.6 ± 1.2) x 10"2 4 cm3 (the upper and lower
limits are found for Ava m equal -1 and +1 respectively).

9.4.1 Comparison with the literature.

Other reports on the polarizability of anthracene, originating from both
experimental [13,14,15,19,20] and theoretical work [22-25], have been
compiled in Table 9.II. The first three entries refer to measurements in
dilute solutions, where the results from electric birefringence (Ken-
effect), combined with those of two other independent observables
connected with the principal polarizability components, allow the
calculation of the three principal values of a [16,17].

The EFNMR results are in good agreement with the other observations
in dilute benzene solution. The observation of Kuball and Gob [13] in
dilute CCI4 differs significantly. It is tempting to explain this observation
by a marked solvent effect on a. It should be noted however, that the data
of the crystal investigation [19] needed to obtain the CCI4 results are at
variance with a more recent one [20]. Therefore, a reconsideration seems
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Table 9.II Experimental and calculated values of the principal
components of the polarizability of anthracene^.

a zz "yy a xx a m A a ^a methodd ref.

35.9 24.5 15.9 25.4 (15.7)a (-8.6)a KE,EP,EST 14
benzene

35.2 25.6 15.2 25.3 (14.8) (-10.4) KE,EP,CME 15
benzene

54.4 25.8 22.8 34.3 (30.1) (-3.0) KE.EP,CR 13
CC14

40.3 25.8 11.9 26.0 (21.5) (-13.9) CR 19

43.2 20.6 17.0 26.9 (24.4) (-3.6) CR 20

35.6b 25.1b 15.5b 25.4C 15.4 -9.6 EFNMR this

benzene work

26.1 16.1 1.9 14.7 (17.1) (-14.2) abinitio 22
STO-4G basis

40.3 26.7 4.1 23.7 (24.9) (-22.6) CNDO/S 23

65.5 34.6 0.1 33.4 (53.1) (-34.5) CNDO/S, CI 24

20.9 13.8 4.8 13.2 (11.6) (-9.0) INDO 25

§) all values in units of 10 ^ cm .
a) values in parentheses derived by the authors from the original references.
b) calculated from Act and 5a and literature value for am .
c) o^fromref; 14.
d) abreviations: Kerr effect (KE), Cotton-Mouton effect (CME),

electronic polarization (EP), crystal refraction (CR), empirical estimate (EST).
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in order in this case.
Strictly speaking, the (static) EFNMR results and the (dynamic)

electro-optic results cannot be compared directly. An apolar sample, when
subjected to a static electric field, will become polarized due to
displacement of both atoms and electrons; at optical frequencies, however,
the atomic polarization disappears, and only the electronic part remains. It
is well-known, that the atomic polarization, which is present at low
frequencies, is small compared to the electronic one, say ~5% [1].
Therefore, in comparing EFNMR results on a with the electro-optical
data, one should find good agreement, except for a small atomic
contribution. Ideally, if the results from both methods were very accurate,
the EFNMR results should be ~5% higher than the electro-optic ones, i.e.
(15.5-16.5) x 10" 2 4 cm3 and -(9.0-10.9) x 10~24 cm3 for Ace and 5a
respectively. These values are in good agreement with the experimental
observation.

MO calculations of a of anthracene, also included in Table 9.II, have
been carried out on the semi-empirical and the ab initio level. In all cases
the plane-perpendicular component of a (ctxx) is calculated much too low
compared with experiment. The use of too small basis sets and wrong
estimates of atomic polarizabilities have been indicated as reasons for the
discrepancy of the semi-empirical calculations with respect to experiment
[25]. Regarding the ab initio calculations, an extended basis set, that allows
for the inclusion of polarization functions, has been recommended [22] to
arive at a better agreement of the ccxx component than in the minimal
STO-4G basis. No calculations of this type have been reported thusfar.

In comparing the new EFNMR method for investigating a and the
Kerr-effect method, a few remarks should be made. Kerr-measurements
alone do not, in general, give access to the principal components of the
(optical) polarizability tensor. For polar molecules, apart from the Kerr
constant (extrapolated to infinite dilution), the results from two other
independent experiments are required, e.g. the mean polarizability
(following from the refractive index) and the depolarization ratio of
scattered polarized light [16,17]. For apolar systems, the relations
associated with the above experiments are no longer independent [18], and
an extra piece of information has to be found. Results from crystal
refraction experiments [13], Cotton-Mouton effects [15] or emperical a
priori calculations of one of the components [21] have been used to that
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end. So in many cases the determination of the (X tensor components for
apolar molecules by electro-optical techniques is not straightforward.

The EFNMR alternative is, to some extent, hampered by the internal
field problem (as is the Kerr-effect method), although the Lorentz field
seems to be a good appoximation for solutions of apolar molecules in an
apolar solvent [1]. Furthermore, the technique of EFNMR is
experimentally a difficult one. It gives, however, in a single experiment
access to the anisotropy and the asymmetry of the static polarizability. To
calculate the three principal components explicitly, again, as in the
electro-optical techniques, the mean (static) polarizability should be
known. No a priori estimate of one of the principal components or
Cotton-Mouton results are needed in the present method however.

To conclude, the EFNMR method outlined is a suitable spectroscopic
procedure for the study of the anisotropy and asymmetry of the (static)
polarizablility of molecules in liquid solution. It compares not
unfavourably with existing electro-optical methods, and may be used in
combination with them to obtain, in principle, atomic polarizabilities. The
new NMR method will be exploited further.
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CHAPTER 10

Electric Field NMR - a Method to Measure the
Molecular Polarizability

Application of a strong dc electric field to solutions of apolar molecules in an
apolar solvent leads to partial orientation of the molecules. This orientation could
be detected by NMR spectroscopy through the anisotropic spin interactions that
show up in the spectra. Subsequent analysis of the spectrum leads to
information about the static electric polarizability tensor (a). The Electric Field
NMR (EFNMR) method was applied to measure from the 2H EFNMR
spectrum of naphthalene-dg the anisotropy of a (i.e. Aa), and asymmetry (8oc).
The result is: 7.1 ± 0.3 and -(4.4 ± 0.5) x 10~ 2 4 cm3 for Aa and 5a
respectively. For triphenylene-dj2 the value of Aa is measured to be -(14.4 ±
1.4) x 10~24 cm3. The results from the EFNMR method other methods are
compared and discussed

10.1 Introduction.

The electric polarizability of a molecule is a fundamental property
involved in a number of important physical phenomena. Consider e.g.
the refraction of light in an isotropic medium: the refractive index is
related to the mean polarizability, as expressed in the Lorentz-Lorenz
relation [1]. Another example is the polarization induced in a medium by
an externally applied electric field, where the proportionality between
polarization and field, i.e. the dielectric constant, is related to the
polarizability by the Debye equation [1]. Rayleigh scattering of polarized
light is a further important process involving the polarizability; the
depolarization ratio observed is related to the anisotropy of the
polarizability. A final example, the (quadratic) Stark effect observed in
the spectra of molecules and atoms [1] could be mentioned. The Stark
splittings or shifts allow the calculation of the anisotropy and the mean
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value of the molecular or atomic static polarizability [1].
The experimental measurement of molecular polarizabilities is

generally performed by optical methods. For instance, refraction and
scattering of light give (different) characteristics of the polarizability, as
indicated above. Birefringence of light, studied in the Kerr and
Cotton-Mouton effect, also gives information about the molecular
polarizability. Other experimental approaches are molecular beam
experiments and microwave spectroscopy [1]. Both methods are confined
to the gas phase, whereas the afore-mentioned techniques also apply to
liquids and liquid solutions. Refraction studies can also be made in crystal
samples. Care must however be taken in condensed phases if the data
should refer to the polarizabilities of individual molecules [1].

It will be understood that the optical methods give characteristics of
the polarizability tensor a at the specific frequency co of the light used,
i.e. the data refer to Ct(co).

In this chapter polarizability data of two apolar compounds
(naphthalene and triphenylene) in liquid solution, obtained by a recently
introduced NMR method [2], are reported. The new technique comprises
the investigation of (deuterium) NMR spectra of molecules partially
oriented in a strong, externally applied dc electric field (EFNMR). The
spectra observed show changes with respect to those recorded in absence
of the orienting field. The alterations are interpreted in terms of the
anisotropic properties of the molecular polarizability tensor at zero
frequency (since a static orienting electric field is applied), i.e. the results
refer to <x(oi=O). Hence the optical techniques and the new NMR method
refer to a's at different frequences, a fact to be kept in mind when
comparing their results.

In addition to the electric field orientation, alignment effects caused by
the strong NMR magnetic field, acting on the anisotropic molecular
diamagnetic susceptibility, also show up, and should be accounted for.

It will be shown, that the new EFNMR method is a powerful
alternative to existing electro-optical and magneto-optical techniques for
the study of the polarizability tensor.
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10.2 Experimental.

Naphthalene-dg and triphenylene-di2 (both from Aldrich, 99.9%)
were used without further purification. The compounds were dissolved
in low concentrations in benzene, which was first dried by treatment with
molecular sieves and alumina. As a reference n-heptane-djg was added.

The electric field NMR sample cell was described before [2a], as was
its improved design [2b]; the electrode distance was 1.45 mm (sample
volume 0.09 cc).

The ^H NMR measurements on triphenylene were performed with a
Bruker MSL 400 wide-bore spectrometer (magnetic field 9.40 T, giving
a Larmor frequency of 61.4 MHz for deuterium). For naphthalene the
spectra were recorded with a Bruker WH 180 spectrometer, equipped
with a 4.2 T wide-bore magnet (^H resonance at 27.6 MHz). The spectra
were recorded at ambient temperature.

10.3 Theory

The energy of the spin system follows from the Hamiltonian of the
form

(1)

the suffixes refer to the Zeeman interaction with the magnetic field, the
chemical shielding, the nuclear quadrupole interaction, the scalar
spin-spin coupling, and the dipolar coupling between spins respectively.
For the molecules investigated in this work (all perdeuterated), the
deuterium spectra can be described adequately with the first three terms
on the r.h.s. Scalar spin-spin couplings between deuterons are small, as a
consequence of the low magnetogyric ratio y of % . //j) is expected to be
negligible in view of the small amount of orientation expected, and the
low y. Of the remaining terms HQ is the one of interest here, since it
accounts for the spectral changes to be observed upon orientation of the
molecules. In the limit of a strong magnetic field, applied along the
laboratory z' axis, HQ can be treated as a first order perturbation to the
Zeeman term; for deuterium, an I = 1 nucleus, one finds [3]
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(2)

Q is the nuclear quadrupole moment, e the elementary charge, V'z<z< the
electric field gradient at the site of the nucleus; Iz> and I2 are spin
operators . Vz>z>, defined in the laboratory frame, can be expressed more
conveniently in a molecule-fixed axes system (denoted (x,y,z)), since the
objectives of interest to this study are molecular properties. The new axes
are chosen to be identical to the principal axes of the tensor involved in
the interaction with the electric field, i.e. the polarizability tensor a .

