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ABSTRACT

PART I

Proton and fluorine magnetic resonance spectra of eleven
substituted fluorobenzenes oriented in & mixed nematic liquid crystal
solvent have been measured. The spectra were analysed with either a
first order-perturbation treatment or a'computer simulation technique.

Expressions for the anisotropy of fluorine chemical shift were
obtained. For meta- and para-substituted derivatives the changes in
anisotropies reletive to fluorobenzene have been correlsted with Taft's
inductive and resonance parsmeters. It hes also been concluded that
the fluorine nucleus in these molecules is most shielded when the applied
field is perpendicular to the molecular plane and least when the applied
field is parallel to the plane and perpendicular to the C-F bond.

Information about the anisotropy of proton chemical shift,
absolute sign of indirect spin coupling constant, mean orientsation

of the solute molecule, and molecular geocmetry, “was: also obtained.
PART II

Wide-line proton and fluorine nuclear magnetic resonance
studies were made on the compounds of the type (CH3)3 N BX3, where
X =H, F, C1 and Br. Comparisons of theoretical and experimental
second moments reveal the nature of the rotational motions responsible
for the observed line width trensitions. The barriers to the rota-
tional motions were estimated from the line width data and the results

were compared with those in the similar compounds. The influence of




the molecular shape and the dipolar interaction energy on the
reorientetion freedom in these solid complexes was considered.

A similar study on ammonis borontrifluoride has shown

that molecular rotation occurs in this complex.
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PART I

ANISOTROFY OF THE FLUORINE SHIELDING
CONSTANTS IN SUBSTITUTED FLUOROBENZENES
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CHAPTER T

INTRODUCTION

I~] Nuclear Magnetic Resonance Phenomena

Certain nuclei possess non-zero spin angular momentum 1%
and an associated magnetic moment 'ﬁ The two vectors are parallel, so
that we can write
T =HI @A)
where ¥ is a scalar called the "magnetogyric ratio". When placed in
& magnetic field, H o? the spin energy levels are split and transitions
between these sublevels can be induced by an oscillating magnetic field
of the appropriate frequency. For a nucleus of spin 1/2 the resonance
condition is
= 2 H1oc
or W= 2xY=YyH

loc
The local field Hloc is the sum of the external magnetic

(1-2)

field Ho and the small contributions due to the various interactions
between the nucleus and its surroundings. It is these contributions
that make NMR spectroscopy interesting, as they give information on the
environment of the nucleus.

The nuclear magnetic resonance spectra of diamagnetic molecules
depend on four types of interactien: (1) the interaction between external
magnetic fields and nuclear magnetic moments (2) the indirect spin-spin
couplings, (3) the direct dipole-dipole couplings between nuclei and (4)
the interaction of nuclear quadrupole moments with the electric field

gradients at the nuclei. A1l these interactions involving the product
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of two vector functions are influenced by the translational and
rotational motions of the molecules, and thus they are strongly de-
pendent on the aggregate state of the system. In isotropic liquids
and gases, the intermolecular dipole~dipole coupling vanishes because
of translational motion, and the intramolecular dipole~dipole coupl-
ing and quadrupole interaction vanish because of rotaional motion.
It is possible, therefore, to obtain the high resolution NMR spectra
in gaseous and liquid states and to study the smaller effects of the
chemical shifts and indirect spin~-spin couplings. These parameters
have directional properties, that is , their magnitude depends on the
orientation of the molecule with respect to the external magnetic field.
In fact they are second-rank tensors and may have as many as nine in-
dependent components. In the ordinary high resolution NMR experiments
only mean shielding constants and coupling constants, O’i = %(O;.ai
+ Ty * Gc-:ci) and Jij =%(Jaaij+ Jbbi,j + Jccij)’ can be determined
and information about the components gaBi and JﬁBiJ along various
molecular axes is lost due to the isotropic molecular motion. It is,
nevertheless, desirable to measure experimentally these anisotropic
properties aince these components of the tensor contain potentially
useful information concerning the electronic structure of the molecule.
These measurements will also be of fundamental importance to the
further development of the theory of magnetic resonance. The first part
of this thesis describes the determination of the anisotropy of the
fluorine shielding constants in a series of substituted fluorobenzenes.
In solids, the restrictions on molecular motion do not average
to zero the numerous intermolecular dipole interactions and this results

in a broad line of several gauss width with little or no structure.
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However, the dipole-dipole couplings of intramolecular origin can be
reduced by either internal rotation or rotation of the molecule as a
whole; the study of wide-line NMR glves valuable information about
molecular motion in solid state and this will be the subject of the

second part.of this thesis.

I-2 Experimental Methods for Dstermination of Anisotropvy of Fluorine
Shielding Constants '

A determination of the anisotropy in the fluorine shielding
tensor was first attempted by examining its effect upon the spin-lattice
relaxation time Tl of liquids. As the molecules tﬁmble, the nuclei
experience a fluctuating field as the shift runs randomly through its
range of values, By measuring the field dependence of the fluorine
relaxation time in 1,3 ,5-trif1uorobenzene, Gutowsky and Woessnerl)
obtained a value of 750 ppm for the anisotropy Ag-, However, since the
two valﬁes of applied field used in these experiments differed by
only 33% and the contribution of the spin-rotation mechanism to the
spin-relaxation time had been neglected, the accuracy of this estimation
has been questionedz).