For naphthalene this choice leads to the following relation between
Vz>z> and the electric field gradients (efg) Vii (ii e {x,y,z}) [4]:

' = < XCO&
29 -

zz
;sin2ecos2(t»)(Vxx-Vyy) (3)

where 6 and <j) denote the polar angles defining the orientation of the z'
axis in the molecular frame (see Fig. 10.1). The angular brackets (—)
denote averaging over the Brownian motion of the molecules in the
liquid.

Ooo
Figure 10.1 The molecular axes definition in naphthalene and anthracene, and the
polar angles 0 and $ defining the orientation of the laboratory z' axis.
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For triphenylene, which has a threefold symmetry axis (and is often
called centro-symmetric), only the first term on the r.h.s. of eq.3
survives.

As a consequence of the non-zero quadrupole interaction a doublet
line-splitting is observed for deuteron NMR resonances. Its magnitude
(from eqs. 2 and 3) is (in Hz)

Again, for triphenylene only the first term within the square brackets is
retained.

The averages of the angular functions (3/2 cos20 - 1/2) and
(sin26 cos2<|>) are zero in the isotropic state; upon orientation their values
are determined by the strength of the orienting potential. Two
mechanisms contribute to the orientation in principle: obviously, the
interaction of the applied electric field (E) with the polarizability (a),
and, in view of the high field NMR spectrometer used, the interaction of
the magnetic field (H) with the anisotropic molecular magnetic
susceptibility (%). The energies associated with the two mechanisms are

W E = - l ( E - a - E )
(5)

Evaluation of Boltzmann statistics gives (in the high temperature limit)
the averages of the angular functions:

< ̂  cos29 - j >E = 13 A « E2 <s in2e cos2(p)E = Jg Sot E2 (6)

< \ cos29 - \ >H = ^ Ax H2 <sin28 cos2(f>>H = ^ S* H2 (7)

where Aoc(x) = oc(x)zz - l/2(a(x)Xx + a(X)yy) »s t n e anisotropy of the
tensor, and 5cc(x) = oc(%)xx - a(x)yy the asymmetry.

The contributions to the line-splittings arising from the the electric
and magnetic field alignments can in principle be separated by recording
spectra at E = 0 and at E * 0. This leaves however unsolved the problem
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of the signs of the splittings (not observable in the NMR spectra), which
should be known to enable a proper separation. Therefore auxiliary
information must be brought in to arrive at a definite solution for Act and
8a.

Magnetic field alignment effects in NMR have been studied and
reported in extenso before [5,6], as well as effects of an electric field for
polar molecules [5]. The first NMR study of orientation of apolar
molecules by a strong electric field has been reported only recently [2].

According to eq. 4, from the electric-field-induced line splittings
(AVE) and knowledge of the terms (eQ/h)Vjj (i e {x,y,z}) the averages
of the angular functions follow, which in turn allow the calculation of Ace
and 8a (eq. 5). The terms (eQ/h)Vjj can be calculated from the two
(known) characteristics of the deuterium quadrupole coupling tensor
(qct), which is a traceless symmetric tensor, diagonal in its principal axes
system (x",y",z"). The two quantities are the quadrupole coupling
constant (qcc), which is just the major principal component of the qct
(i.e. (eQ/h)Vz»z»), and the asymmetry of the qct, defined as
T| = (Vx«x» - Vy"y")/Vz»z". It is understood that 0 < Tt < 1, since by
definition Vz-Z» > Vy-y > Vx»x». Finally the terms (eQ/h)Vj{ are

TI (cos26ix- - cos29 iy»)} (8)

The angles Q\\ are between the molecular axes i and the principal axes j
(j 6 {x",y",z"}). For planar aromatics z" is assumed to be along the
C-2H bond, and y" perpendicular to the molecular plane. Then, for
regular hexagons in naphthalene and triphenylene, the terms V z z and
(Vxx-VVy) (eq.4) are readily expressed in Vz»z» (usually denoted by the
term eq) and T|. The results are tabulated in Table 10.1. Numerical values
for e2qQ/h and T| are 186 kHz and 0.05; they are typical numbers for
aromatic deuterons [7].

The value of E to be used in eq. 5 is not equal to that of the applied
electric field. The polarization of the dielectric by the field is the origine
of the difference [8]. In the next section this internal field problem will
be briefly dealt with.
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Table 10.1 Electric field gradients at the deuterons expressed in the
molecular axes system.

deuteron V n » Vy y (Vx x-Vy y) Vzz

(naphthalene)

alpha -

beta -

(triphenylene)

a) all values in units of eq.

10.4 Results and Discussion.

The ^H EFNMR spectra of dielectrically aligned naphthalene-dg and
are triphenylene-di2 shown in Figs. 10.2 and 3 respectively. The
line-splittings observed are 0.0 ± 0.5 and 7.0 ± 0.2 Hz (at 3.45 x 107

Vm"1) for the naphthalene a and p deuterons respectively, and
10.3 ± 0.9 Hz (at 3.52 x 107 Vm"1) for triphenylene (the average of the
splittings of the two resonances).

As pointed out above, corrections for the magnetic field contributions
(AVJJ) to the observed splittings should be made. The spectrum of
triphenylene-di2. recorded in a (spinning) normal high-resolution NMR
sample tube, in a 9.4 T magnetic field of the MSL 400 spectrometer,
gives | AVfjl = 0.94 ± 0.03 Hz (the average of the two splittings, which are
slightly different because of a minor difference in the respective qcc). It
is well established that this splitting has a positive sign, since A%< 0 [5]
(see eqs. 4 and 5, and Table 10.1). For triphenylene Act, as defined in eq.
7, can be envisaged to be negative, and consequently Avg is positive. The
correction is thus made straightforwardly: AVJJ = 9.4 ± 0.9 Hz.
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Figure 10.2 ^H EFNMR spectra of naphthalene-dg in benzene; (top) at 3J x ]07

v™-if (bottom) in absence of the electric field. Scale 10 Hzldiv.Vm

Naphthalene-dg exhibits no resolvable quadrupolar splitting in the 4.2 T
magnetic field of the WH 180 spectrometer. This is not surprising: the
splitting is proportional to the square of the magnetic field, i.e. Avj-j « 0.5
Hz at 9.4 T [9], and hence at 4.2 T it is expected to be about 0.1 Hz, not
likely to be resolved.
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Figure 1(1.3 ^H EFNMR spectra of triphenylene-djn in benzene; (top) at
" * • iryvm~li (bottom) in absence of the electric field. Scale 20 Hzldiv.10/Vm~

Based on the proportionality of molecular dimensions and
polarizabilities, it is expected that Aa > 0 and 8a < 0 for naphthalene.
Accordingly (eqs. 4 and 6, and Table 10.1), Avg (P) is positive.

To calculate Aa and 5a, the value of the internal field should be
known. As explained before for anthracene [2], the approaches of
Lorentz [10] and of Onsager [11] to the problem both lead to nearly the
same ratio of internal-to-applied field: 1.45. The situation for the
molecules subject to the present investigation is expected to be essentially
the same, and hence the quoted ratio is adopted in this work.

For naphthalene the values for Aa and Sa, calculated from the
EFNMR spectra along the ways outlined, are 7.1 ± 0.3 and -(4.4 ± 0.5) x
10~24 cm3 respectively. For triphenylene Aa = -(14.4 ± 1.4) x 10~24
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cm^, and A% is 4.65 ±0.15 emu. This latter value differs from that which
can be calculated with the same qcc and TJ from a previous paper [12].
The reason is probably that different solvents were used (benzene and
carbondisulphide respectively). This indicates that one can only speak of
effective Ax's (and probably as well effective Ace's).

A comparison with other reported experimental determinations of Ace
and 5a is made in Table 10.11. Reasonable agreement is found between
the present results for naphthalene and those of other liquid-state
methods (except for a Cotton-Mouton investigation). The calculation of
the principal components from the EFNMR Aoc and 5a values requires
one independent extra piece of information. Therefore, the mean
(electronic) polarizability (ccm) was adopted from the literature [13],
since this quantity (following directly from the refractive index) shows
little scatter compared to the reported individual components of a. The
static polarizability, which is studied in EFNMR, differs from the high
frequency dynamic analogue by an amount determined by a small atomic
contribution. Approximately, the atomic part is 5% [8], and hence the
quoted ocm has been incremented by that amount to obtain the static
value, which was subsequently used to calculate the components of the
static a given in Table 10.11.

In general, electro-optical data alone are not sufficient to obtain the
principal components of a. This matter has been discussed in a previous
paper [2]. In short: for apolar molecules missing a CT,V or higher
symmetry axis, the Kerr effect (KE) results have to be combined with
those of electronic polarization (EP) (from refraction measurements),
and with those of either Cotton-Mouton effect (CME) or crystal
refraction (CR) experiments; an empirical or other estimate (EST) will
also do as a substitute for the latter two. For molecules which have a
three-fold or higher symmetry axis, e.g. triphenylene, additional
information from only one other technique (e.g. EP) is sufficient.

The EFNMR method, yielding Act and 5a, needs one auxilliary result
(EP) to calculate the principal components of a. This is an advantage
over the electro-optical method if non centro-symmetric molecules are
studied.

Whenever CME information is used in calculating O, the magnetic
susceptibility tensor (X) of the molecule should be known, e.g. from
measurements of the diamagnetic susceptibility of the crystal. This extra
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Table 10.11 Comparison of reported experimental values of the
principal components of the polarizability of naphthalene
and triphenylene.

«zz1I a yy «xx «m method* ref.

(naphthalene)

24.4 18.2 9.6 17.4 (10.5)* (-8.6)

29.2 15.5 12.5 19.1 (15.2) (-3.0)

24.8 18.2 13.8 18.9 (8.8) (-4.4)

21.8 16.6 11.6 16.6 (7.7) (-5.0)

20.2 18.8 10.7 16.7 (5.5) (-8.1)

22.2 17.3 12.0 16.6# 7.1 -4.4

(triphenylene)

19.1 36.4 36.4 30.6 -17.3
21.0 35.4 35.4 30.6# -14.4

CR

CR

14

15

KE,EP,CR
CC14

KE,EP,EST
CCI4
KE,CME,EP
CCI4

EFNMR,EP
benzene

KE,EP
benzene
EFNMR
benzene

16

13

17

this
work

13

this
work

fl all values in units of 1 0 " ^ cm''.

§ abbreviations used: CR - Crystal Refraction; KE - Kerr Effect; CME -

Cotton-Mouton Effect; EP - Electronic Polarization; EST - Estimate;

the solvents used are also indicated.

' values in parentheses derived from the original literature by the present authors.

* mean polarizability from ref. 13.
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handicap may be a reason for the seemingly deviating results of Cheng
[17], since magnetic susceptibilities from crystals and solutions are
known to differ in many cases [18]. The remaining results from liquid
state solutions and the EFNMR results are in reasonable agreement for
both naphthalene and triphenylene.

The principal components of the polarizability in the crystal phase
seem to deviate from those obtained in solution, as shown in Table 10.11.
Moreover, the two reports from the solid are in disagreement with each
other.

Summarising, it can be concluded that EFNMR as a technique to study
the polarizability of apolar molecules in solution is a powerful alternative
to the electro-optical approaches thusfar used. It should be realised,
however, when comparing results, that the NMR method gives data
referring to the static polarizability, whilst the electro-optical methods
give information concerning the polarizability at optical frequencies.

Though experimentally not a very simple method, the NMR results,
once obtained, give a comparatively quick access to the principal
components of polarizability tensor. If the (deuterium) quadrupole
coupling tensor is known, the number of approximations used in EFNMR
to derive the principal components is equal to or smaller than that in the
methods based on double refraction of light.
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CHAPTER 11

Proton Zero-Quantum 2D NMR of
2-Propenenitrile Aligned by an Electric Field

Determination of the ^H and ^ N Quadrupole Coupling
Constants

Zero-quantum NMR, selectively detected by 2D NMR, is applied to observe
small * H - ' H dipolar couplings in a polar liquid partially oriented by a strong
electric field. The normal (single-quantum) 'H spectrum is severely broadened,
which prevents the observation of small couplings. The results from the
zero-quantum proton spectrum are used to calculate the 2H and 14N quadrupole
coupling constants of 2-deutero-2-propenenitrile from the ^H and ^ N NMR
spectra.

11.1 Introduction.

When an external electric field is applied to a polar liquid, the
molecular dipoles acquire a small average orientation parallel to the
field. As a result, the NMR spectrum of the liquid may be modified
because anisotropic interactions, like the direct spin-spin dipolar
couplings and the quadrupole coupling of nuclei, are not averaged out as
in normal isotropic liquids. The anisotropic interactions become visible
in the NMR spectrum as splittings or shifts of the resonance lines,
proportional to the molecular alignment.

The effects of an electric field on NMR spectra (EFNMR) of dipolar
molecules have been reviewed in two papers [1,2]. EFNMR has been used
to determine quadrupole coupling constants of ^ N [3] and ^ O [4]
nuclei, pretransitional phenomena in isotropic liquid crystals [5], dipole
moment orientations in asymmetric molecules [6], and dielectric
saturation [7].
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A serious limitation on the resolution of EFNMR spectra, especially of
crowded *H spectra, is the inhomogeneity of the magnetic fisld
introduced by the non-spinning electric field sample cell. The *H
Iinewidth in EFNMR (-10 Hz at 5.8 T) obscures the small dipolar
couplings of ~ 1 Hz. A number of spin-echo techniques have been
described which give high-resolution information from
inhomogeneously broadened samples [8].

In this paper we report the use of zero-quantum transition-two
dimensional *H NMR spectroscopy [9]. This technique is of interest
because the linewidths of zero-quantum transitions (ZQT's) are
insensitive to the magnetic field inhomogeneity and only depend on the
proton spin-spin relaxation time (T2) The molecule investigated is
2-propenenitrile. We report the proton-proton dipolar coupling
constants and the orientation of the effective molecular dipole moment in
the liquid phase. Then, from the observed line-splittings in the ^H and
l^N spectra of 2-deutero-2-propenenitrile, the quadrupole coupling
constants of the ^H and ^ N nuclei are calculated.

11.2 The spin Hamiltonian of partially oriented molecules.

The standard Hamiltonian for a nuclear spin system in a magnetic field
can be written as

H = Hz+Ha+HJ+HD+HQ (1)

where Hj, is the Zeeman energy, Ha is the energy associated with
chemical shielding, Hj the (scalar) indirect spin-spin interaction, //rj the
direct dipolar interaction, and HQ the quadrupolar interaction, //rj) and
HQ are averaged to zero in an isotropic medium. However, they may
manifest themselves in the NMR spectra upon alignment of the spin
system. The interaction of the molecular dipole moment with an applied
external electric field (E) determines the magnitude of the alignment of
the molecules; the interaction between the polarizability anisotropy and
the electric field is much weaker and can be neglected [4]. The direct
spin-spin interaction between two nuclei i and j is given by [2]
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= Djj [ Ijz'Ijz' - | di+ lj- + Ii Jj+>] (2)

with the dipolar coupling constant (in Hz)

[cos2ct- JX jcos^ - J> (3)

The magnetic (B) and electric field (E) are parallel to the z' axis of a
laboratory frame. The ys are the gyromagnetic ratios of the nuclei, rj; is
the length of the internuclear vector (rjj), a the angle between rj; and the
effective dipole moment (m) in solution, 9 is the angle between m and B.
(3/2 cos^9 - 1/2) is the so-called alignment of the molecule; the brackets
denote averaging over the molecular tumbling.

The interaction of the nuclear electric quadrupole moment with the
electric field gradient at the nucleus is, to first order, given by [10]

(4)

where eQ is the nuclear quadrupole moment, Vz>z< is the electric field
gradient (efg) along B, and I is the nuclear spin quantum number. For
1 = 1, e.g., for ^H and ^ N , the quadrupole interaction leads to a doublet
line-spitting given (in Hz) by

Av = 3,(eQ/h) Vz z (\ cos29 z z . - \) (5)

where V z z is the efg along the dipole moment.

11.3 Zero-Quantum NMR.

The proton spin system of 2-propenenitrile oriented by an electric
field can, at 250 MHz, be treated as a weakly coupled AMX case i.e.,
|Jjj + 2DJ;| « AVij. The basic product spin functions and the stationary
state energy levels are given in Table 11.1. The frequencies of the
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zero-quantum transitions are calculated straightforwardly from the
energy differences of levels with Am = 0 (Table 11 .H). The six ZQT's of
an AMX system appear as three doublets, whose positions are given by

Table 11.1 Energy levels for an oriented AMX Spin System

Energy terms

product function M v A v M v x J A M J A X J M X D A M D A X D M X

ccoea(l) +3/2 +1/2 +1/2 +1/4 +1/4 +1/4 +1/2 +1/2 +1/2 +1/2

ccap(2) +1/2 +1/2 -1/2 +1/4 -1/4 -1/4 +1/2 -1/2 -1/2

apa(3) +1/2 +1/2 -1/2 +1/2 -1/4 +1/4 -1/4 -1/2 +1/2 -1/2

pococ(4) -1/2 +1/2 +1/2 -1/4 -1/4 +1/4 -1/2 -1/2 +1/2

app(5) +1/2 -1/2 -1/2 -1/4 -1/4 +1/4 -1/2 -1/2 +1/2

pap (6) -1/2 -1/2 +1/2 -1/2 -1/4 +1/4 -1/4 -1/2 +1/2 -1/2

Ppa(7) -1 /2-1 /2 +1/2 +1/4 -1/4 -1/4 +1/2 -1/2 -1/2

PPP(8) -3/2 -1/2 -1/2 -1/2 +1/4 +1/4 +1/4 -1/2 -1/2 -1/2
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I (Vj-Vj) | ± | (l/2J i k + D i k - l /2J j k -D j k ) |

where, i, j , k = A, M, X with i * j * k. An interesting property of ZQT's
is the appearance of differences of coupling constants; consequently the
relative signs of couplings can be determined.

Table l l . n Zero-Quantum transitions in an oriented AMX spin-1/2
system

levels

2 - > 3

2-»4
3->4

5->6

5->7

6-»7

frequency

| (V M -V X ) + 1/2(JAM-JAX

|(V A -V X )+1/2(JAM-JM>

I(VA-VM) + I/2(JAX-JMX

KVA ~ VM) ~ 1/'2(JAX - JMX

|(VA - v x ) - 1/2(JAM ~J MX

|(VM - v x ) - 1/2(JAM ~ JAX

:) +(DAM-DAX)I

C)+(DAM~DAX)I

:) + ( D A X ~ D M X ) I

:) -(°AX~DMX)I

:)-(DAM~DAX)I

) -(DAM~DAX)I

The ZQT's were created and selectively detected by a pulse sequence
first described by Wokaun and Ernst [11]

90 90

I
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A nonselective 90° pulse is given at the beginning of preparation period
to generate transverse magnetization. The preparation time x is chosen
such as to fit the frequency differences to be observed in the spectrum. At
the end of the preparation period a second 90° pulse is given to generate
multiple-quantum coherence (MQC) of all possible orders (up to three in
a three-spin system). After the evolution period t\, a 90° mixing pulse
transfers the unobservable MQC into observable single-quantum
transitions which are sampled during the detection period t2- To realize
selective detection of MQTs of a specific order, the phase <|> of the first
two pulses must be shifted with respect to that of the mixing pulse.
Addition of free induction decays with 0 = 0, 90,180, and 270° leads to
selective detection of ZQT's for a three-spin system [11]. Observation of
the signal S during t2 as a function of t j , and a subsequent
two-dimensional Fourier transformation FT [S(tj, t2) —> S(v\, V2)] gives
the ZQT spectrum along the vj dimension. The 1QT spectrum is obtained
along the V2 dimension.

11.4 Experimental.

2-Propenenitrile was purchased from Fluka A.G. and used without
further purification other than drying with aluminium oxide and
molecular sieves. 2-Deutero-2-propenenitrile was synthesized according
to the method described by Stephenson [16]. After destination it was
dried with molecular sieves. In the actual EFNMR experiment a mixture
of both compounds was used. The EFNMR experiments were performed
on a Bruker WM 250 spectrometer operating at 250.13 MHz for proton
NMR, and equipped with an Aspect 2000 pulse programmer. The electric
field sample cell and high-voltage equipment were essentially of the same
construction as previously described [6]. The electrode distance of the
cell was 3 mm. All spectra were recorded with a 15 mm tunable probe
head, using the decoupling coils for proton observe. No field-frequency
lock was used and the spectra were recorded at ambient temperature. For
the Vj dimension 512 experiments were performed for different values
of t j , ranging from 0 to 1.97 s, with x = 0.005 s. After zero filling the
digital resolution in the ZQT spectra was 0.06 Hz.
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i
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I

60
i

40 20 Hz

figure 11.1 (top) Normal, single-quantum. 250 MHz lH NMR spectrum of
2-propenenitrile in an electric field sample cell. The frequency scale is 25 Hzldiv.

figure 11.2 (bottom) Cross section of the 2D zero-quantum 250 MHz lH NMR
spectrum of 2-propenenitrile, aligned by an electric field of 8.1 x 10° Vm'J.
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11.5 Results.

Figs. 11.1 and 2, respectively, show the 1QT and ZQT spectra of
2-propenenitrile aligned by an electric field of 8.1 x 106 Vm"1. The 1QT
spectrum has broadened, unresolved lines. It is clear that the
interpretation of this spectrum, in particular the estimation of small
effects due to the dipolar interactions is impossible. In contrast, the
line-width in the ZQT spectrum is 1.5 Hz.

To interpret the ZQT spectrum of the aligned 2-propenenitrile we
first determined the chemical shift differences and scalar couplings of the
isotropic liquid from the 1QT and ZQT spectra. The results are given in
Table 11 .III. The ZQT spectrum of the aligned liquid (Fig. 11.2) shows
only two doublets at 88.0 Hz (vm - v^) and 120.6 Hz (vx - v^). The third
doublet at 32.5 Hz (vx - vm) could not be observed. This is a consequence
of the short preparation time, t = 0.005 s, which is unfavorable for ZQC
arising from small frequency differences. However, for larger values of
T all ZQC disappears because of time-dependent magnetic field
inhomogeneities due to fluctuations of the electric current through the
sample cell. Thus the ZQT spectrum of isotropic 2-propenenitrile in the
sample cell without an applied electric field shows two doublets for T =
0.005 s and three doublets for x = 0.01 s.

From the doublet splittings in the ZQT spectra of isotropic and aligned
2-propenenitrile (Table 11.Ill) the contributions from the dipolar
couplings can be obtained: IDyy ĵ - Dj^xl = l-30± 0.06 Hz and
P A X - D M X I = 1-60 ±0.06 Hz.

Figs. 11.3 and 4 show the 2H and 14N EFNMR spectra of a mixture of
2-deutero-2-propenenitrile and 2-propenenitrile, recorded under the
same experimental conditions as the *H zero-quantum EFNMR spectra.
The upper trace in Fig. 11.4 shows the 1 4N spectrum in the absence of
the electric field. The quadrupolar line-spittings are 6.7 ± 0.1 Hz and 827
± 10 Hz in the 2H and *4N spectra, respectively.
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Figure 11.3 The^H ERNMR spectrum of 2-deutero- 2-propenenitrile at an electric
field of 8.1 x 1(P VnT1. The frequency scale is 5 Hzldiv.

11.6 Discussion.

For the interpretation of the spectral data use was made of the
molecular structure of 2-propenenitrile, which has been determined by
microwave spectroscopy [13]. The structural parameters are (Fig. 11.5)

r (CsN) = 1.164 A, r (C-C) = 1.426 A, r (C=C) = 1.339 A,
r(C-H)=1.086A, ZC-C=C= 122.6°, ZH-C=C= 121.7°.
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Table l l . I II Doublet splittings in the ZQT spectra of isotropic and aligned
2-propenenitrile

electric field

frequency of doublet
and scalar coupling (Hz) doublet splitting (Hz) 0.0 8.1

| v A - v B | 120.6 J A X 17.77 \(Jm - JM X ) + 2<DAM - D M X ) | 10.73 13.33

|vA - vM | 88.0 J A M 11.72 KJAX - JMX) + 2 (DAX - D M X ) | 16.77 19.97

|vM - v x | 32.5 J A M 11.72 | (JAM - JA X) + 2 ( D A M " D M X ) | 6.04 not
obs.

It is convenient to start with the 1H spectra to determine the dipolar
couplings, the orientation of the dipole moment and the molecular
alignment. From eq. 3, it follows that ratios of dipolar couplings are
independent of the alignment:

( r A X ) 3 ( 3 c o s 2 o c M X - l )
(o)

and

DMX (rAM>3 (3 c o s 2«MX ~
(7)

Then, from the known proton-proton distances (rMX = 1-850 A,
rAM = 2 - 4 8 1 A» a n d rAX = 3 0 9 3 ^)» t h e relations between the
interproton vectors and the dipole moment (otAX = a A M + 3^.7° and
a M X = a A M ~ 90°; see Fig. 11.5), and the measured splittings in the
ZQT spectrum, a straightforward calculation leads to D M X = "I-3" Hz>
DAX = + 0 - 2 9 Hz> and DAM = - ° - 0 1 Hz» a n d a AM = 125-7 ± 2-8°- ^ ^
the dipole moment makes an angle of 3° with the C-ON axis. Previous
dipole moment measurements lead to an angle of -2.5 ± 3° [12].
Therefore, within the margins of error of our experiment it seems likely
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Figure 11.4 The "N EFNMR spectrum of 2~propenenitrile, us observed without
electric field (top) and with afield of 8.1 x 10" Vm~'. The frequency scale is 200
Hzldiv.
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HO),
M

H

Figure 115 Structural parameters of(2-deutero)-2-propenenitrile.

that the direction of m is essentially along the O N bond.
The molecular alignment (3/2 cos^8 - 1/2), calculated with eq. 3, is 1.2

x 10~4, which is a normal value for dipolar molecules oriented by an
electric field of the applied magnitude [2].

From the line-spittings observed in the ^H and ^ N EFNMR spectra
the quadrupole coupling constants are now calculated. The quantity V z z

in eq. 5 can be related to the efg's in the local frame (x",y",z") at the
nucleus, in which the efg tensor is diagonal. By convention |V2»Z»| >

Vzz = (8)

Vz"z»is the efg along the bonding axis, P the angle between the z" axis
and the dipole moment m, y the angle between the y" axis and the
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projection of m on the x"y" plane, and r\ the asymmetry parameter of the
efg tensor: T} = (Vx»x» - Vy»y")/Vz"z». Then the quadrupolar
line-spitting is

Av = JeQvz"z"<|cos2e - £> [(^cos2p - \) - fy\ «n2pcos2y]

(9)
with (eQ/h)Vz-z" the quadrupole coupling constant (qcc). If we assume
that the dipole moment is oriented along the CsN bond, p (^N) = 0°,
P(2H) = 115.7°, and T( 2 H) = 90°, and take into account TI(2H) = 0.04 [13],
the qcc's are (±)4.49 ±0.25 MHz and (±)179 ± 10 kHz for nitrogen and
deuterium, respectively.

The value for nitrogen is in close agreement with the value determined
by microwave spectroscopy: qcc (^N) = -4.21 ± 0.04 MHz [12,14]. It is
also rather insensitive to small variations of the dipole moment
orientation, e.g., for P(14N) = 3° the result is 4.51 MHz. The value for
deuterium lies within the range of qcc's reported for deuterons bonded to
sp2 hybridized carbons: 188 ± 10 kHz [15]. However, a small variation of
the angle between the dipole moment and the C-2H bond causes a relative
large change of the estimated qcc, e.g., for P (2H) = 116.7°, qcc (2H) =
198 kHz and for P(2H) = 114.7°, qcc (2H) = 164 kHz. Thus our assumption
that the direction of the dipole moment of 2-propenenitrile is along the
C=N bond is correct.

11.7 Conclusion.

The potential versatility of 2D zero-quantum proton NMR of polar
liquids, aligned by a strong electric field, has been demonstrated with
2-deutero-2-propenenitriIe. Small proton-proton dipolar couplings
(~1 Hz), obscured in the normal single-quantum spectrum by the
line-width (~10Hz), could be measured accurately in the zero-quantum
spectrum, in which the line-width is independent of the magnetic field
inhomogeneity. The results were applied to calculate the 2 H and *^N
quadrupole coupling constants from the quadrupolar line-spittings.
Furthermore, the orientation of the molecular dipole moment could be
derived.
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CHAPTER 12

Pretransitional Behaviour of Liquid Crystals in
Electric Fields detected by NMR

Pretransitional phenomena in the isotropic phase of a liquid crystal (SCB)

have been observed by NMR spectroscopy in the presence of an electric field.

The temperature dependence of the proton-proton dipolar couplings is in

agreement with the phenomenological Landau-de Gennes theory for the

isotropic-to-nematic phase transition. The calculated alignment is nearly two

orders of magnitude larger than normally obtained for non-liquid-crystalline

compounds in electric fields. An increasing flexibility of the alkyl chain in the

liquid crystal, from the a-methylene to the terminal methyl group, is clear

from the spectra.

12.1 Introduction.

In recent years many investigations of the properties of
thermotropic liquid crystals just above their isotropic-to-nematic
transition temperature (Tjsjj) have been reported in the literature.
Among others, those concerning magnetic birefringence [1], electric
birefringence [2], Rayleigh scattering [3] and the NMR analogue of the
Cotton-Mouton effect [4] clearly revealed the existence of
pretransitional effects in the isotropic state of many liquid crystalline
compounds. Pretransitional phenomena have also been observed for
strong first-order phase transitions like freezing [5], but they may be
expected to be much more pronounced in the case of the weak
first-order transition studied in this work [6]. Below T ^ T , in the
nematic phase, long-range orientational order of the molecules exists.
Above TJSJJ, in the isotropic phase, the long-range ordering is
destroyed, but at temperatures just above the phase transition
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short-range orientational ordering still is present. This ordering is
reflected in the exceptional value of, for example, the Kerr constants
(two orders larger that that of nitrobenzene [7]), the Cotton-Mouton
constants [1] and the magnetic field induced line-splittings of dissolved
aromatic molecules [8].

In the present paper we report the pretransitional behaviour of an
alkylcyanobiphenyl liquid crystal in a dc electric field, as detected by
NMR.

12.2 Experimental.

Liquid crystal 4-pentyl-4'-cyanobiphenyl (5CB) was obtained from
BDH and used without further purification. All NMR measurements
were performed on a Bruker WH 180 wide-bore spectrometer,
operating at 4.2 T (180 MHz for protons). The electric field cell used in
the experiments was different from the one described previously [9]. It
was constructed of quartz and of completely changed design [10]. The
temperature of the sample could be regulated very accurately with a
home-built heat-exchange coil, which was connected to the
Dewar-insert of the probehead, and fed by a stabilized power supply.
The heat-exchange was achieved by a continuous, stable flow of dry
air. The temperature gradient over the sample proved to be 0.02 °C
and the temperature, measured with a thermocouple connected to one
of the electrodes, was stable to within 0.05 °C during the
measurements.

The electric and magnetic fields were parallel.

12.3 Results.

The *H NMR spectrum of 5CB at a temperature well above
(which is found at 34.0 °C) is shown in Fig. 12.1a. The resolution is
limited since the electric field cell cannot be spun. With an electric field
of 1.9 x 106 Vnr 1 the spectrum hardly changes (Fig. 12.1b). Clearly
the induced alignment is too small for any dipolar couplings to be
resolved.
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100 Hj

Figure 12.1 *H NMR spectra ofSCB at 5.0 degrees above TMJ, (a) with no electric
field and (b) a field of 1.9 x l(P VnT1 applied.

Subsequent raising of the electric field and lowering of the
temperature clearly leads to changes in the spectra (see Fig. 12.2). Two
effects are noteworthy:

(1) More resonance lines appear due to the dipolar couplings; this
phenomenon is most clearly exhibited by the aromatic and
a-methylene protons. The latter appear as a triplet in dilute
solution in a normal NMR tube, but are now clearly split into a
doublet of (non-resolved) triplets.

(2) The resonance lines become broader as the isotropic-to-nematic
transition temperature is approached. This effect is caused by the
decrease in the reorientation rate close to the phase transition,and
has been observed before [4].
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Figure 12.2 ]H NMR spectra of5CB with an electric field of 3.7 x 106 Vm~l at
{a) 5.0, (b) IS, (c) 1.0, and (d) 0.5 degrees above 7#/.
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12.4 Discussion.

The dipolar interaction between two nuclei, that arises when
molecules are aligned with their dipole moment along an applied
electric field, is given by the following Hamiltonian

% = Dij[Sz.Iz.- | ( S + I . + S.I+)] (1)

where Dy is the dipolar coupling constant (in Hz), given by

6*z"z' denotes the angle between the internuclear vector ry and the
molecular dipole moment. The last term on the r.h.s. of eq. 1 is the
so-called alignment, with 6 the instantaneous angle between the dipole
moment and the magnetic field. The angular brackets indicate
averaging over the molecular tumbling.

Dipolar interactions between protons and between protons and
carbon-13 in electric field oriented liquids have been observed before
[9,11]. At the electric field strength mentioned in Fig. 12.2, the dipolar
coupling between the para-methyl protons in 2,4-dimethylnitrobenzene
[11] can be calculated to be 2.3 Hz. In 5CB however, at T = Tjsjj + 0.5
°C, the coupling between the a-methylene protons amounts to 82 Hz,
leading to an alignment more than one order of magnitude larger
«3/2 cos29 - 1/2) = 2.4 x 10~3). Keeping in mind that the dipole
moments of the two molecules are comparable, it is clear that special
effects, to be ascribed to pretransitional phenomena, are present 5CB.

Recently, pretransitional effects in partially deuterated 5CB were
reported from measurements of the ^H NMR spectra recorded in a high
field spectrometer [4]. The strong magnetic field causes alignment of
molecules with an anisotropic magnetic susceptibility, as shown
previously for aromatic molecules in dilute solution [12]. The effects in
the liquid crystal just above T^i were much more pronounced. These
experiments are the NMR analogues of the Cotton-Mouton effect. The
present experiment in an electric field is the NMR version of electric
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Figure 12.3 Reciprocals of the apparent line-splittings of the a-methylene (lower
trace) and methyl protons (upper trace) as a function of temperature with an electric
fieldof4.9xl(P Vm~' applied.

field-induced optical birefringence, the Kerr effect.
According to the Landau-de Gennes theory [13] for the

isotropic-to-nematic phase transition, the reciprocal of the Kerr
constant should vary linearly with the temperature. This prediction has
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been justified experimentally [14,15]. One might expect that the
reciprocal of the dipolar couplings behaves in the same way. This
hypothesis is most easily checked for the a-methylene protons, and the
results given in Fig. 12.3 demonstrate the linearity. Extrapolation of
the straight lines to Av~' = 0 leads to an intercept on the T-axis giving
the value for T*, the (fictitious) second order phase transition
temperature. The value for Tjjj - T*, 1.1°, is in good agreement with
other data on 5CB [15].

Pretransitional phenomena are caused by short-range interactions
which are still present in the isotropic state just above the first-order
phase transition that causes long-range orientational order to vanish.
One of the most succesful models in predicting the alignment of a liquid
by an applied electric field is that of Onsager [16]. The Onsager model
does not take into account the short-range interactions, so it will fail to
predict the experimental alignment of the liquid crystal correctly. To
get an idea of the extent of short-range interactions, Ramshaw et al. [ 17]
introduced a correlation factor G which is calculated from the
experimental aligment

(3)

Deviation of G from unity is an indication of short-range interactions.
For instance, in pure nitrobenzene at 20 °C, G was calculated to be 3.1
[18], which is not surprisingly large for a strongly associating liquid
like nitrobenzene. Calculating the G-factor for 5CB from the
experimental alignment of the a-methylene protons at T = T^j + 0.5
°C, substituting the dielectric data of Davies [19] and Cummins [20],
leads to G = 56, indicating a large extent of short-range interactions.

The Kerr constant should be proportional to the square of the
applied electric field, and this behaviour has indeed been found
experimentally [21], In NMR the dipolar couplings should also be
proportional to the square of the field. The experimental result is
represented in Fig. 12.4.

Upon close inspection of this figure one notices a peculiar effect.
Extrapolation to zero field of the best straight line through the
experimental points does not lead to Av = 0 Hz. In other words, the
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Figure I%.4 Apparent line-splittings of the a-methylene protons (upper trace) and
methyl protons (lower trace) as a function of the square of the electric field strength
at 0.5 degrees above T^JJ.

alignments is predicted to be non-zero at zero electric field. A possible
explanantion for this effect might be residual non-zero dipolar
coupling due to the alignment by the magnetic field. A rough estimate,
using the results of Luckhurst et al. [4] for the magnetic-field-induced
quadrupolar line-splittings in partially deuterated 5CB, shows that the
alignment in a 4.2 T magnetic field is too small to explain the intercept.
We therefore attribute the intercept to another phenomenon, namely
the electric-field-induced change in the isotropic-to-nematic transition
temperature. This change, ATJSJJ, has been related to the heat of
transition, the dielectric constants above and below the transition, the
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density and the square of the electric field strength [22]. For
p-ethoxy-benzylidene-p'-cyanoaniline, a liquid crystal with a strong
dielectric anisotropy (as is the case in 5CB), AT]SJT as function of E2 (in
units of V2m~2) has been determined [22]: AT^i = 7 x 10~15 E2. If
the same relation applies to 5CB, the transition temperature would
increase by about 0.2 ° at the strongest electric field used (5.0 x 10^
Vm~"l) in our experiments. Incorporation of the shift in Tjyjj will lead
to an expression for the line-splitting in even powers of E.
Unfortunately, the resolution in the spectra is limited and the splittings
at low electric field cannot be measured accurately. As a result, the
measurements represented in Fig. 12.4 refer to a situation in which the
higher terms of the polynomial already contribute considerably. The
curve through the experimental points in the figure cannot be a straight
line then. This fact is especially clear for the oc-methylene protons:
extrapolation leads to a negative intercept.

The dipolar couplings between the methyl protons is definitely
smaller than the coupling between the a-methylene protons (see Fig.
12.4). This observation can probably be explained by the increasing
flexibility in the pentyl chain from the cc-position towards the end. It is
unfortunate the the dipolar couplings of the remaining methylene
protons cannot be resolved as a result of spectral overlap.
Measurements at higher frequencies and the use of partially deuterated
molecules might be of help to solve the resolution problem.

Finally, when considering the dipolar couplings between the
aromatic protons, it should be noticed that, in principle, a number of
different couplings arise, the couplings between two ortho protons
being dominant for geometrical reasons (see eq. 2). We therefore
attribute the splittings in the low field region of Fig. 12.2 to the ortho
aromatic dipolar couplings. The ratio between these couplings and the
a-methylene coupling is 0.77 ± 0.02, in fair agreement with the
calculated ratio of 0.72, substituting resonable values for the
proton-proton distances.
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12.5 Conclusions.

Pretransitional effects in an isotropic liquid crystal have been
detected with the NMR analogue of the Kerr effect. The dipolar
coupling between protons are more than one order of magnitude larger
than thus far observed for molecules aligned by electric fields. The
temperature dependence of the alignment is in agreement with the
Landau-de Gennes theory for pretransitional effects. The fictitious
second-order phase transition is found 1.1 °C below the first-order
transition. The results indicate that the alignments of the alkyl chain
moieties depend on their position in the chain.
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CHAPTER 13

Electric Field NMR of Pretransitional Effects in
Liquid Crystals

A Solute Study

Pretransitional effects in the isotropic phase of liquid crystals are manifest in
the NMR spectra of solutes recorded in the presence of an applied electric
field. The temperature dependence of the quadrupolar line-splittings of
p-xylene-djQ in the isotropic phase of the nematogen 5CB is investigated,
and proves to be as expected by the Landau-de Gennes theory for the
pretransitional effects. The influence of temperature in the biphasic region of
the phase diagram is very striking: the orientation of the solute is temperature

j independent. The applied electric field not only determines the orientation of

the solute, but also has a clear effect on the temperature of the phase
transition. Electric field NMR of solutes to study pretransitional effects is an
alternative to the study of the nematogen itself.

13.1 Introduction.

Liquid crystals in the isotropic phase often show an outspoken
pretransitional behaviour when approaching the transition to the
nematic phase. This phenomenon has been known for a long time, and it
has been studied by several techniques. Amongst them, the
electro-optical (Kerr) and magneto-optical (Cotton-Mouton) effect
have been employed frequently. Spectroscopic methods to study
pretransitional behaviour are also in use, and NMR spectroscopy is one
of them. The advantages of a spectroscopic method compared to bulk
oriented techniques have been pointed out [1]. The first NMR reports
were dealing with the pretransitional characteristics of the spin-lattice
relaxation [2].

Of more recent date are the investigations of line-splittings in the
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NMR spectra of the liquid crystal molecules in the pretransitional
region. These splittings are of quadrupolar or dipolar origin, and they
are induced by partial orientation of the molecules by the
spectrometer's magnetic field [3] or by an applied electric field [4]. The
effects observed are much larger than in normal liquids and solutions
exposed to orienting electric or magnetic fields [5].

An alternative to the above-mentioned NMR study of the nematogen
itself, is the use of solute probe molecules. A wide-spread use of probe
molecules is found in the study of molecular dynamics [6] and
orientaton mechanisms in liquid crystal mesophases [7]. Pretransitional
magnetic field alignment effects have also been investigated by NMR of
solutes [1,8]. In the present work we report a study of pretransitional
electric field alignment effects, manifested in the NMR spectra of the
solute.
Upon dissolving a non-mesomorphic solute into a liquid crystal, two
effect play a role. First, the phase transition temperature is shifted to
lower temperatures, and second, in the phase diagram of the system a
region appears where the isotropic and nematic phases can coexist. The
limiting temperatures of this biphasic region are denoted T ^ (at the
low temperature side and Ti (at the high temperature side). T N is the
temperature below which only the nematic phase is thermodynamically
stable; above Tj only the isotropic phase can exist. The width of the
coexistence region is determined by the concentration of the solute. In
the present case of 2.7 mole percent p-xylene-dio in the liquid crystal
4-n-pentyl-4'-biphenyl (5CB), the biphasic region is 0.6° wide, a value
in agreement with the observation of Oweireem [9]

The situation described above, with two transitions, is in contrast
with that found in pure nematogens, where only one transition is found,
i.e. a isotropic-to- nematic phase transition at the temperature Tj^i-

Transitions from isotropic to nematic phases can conveniently be
traced by NMR. This is achieved by recording the integrals of the
isotropic phase NMR signals of the solute or the solvent as a function of
the temperature. The nematic phase is reached when a sharp decrease of
the integrals is observed. This method, applied before [1,4], has been
adopted in this work.

In the following sections the results of the applied external electric
field on the ^H NMR spectra of p-xylene-dio will be discussed. Spectra
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are recorded in the isotropic and the biphasic regions, and occasionally
in the nematic phase. The temperature behaviour of the effects also is
investigated, as is the influence of the electric field on the phase
transitions as such.

13.2 Experimental.

Liquid crystal 5CB was obtained from BDH, and used without
further purification; p-xylene-djo was from Janssen Chimica, Belgium
(99+% D), and was also used as such. The solute was dissolved in 5CB
to 2.7 mole %. The Teflon electric field NMR sample cell has been
described before [5b]; no basic changes were made. The electrode
distance of the cell was 4 mm.

The NMR spectra were recorded with a Bruker WM 250
normal-bore spectrometer (magnetic field 5.9 T), and in some cases
with a wide-bore Bruker WH-180 spectrometer.

Regulation of the temperature is crucial in the present experiments.
It was achieved in the same way as previously indicated [4]. The
temperature stability was always better than 0.04°, with a temperature
gradient over the cell better than 0.02° during the relevant duration of
the experiment. The temperatures were measured with
copper-constantane thermocouples.

13.3 Theory.

The spin Hamiltonian describing the energy of an oriented spin
system can be written

H = / / Z + / / O + # J + / / Q + / / D (1)

The subscripts refer to the Zeeman interaction with the magnetic field
(including the chemical shift contribution), the scalar (indirect)
spin-spin coupling, the dipolar (direct) spin-spin coupling, and the
quadrupole interaction (for nuclei with spin I>1). Of these terms, the
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last two are the anisotropic spin interactions, which are zero in the
isotropic (non-oriented) case and show up upon partial orientation of
the spin-system. Hence, these two terms are of primary interest in the
present case (anistropic contributions to the chemical shift and to the
scalar couplings are likely to be negligible compared to Hjy and / / Q ) .
The quadrupole term will be by far the largest as a result of the low
gyromagnetic ratio of the deuteron which is unfavourable for large
dipolar coupling. To focus on / / Q then, it describes the interaction of
the nuclear quadrupole moment (Q) with the electric field gradient
present at the nucleus. Only nuclei with I > 1 can have an electric
quadrupole moment, which reflects the presence of a non-spherical
charge distribution within the nucleus. In the limit of a strong magnetic
field, such that the nuclear spins are quantized along the direction of the
direction of the field (the laboratory z'-axis), / / Q can be written as [11]

Z - Z 0 (2)

where I is the nuclear spin, Vz-Z- the electric field gradient (efg) in the
direction of the magnetic field at the nucleus, lz< and 1̂  are spin
operators. It is often more convenient to express Vz'z< in terms of efg's
VJ; in a molecule-fixed axes system (i,j e {x,y,z}). To do so, the
orientation of the z' axis in the molecular frame is described by two
polar angles, 6 and <j>, which denote the angle between the z and z' axes
and that between the projection of the latter on the xy plane and the
x-axis respectively. As a consequence of the molecular tumbling in the
liquid, averages of angular functions in 0 and <j) «f(O,(J)}) are needed to
relate Vz 'z ' to the efg's in the molecular axes system. For HQ is found
accordingly:

cos29 - £ > Vz z + £ (sin2e cos2$)

+ < sin^O sin2(>) V x v + 2<sin 6 cos 9 cos <|>> V x z

+ 2{sin 0 cos 8 sin <|>) V v z }
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D

Figure 13.1 The molecular axes system defined for p-xylene-djQ.

The molecular point-group symmetry of p-xylene, which is treated as
D2h effectively, and the choice of the axes x,y,z (Fig. 13.1) ensures the
vanishing of the last three terms in 6 and <]>. For deuterium (I = 1) the
expression is hence

cos20 - ^ > VZZ + J < sin29 cos2<|>) (VXX - V y y ) } (4)

The nuclear quadrupole interaction leads to doublet line-splittings for
the deuteron resonances. The splitting (Av) is (in Hz)

Av = ^<sin2ecos2<())(Vxx-Vyy)}

(5)



159

More commonly, the spectral effects are expressed in terms of the two
characteristics of the quadrupole coupling tensor (qct), i.e. the
quadrupole coupling constant (qcc) and the asymmetry of the tensor
(T|). The qcc is the major component of the qct in the principal axes
system (x",y",z") og the efg tensor. Since by convention |VZ«Z»| >
|Vy"y»| > |VX»X-|, and eq is substituted for Vz»z», the qcc (in frequency
units) is given by qcc = e2qQ/h. The asymmetry of the qct is defined as
T| = (vx"x" ~ vy"y"V v z"z"> m ^ l t t a 'c e s a v a*u e between 0 and 1. The
efg's vaot ( a 6 ix»y>z»})now can be expressed in eq and i\:

(cos2eax« - cos2e a y»)} (6)

with 8az», 8ay" and QQ^" the angles between the molecular a-axis and
the principal axes of the qct. For deuterons the electric field gradient is
close to axial symmetry around the C-2H bond: Vz»z» = -2VX»X« =
-2Vy»y» [12]. Hence the asymmetry parameter is zero, and substitution
of eq. 6 into 5 leads to

AVJ =(

+ |<sin28cos2<|))(cos26iz»x -cos28iz»y)} (7)

The subscript i has been added to indicate that there are two different
deuterons in the probe molecule p-xylene-dfo: the aromatic deuterons
and the methyl-group deuterons. As already stated, as a result of the
fast rotation of the CD3 group compared to the molecular reorientation
as a whole, the effective symmetry of the solute is often treated as Djh-
Consequently it is assumed that the last term in eq. 7 vanishes for the
methyl deuterons. After substitution of the relevant angles (which are
derived from an assumed tetrahedral symmetry around the methyl
C-atom and a hexagonal geometry of the aromatic ring) one finds
finally

<sin29 cos2<(>)} (8)
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Figure 13.2 fa) ^H quadrupolar line-splitting as function ofE*; T = Tj.



N

13.2 (h) T=T/ + 1.33"(top); (c) T=Tj + 3.60°.
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The deuteron qcc's, needed to calculate the orientational parameters
from the observed quadrupolar line splittings, are known from other
sources: 165 kHz and 186 kHz for the methyl and aromatic deuterons
respectively [13]. Since the sign of the splittings cannot be derived from
the spectra, the sign of the orientational parameters has to be deduced
from auxilliary information. In the subsequent discussion this matter
will be returned to.

13.4 Results and discussion.

10.4.1 The isotropic phase.

^H NMR spectra of p-xylene-djo, dissolved in 5CB, were recorded
in the isotropic state as a function of the applied voltage and the
temperature. Fig. 13.2 respresents the observed line splittings vs. the
square of the electric field strength; a to c refer to different
temperatures. The steeper of the two lines always reflects the splitting
of the methyl-deuteron resonance. As can be seen, a linear relationship
between splitting an the squared voltage is established. The magnitudes
of the splittings amount to ~200 Hz at an electric field of 4.5 x 106

Vm~*, close to the phase transition temperature. These effects are
much larger than expected on ground of the direct interaction between
the anisotropic molecular polarizability of the solute and the applied
field [14], and should therefore be attributed to an indirect alignment
effect, i.e. the probe molecules are oriented via anisotropic interactions
with the solvent, which itself is oriented by the applied electric and/or
magnetic field [4]

The intercept of the straight lines in Fig. 13.2 is non-zero and tends
to decline with increasing temperature. This indicates the presence of a
residual oriention mechanism in the absence of the electric field. The
effect should be attributed to the magnetic field induced contribution to
the splitting. An independent check of this expectation has been
performed by measuring the ^H NMR spectrum of the solute in 5CB in
a normal spinning NMR sample tube (which allows a better resolution
than achievable in the EFNMR cell). The result is shown in Fig. 13.3: a
magnetic field induced splitting of ~5 Hz is observed for the methyl
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15 Hz

Figure 133 2H NMR spectrum of p-xylene-dw in SCB,
field 5.9 T).

Tr/-l° (magnetic

deuterons at T = Tj + 1°. The splitting could not be resolved for the
aromatic deuterons, but in view of the observed line broadening, it is
definitely present. An EFNMR experiment on the Bruker WH 180
(4.2T) spectrometer leads to an essentially zero intercept in the Av vs.
E^ plot. This is in line with the expectation, since the magnetic field
induced orientation is proportional to the square of the magnetic field
strength. Magnetic-field-induced pretransitional effects in the spectra
of solutes have been studied by Luckhurst [1,8].

The effect of the temperature on the solute's orientation is depicted
separately in Fig. 13.4. The (absolute) value of AVfofe» which is
straightforwardly proportional to the orientation of the solute (see
eq.8), is plotted reciprocally against T-Tj. According to the Landau-de
Gennes theory [15] for pretransitional behaviour in liquid crystals, the
electric field-induced solvent order should be proportional to
(T - T*)"1. In other words, the order is expected to diverge at T = T*,
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• E

Fijure 13.4
(bottom) Reciprocal of A vMe of the solute vs. T-Tj, at E = 4.9 xlCPVnT'
(steeper line) and 3.7 x lOPVmT1;

(top) Reciprocal of the ̂ H dipolar tine-splittings oft fie a-metkylene orotons (steeper
line), and the methyl protons ofSCB vs. T-Ti. (E = 4&xl(P Vm~l).
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the fictitious temperature at which the second order
isotropic-to-nematic phase transition would take place. For a second
order phase transition, the change of e.g. the free energy and entropy is
continuous, in constrast to the discontinuities found for first order
transitions. In the Landau-de Gennes expansion of the free energy in
the isotropic phase, a continuity of the entropy at the transition
temperature (As = 0) would lead to a second order transition at T* =
TJ^J. Since for liquid crystals As is very small, T* is not found at TJSJJ,

but at a slightly lower temperature [15]. The isotropic-to-nematic
transition is often called 'nearly second order", or 'weakly first order',
for this reason.

As the orientation of the solute is determined by that of the solvent,
the reciprocal of Avjyje will be proportional to the temperature. This is
borne out experimentally, and T* is found 2° below Tj (1.4° below

An analogous experiment can be performed by monitoring the
orientation of the solvent as a function of the temperature. To this end
the dipolar line-splittings of the a-methylene and the terminal
methyl-group protons of 5CB were measured in the *H EFNMR
spectra of the solvent. Their reciprocals are plotted against temperature
in Fig. 10.4, giving a value of 1.8° for T* - Tj

For pure 5CB, T* was measured to be ~1.1° below T^i (the first
order isotropic-to-nematic phase transition temperature) [4]. In both
the pure compound and the mixture, the nematic phase has already been
reached before the second order transition can occur. A similar
observation has been made for the system Phase V/anthracene [1].

10.4.2 The orientational parameters

Thus far, only the absolute values of the observed quadrupolar
line-splittings were referred to in the discussion. Also of relevance are
of course the signs of the two orientational parameters for the solute
They can be deduced once a choice of sign has been made for the
observed splittings. To this end, it is assumed that (3/2 cos29 - 1/2) is
positive for p-xylene, since the long molecular axis (z) will preferably
be parallel to the orientation axis of 5CB, which is parallel to the
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magnetic (and electric) field. Hence Avj^e is negative (eq. 8).
The sign of the other orientational parameter is less easily deduced.

The NMR spectrum of the solute in the biphasic region might be of
help. The signs of the orientational parameters in this region are likely
the same for the constituting phases [1,8]. It is assumed that the main
dipolar effects observed in the spectrum in the nematic phase originate
from dipolar couplings between the methyl deuterons (Djyje) on one
hand, and between aromatic deuterons in adjacent positions on the ring
(D/^), on the other. The appearance of the spectrum could then only be
simulated adequately with opposite signs of Df^e and the quadrupolar
coupling AvMe, and of D/^. and Av^r. Since (3/2 coŝ G - 1/2) is taken
positive, Avj^e is negative (see eq. 8, fora positive qcc). Evaluating the
expression for the dipolar coupling [16], a positive sign is found for
DMe> aiK* a negative for D^r . Consequently, by the result of the
simulation concerning the relative signs, Av^r is positive. Substitution
of the experimentally observed A v ^ and AvMe into eq.8, (sin^e cos2<j>)
can be calculated; its sign proves to be negative.

Similar observations, i.e. Av^r and Avjyje are positive and negative
respectively, with a resulting negative (sin^8 cos2<])) have been made
for p-xylene in Phase V [8]. Finally, by the assumption indicated above,
the same signs are adopted for the solute in the isotropic phase.

The two order parameters in the isotropic phase can now be deduced
from the EFNMR spectra. Their magnitudes are typically in the order
of 10~4 to 10~3. These values should be compared to the orientational
order in the nematic phase (~ 10~l) on one hand, and to the electric
field induced order in normal liquids (~ 10"^ to 10~4) on the other. In
the pretransitional region of the isotropic liquid crystal, the orientation
of the solute that can be reached is intermediate between that in the
nematic phase and that in normal liquids.

Another phenomenon should be noted: when plotting <sin28 cos2<|>)
vs. (3/2 cos^e - 1/2), a straight line passing through the origin is found
(Fig. 13.5), with a slope of -0.54, independent of temperature. Similar
observations have been made before for the systems p-xylene/Phase V
and anthracene/Phase V [1,8]. It was explained by the weakness of the
potential of mean torque in the pretransitional region. This potential
(U) enters the expression for the two orientational parameters. In the
limit of U«kT, (3/2 cos26 - 1/2) is proportional to cj/kT, and
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Figure 13.5 { sin2 0 cos2Q ) vs. (312 COS^Q-IH), atT=T{ v- 0.66°.

<sin28 cos2<t>> to C2/kT [8]. The electric field induced order of the
solvent solely determines the values of the coefficients ci and C2, and
hence the temperature dependence of the solvent order governs the
temperature behaviour of the coefficients. It can hence be envisaged
that the ratio c\lc2 is independent of the temperature [17]. This explains
the temperature behaviour of the ratio <sin29 cos2(|>) /<3/2 cos28 - l/2>,
as observed.

10.4.3 The biphasic region.

In this part of the phase diagram, the spectra of the solute in the
nematic and isotropic phase can be observed separately. This means that
one has to do with the slow regime for the exchange of the solute
between the two phases. From the ratio of the observed quadrupolar
line-splittings in the tow phases, the exchange rate is estimated to be
slower than 100 s - 1 . An estimate from solute spectra of both phases in a
study of magnetic-field-induced pretransitional behaviour arrived at a
rateofatmostl04s~1[8].

A second interesting feature emerges in the biphasic region: at given
electric field strength, the quadrupolar splittings of the solute in the
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isotropic phase are independent of temperature.
The effect can be rationalized [8] by an exchange of the solute

between the nematic and the isotropic phases. This process adapts the
the concentration of the solute in the isotropic phase in such a way, that
the actual Tj is always equal to the prevailing sample temperature. This
means, that the reduced temperature T/Ti remains unity throughout the
biphasic region. In mean-field approaches it is this reduced
temperature that often determines the properties of the system, e.g. the
orientational order [17].

As before in the isotropic phase, the ratio of the two orientational
parameters of the solute in the isotropic part of the biphasic region was
investigated. The result is a constant value of -0.53 ±0.01. This is close
to that observed in the isotropic phase (-0.54) and also to that measured
in the nematic phase: -0.52, at T = TJJ - 1°. These observations seem to
imply that no basic change takes place in the orientation mechanism of
the solute; it is oriented indirectly by the same anisotropic interactions
with the solvent, be the latter oriented by electric or magnetic fields.
The fact that both the dielectric and the diamagnetic anisotropy of 5CB
is positive is probably important. It means that in this case both fields
tend to align 5CB with its long axis parallel to the field. Only the
strength of the orienting potential is different for the two fields.

10.4.4 The effect of the electric field on the phase transition.

In a previous paper [4] the possible influence of the applied field on
the value of the phase transition temperature was mentioned. The
observation made was a non-linear relation between the dipolar
spin-spin coupling between certain protons of the pure liquid crystal
and the square of the applied electric field. A possible explanation was
found in a raise of the isotropic-to-nematic transition temperature
under the influence of the electric field. Experimental evidence for the
influence of externally applied fields (either magnetic or electric) has
been reported, occasionally. Strong magnetic fields were shown to
increase TJ^I slightly [18], but the relatively weak diamagnetic
anisotropy of liquid crystals was argued to be a prohibitive factor for
more pronounced shifts [19,20]. More promising in this respect are
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strongly polar nematogens, which have a substantial dielectric
anisotropy. The early experiments of Helfrich [21], who observed a
shift of ~1°K in an electric field of 10? Vm"* is in support of this
expectation [20]. Several other reports on the influence of electric
fields on the temperature of the isotropic-to-nematic phase transition
have appeared [22].

Investigations regarding the effects of applied external fields on the
transition temperatures are of relevance in view of the feasibility of
attaining a critical system. The increase of TJSJI with the applied field is
expected to end at a critical point in the T-E phase diagram. Beyond this
point, denoted (TJ^J cr>^cr)» ^ e nematic and isotropic phases are
indistinguishable, and the first order phase transition has disappeared.
The value of T^T c r with respect to the field-free TJ^J Q = Tjsfj, and the
magnitude of E c r (and Hcr) has been calculated by several theoretical
approaches. In the well-known Maier-Saupe mean-field approximation
[24] TNijCr is calculated to be -15° above Tj^o for MBBA [19,25] (a
frequently us'ed 'model' liquid crystal, since an abundance of
experimental data is available for this compound). A calculation at a
level just beyond the Maier-Saupe theory, arrived at a value of 12°
above the field-free transition point of MBBA [19]. E c r is ~10^ esu in
both approaches, and probably within reach experimentally by using a
very intense and focused laserbeam [19] (the electric field is of optical
frequency then). Critical magnetic fields, ~800 T, do not seem to be
attainable with current technologies.

The phenomenological theory of Landau-de Gennes [15] for the
nematic-to-isotropic phase transition has also been used to calculate the
effects of external fields [19]. The values of the critical fields and
critical temperatures are however an order of magnitude, or more,
smaller: TNi>cr = Tjsjio + 0.5°, E c r = 1000 esu (Hc r = 100 T), both
probably within reach.

In a recent paper, using a mean-field point of view, it was calculated
that for strongly polar nematogens with a CN endgroup (e.g. 5CB) the
critical point is reached with an effective internal electric field of 3200
esu , at 6° above T^T Q [20]. Furthermore, the shift of TJJJ is found to
be proportional to E*, as also reported by others [23]. It would be of
interest to see whether the present EFNMR result could give any
evidence in favour or against the different theoretical predictions.
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To this end, the integral of the signal of isotropic 5CB was
investigated in the biphasic region, as function of the applied electric
field. What can be clearly observed is a decrease of this integral with
increasing electric field. The question arises as to what one would
expect to be the functional relationship between the decrease of the
integral and the field. What has been predicted and observed for pure
liquid crystals, is an increase of the transition temperature with the
square of the field. This increase is in agreement with the diminishing
integrated isotropic *H signal, since the nematic phase is effectively
stabilized with respect to the isotropic phase under the influence of the
field. A proportionality with E^ seems however not to be established.
This statement should however be made carefully, since in the present
work no pure system is investigated, but one with a (low) concentration
of solute. The decrease of the integral is steeper than with the second
power in E. This effect can be rationalized tentatively, if one recognises
that the width of the coexistence range also should become smaller upon
approach of the critical point, since there the nematic and isotropic
phases can no longer be distinguished. This would imply, that the
amount of isotropic 5CB is not only adapted by the shift of the phase
transition, but also by the shrinking width of the biphasic region.

Apart from a clear influence of the electric field on the phase
transition, it is difficult to quantify this effect for comparison with the
theoretical predictions.

13.5 Conclusions.

The use of solute molecules to trace electric-field-induced
pretransitional effects in NMR is shown to be a good alternative to the
study of the the nematogen itself. The pretransitional effects a very
clearly established, and have been interpreted by the Landau-de Gennes
theory.

The presence of the solute results in a biphasic region in the phase
diagram of the system, where the isotropic and nematic phase coexist.
The temperature behaviour of the orientational order in this region is a
striking one, since a change of temperature gives no change in the
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solute's order.
When calculating the ratio of the two orientational parameters of the

solute from the NMR spectra in the nematic and isotropic phases, a
marked constancy is found. This probably points at a strong similarity
of the orientational mechanisms that play a role in the orientation of the
solvent in the different phases.

Finally, a clear influence of the applied electric field on the phase
transition as such is observed, which has been explained only
tentatively. Further research should be done to gain insight in precise
effects of the field.
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Samenvatting

In dit proefschrift wordt onderzoek beschreven uitgevoerd aan
vloeistoffen in sterke electrische velden. Als de moleculen in de
vloeistof de juiste electrische eigenschappen bezitten, kunnen ze door
het aangelegde electrische veld uitgericht worden. Er is dan sprake
van voorkeursorientatie: de moleculen hebben (gemiddeld) een
bepaalde stand t.o.v. het aangelegde electrische veld - de vloeistof
wordt dan anisotroop genoemd.

In afwezigheid van het veld is de stand (oriëntatie) van de
moleculen willekeurig; elke oriëntatie is dan even waarschijnlijk, en
men spreekt van een isotrope vloeistof.

Als techniek om de uitrichtingsverschijnselen in de vloeistoffen
(pure of oplossingen) te onderzoeken werd in het werk van dit
proefschrift gebruik gemaakt van kernspinresonantie (NMR)
spectroscopie. NMR spectroscopie is tegenwoordig een zeer wijd
verbreide techniek, en wordt veelvuldig toegepast in fundamenteel en
toegepast onderzoek in de scheikunde, natuurkunde en de
medische/biologische wetenschappen. NMR in aanwezigheid van
oriënterende electrische velden wordt Electric Field NMR (EFNMR)
genoemd.

De moleculaire uitrichting kan tot uitdrukking komen in de
EFNMR spectra via richtingsafhankelijke (anisotrope) interacties
van de kemspins. In afwezigheid van een uitrichtend electrisch veld
(isotrope vloeistof), komen deze anisotrope wisselwerkingen niet op
deze wijze tot uitdrukking. De theoretische beschrijving van de
anisotrope kernspin interacties (nl. de kernquadrupool interactie en
de magnetische dipool-dipool koppeling) wordt gegeven in hoofdstuk
2.

Om daadwerkelijk tot meetbare uitrichtingseffecten in de EFNMR
spectra te komen, is het nodig dat er geschikte anisotrope electrische
moleculaire eigenschappen zijn, die in wisselwerking met het
electrische veld aanleiding geven tot een voldoende verlaging van de
energie. Polaire moleculen, d.w.z. moleculen met een permanent
electrisch dipoolmoment zijn in principe geschikt om met EFNMR te
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onderzoeken. Een electrische veldsterkte van 5 x 10^ V/m geeft
meetbare effecten op ^H en ^ N , bijvoorbeeld, bij een dipoolmoment
van enkele Debije. Ook apolaire moleculen kunnen in zeer sterke
velden (~3 x 10^ V/m) voldoende uitgericht worden om, zoals blijkt
in dit proefschrift, waarneembare veranderingen in het NMR
spectrum te geven. De moleculen in kwestie moeten een flinke
anisotropie in de electrische polariseerbaarheid bezitten.
Aromatische moleculen zijn geschikt ( bijv. anthraceen). Zoals blijkt,
zijn sterke electrische velden nodig. De experimentele implicaties
worden in hoofdstuk 3 beschreven.

Als eenmaal uitrichtingseffecten in de EFNMR spectra
waargenomen zijn, kunnen, vice versa, anisotrope moleculaire
eigenschappen onderzocht worden. De resultaten hiervan worden in
de resterende hoofdstukken beschreven.

In de hoofdstukken 4 t/m 8 wordt EFNMR gebruikt om informatie
over quadrupoolkoppelingstensoren te verkrijgen. Deze tensoren
beschrijven de interactie van de kernquadrupool met de electrische
veldgradienttensor ter plaatse van de kern in het molecuul. Deze
gradiënten worden veroorzaakt door de electronen en kernen in de
buurt van de beschouwde kern. Kennis van de veldgradient van de
tensor is belangrijk voor inzicht in de chemische binding. EFNMR
blijkt een goede techniek om in normale vloeistoffen de
quadrupoolkoppelingstensor te onderzoeken, en om zo tot een
aanvulling van de summiere gegevens op dit terrein te komen. Een
aantal verschillende kernen, deels nieuw voor EFNMR, werd
gemeten: ^H, ^ N (in pyridine, pyrimidine en nitromethaan), ^ O
(in nitromethaan en aceton), ^S (in sulfolaan), ^ B en ^ B (in
ortho-carborane). De resultaten worden waar mogelijk, vergeleken
met die van andere technieken in andere fasen. In hoofdstuk 11 wordt
de quadrupoolkoppelingstensor van ^ N en 2 H in acrylonitril
onderzocht.
Onderzoek van de electrische polariseerbaarheidstensor m.b.v.
EFNMR is beschreven in hoofdstuk 9 en 10. De toepassing is geheel
nieuw, en vormt een goed spectroscopisch alternatief voor de zgn.
electro-optische technieken. De onderzochte moleculen zijn
anthraceen, triphenyleen en naphthaleen. EFNMR geeft directe
informatie over de anisotropie en de asymmetrie van de statische
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polariseerbaarheidstensor.
In hoofdstuk 11 is aangegeven hoe het probleem van de intrinsiek

brede resonantielijnen in EFNMR spectra omzeild kan worden. Het
gebruik van EFNMR monster cellen geeft aanleiding tot een grote
bijdrage van de inhomogeniteit van het magneetveld, vooral in * H
spectra. Toepassing van moderne pulstechnieken, ontwikkeld voor
tweedimensionale (2D) NMR, biedt een oplossing, nl. het detecteren
van nul-quantum overgangen in het 2D NMR spectrum. Deze
speciale overgangen hebben een lijnbreedte die niet beinvloed wordt
door de magneetveldinhomogeniteit. Op deze wijze konden kleine
dipolaire koppelingen tussen protonen (~1 Hz) in acrylonitril gemeten
worden. Deze informatie werd vervolgens gebruikt voor de
interpretatie van de ^H en ^ N quadrupool koppeling in het
molecuul.

De laatste twee hoofdstukken, 12 en 13, gaan over onderzoek naar
zgn. pretransitionele effecten in isotrope vloeibare kristallen. Vlak
boven de overgangstemperatuur naar de nematische fase treden deze
verschijnselen op. Ze komen tot uiting in de EFNMR spectra van het
vloeibare kristal en van opgeloste moleculen. De mate van uitrichting
door het electrische veld is één tot twee orden groter dan die van
normale, niet vloeibare-kristallijne, vloeistoffen, maar nog steeds
kleiner dan in de nematische fase van het vloeibare kristal.
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Dankwoord

Een proefschrift is het tastbare resultaat van de inspanningen van velen.
Daarom een woord van dank aan hen die dit werkstuk mede mogelijk
maakten.

Mijn promotor, Prof. dr. ir. C. MacLean wil ik bedanken voor het
enthousiasme waarmee hij het onderzoek begeleidde en voor de prettige
sfeer waarin samengewerkt kon worden. Veel goede en bruikbare ideeën
werden door hem aangereikt; ook veel goede sigaren, maar die bleef ik
weigeren.

Aan mijn referent, Dr. Frans de Kanter ben ik dank verschuldigd voor
alle tips en adviezen bij de NMR metingen en voor de nauwgezette
bestudering van het proefschrift en de publicaties. Gelukkig wist jij mij
steeds te vinden om vrijgekomen NMR meettijd te slijten.

Prof. dr. N.H. Velthorst was bereid als mede-lezer het concept
proefschrift snel en kritisch door te nemen en ging pas op vakantie toen
alles gelezen was. Mijn oprechte dank voor uw inspanningen en adviezen.

Als tweede mede-lezer werd Prof. dr. CA. de Lange bereid gevonden.
Kees, de rode streepjes, kruisjes en vraagtekens en jouw commentaar
leidden steeds tot verbetering van het werkstuk.

De dagelijkse arbeid op het laboratorium werd verzacht door de goede
tot uitstekende sfeer die er heerste. De collega's van P4 die in dit verband
genoemd moeten worden zijn:
- (de NMR-spectroscopisten) Peter van Zijl, die mij naast zijn
wetenschappelijke inzichten ook gevraagd en ongevraagd, deelgenoot
maakte van zijn leerzame visies op het wereldgebeuren; Peter Luijten,
Erik Bastiaan en Dolf Huis voor de wetenschappelijke en andere
discussies; relaxerend van de koffie-puls op P4 naar hun stek op P3, Jaap
Bulthuis en Bert Plomp; Hans Barnhoorn - die van hoofdvakstudent
collega werd.
- (de PES - People) Roei Mooyman, voor experimentele hulp en adviezen
en voor de ideeën m.b.t. de glazen EFNMR-cellen; Otto Grabandt en Wim
van der Meer, met wie na de fysische chemie de Amsterdamse horeca
onderzocht werd.
- van de werkgroep optische spectroscopie, Hans Hofstraat en Gerard
Hoornweg, die menigmaal een mespuntje gedeutereerde stof afstonden.
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Uit de beginjaren mogen niet vergeten worden: Gert Jonkers, Henk van
Lonkhuizen, Wim Cofino en Sies van der Kerk, welke laatste garant stond
voor bloedstollende adviezen op gebied van synthese.

Wim de Wolf en Leo Jenneskens wisten als organici meer van reacties
dan een fysisch chemicus ooit kan bevatten; van hun kennis heb ik zo nu en
dan dankbaar gebruik gemaakt.

Het aandeel van Inez Sloothaak mag niet ongenoemd blijven. Zij stond
pal als er artikelen getypt, geknipt en geplakt moesten worden. Inez,
bedankt !

Onontbeerlijk voor experimenteel onderzoek is ondersteuning door
specialisten. De mensen die het technisch allemaal aan de praat hielden
waren:
- (van de instrumentmakerij) Wim Mels, Roald Boegschoten, Jaap Musch
en Frederik Frith; jullie stonden klaar voor misschien wel honderd cellen
van diverse vorm, die ik vervolgens vakkundig om zeep hielp.
- (van de electronische werkplaats) Paul van Dieren en Ron Kerkhof;
jullie zorgden ervoor dan het NMR machinepark bleef draaien, en dat de
signaal/ruis verhouding uiteindelijk naar de gewenste kant doorsloeg.
- (van de glasblazerij) John Pessy en Jan Tesselaar, die aan het fabriceren
van de glazen cellen een lastige klus hadden, maar die toch geklaard
kregen.

Hoofd- en bijvak studenten leverden hun bijdrage aan het onderzoek.
Daarom dank aan Ulbert Hofstra en Peter Langewen.

Het tekenwerk werd prima verzorgd door Bob van den Berg en Bert
Zeeman. De fotografie was in goede handen bij dhr. van Zijpveld.

Broker Spectrospin NV wil ik bedanken voor het gastvrij beschikbaar
stellen van de NMR faciliteit in Wormer.

Tenslotte rest mij een woord van erkentelijkheid aan familie en
vrienden, die steeds belangstellend naar de vorderingen van de jonge
onderzoeker informeerden, en mij op die manier stimuleerden. Fred,
bedankt voor het omslagontwerp. Ellen, jou moet ik bedanken voor het
verrichte type-werk en voor de kritische begeleiding.