Information concerning the anisotropy of the shielding tensor
can be obtained from the asymmetric field-dependent broadening of the
resonance spectrum of a polycrystalline solid, BEloembergen and Rowla.nd3 )
first gave a detailed treatment of the theoretical line shapes which
result from anisotropic chemical shifts alone. Later the same authorsl*)
calculated the second moment of a polycrystalline line including chemical
shift anisotropy, dipolar and scalar coupling perturbations. They found
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that the second moment is separable into two contributions, one due to
a field-dependent, anisotropic chemical shift interaction alone, and the
other due to field-independent effects. These results have been applied
by Andrew and Tunstallz) to obtain both sign and magnitude of the fluorine
chemical-shift anisotropies for three organic fluorides, 1,2,4-tri-
fluorobenzene, CF0120F012 and CF2BrCF2Br. Recently MacLean and thkors)
have pointed out that the asymmetry of the line shape may be strongly
dependent on the origin of the dipolar local field and emphasized ihe
need of simultaneously accounting for the dipolar perturbation as well
as the chemical shift interaction in the analysis of the line shape.
This method has been further examined by Gutowsky and coaworker36’7).

Another method of measuring the anisotropy of the shielding
constant depends upon the orientation of guest molecules trapped in a
single crystal of a clathrate compound at low temperatures (about 1°K)8’9).
The shift of the resonance line was measured as a function of angle as
the crystal was rotated with respect to the applied magnetic field.
Anisptropies of the fluorine shielding were obtained for CHBF, NF3 and
CHFB.

The disadvantage of methods employing crystalline solids lies
in the need to measure small changes in a broad resonance. To avoid
this difficulty attempts have been made to obtain the high resolution
NMR spectra of oriented moleculeslo’ll). For such a purpose a macro=-
scopically anisotropic medium is required which permits extensive trans-
lational motion while favouring certain molecular orientations. The
possession of sufficient translational freedom by the molecule eliminates

the intermolecular dipolar broadening. If the rotational motion is
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sufficiently fast and the sample is homogeneously oriented, the
magnetic fields from the nuclei within the molecule will be averaged
to definite non-vanishing values which lead to observable splittings.
The observation of these intramolecular dipolar couplings then permits
the degree of orientation to be measured as well as the absolute signs
of indirect spin coupling constants. Since the dipole~dipole inter-
action is proportional to the inverse cube of the separation of the
interacting nuclei, information about relative bond lengths and bond
angles can also be obtained from the experimentally measured direct
dipole coupling constantslz).

An apparently simple method to obtain such high resolution
NMR spectra of oriented molecules is to apply a large static electric
field, in addition to the magnetic field, to a fluid sample consisting
of polar molecules., This technique has been applied to molten p-nitro-
toluene by Buckingham and McLauchlanlB) > but unfortunately this only
produced a rather weak orientation effect at easily attainable electric
field strengths and is only applicable to fluids of high resistivity.
A much more powerful and useful orienting medium, as demonstrated by
Saupe and Englert in 196311"’15 »16,17) 5> is a liquid erystal solvent.
Certain types of liquid crystal become homogeneously oriented in a
field of a few hundred gauss and a solute molecule dissolved in such
a solvent can become partially oriented as a result of the angular
dependence of the intermolecular i‘orcesls) . Usually liquid crystal
molecules contain large numbers of protons and the NMR spectrum consists
of many lines and it arpears as a rather broad envelope, so that only the

sharp lines arising from the solute resonance cam be seenl9) .
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In this investigation a mixture of p-p'-di?ﬂkamtnxyazoxy-
benzenes wey - used as a liquid crystal solvent to obtain high

resolution spectra of oriented fluorobenzenes.

I=3 Theoretical Calculation of Fluorine Chemical Shift. in Fluorobenzenes

The general theory of the nuclear shielding was developed by
Ramsqyzo). For systéms that do not have spherical symmetry he showed
that, in addition to the first-order diamagnetic shielding (the Lamb
termzl)), one has to include a second-order term, which is often called
the paramagnetic or high frequency term.

By using an order of magnitude argument Saika and Slichterzz)
have shown that chemical shift of fluorine is usually dominated by the
Second-order contribution, They expressed this contribution in terms
of localized bond properties and obtained a useful correlation between
ionic character and fluorine resonance shift,

Based on Saika and Slichterts work, Karplus and Das23) have
presented a molecular orbital method for calculating fluorine chemical
shifts. By the introduction of suitable approximations, they expressed
the shielding tensor in terms of localized bond properties; ionic
character, s orbital hybridazation and double bond character of the
X~F bond. This approach has been fairly Successfully applied in a
semiempirical fashion to the calculation of isotropic fluorine chemical
shifts in substituted fluorobenzeneszB’zh). For systems containing
essentially covalent X-F bonds, the theory predicts that the magnetic
shielding of fluorine nuclei will be greatest when the applied field

is along the bond direction.
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Prosser and Goodman25) have extended the Karplus and Das
treatment specifically to chemical shifts in conjugated fluorine
compounds. They include terms arising from changes in the carbon-
fluorine pi-bond order angd changes in the pi-charge density on the
neighbouring carbon atom. The substituent effects on the sigma
framework of the molecule are not considered in this treatment and
all changes in shielding in the aromatic fluorides are ascribed to
changes in the pi-electron distribution. The importance of pi-charge
densities demonstrated by this work and the difficulties involved in
calculating the sigma-charge densities have led to the various attempt826-3o)
to correlate the calculated pi-densities with isotropic fluorine chemical
shifts. Such approaches have been fairly successful providing no ortho
substituents are preéent. These methods, however, are aimed at correlating
the isotropic chemical shifts, furthermore, changes in the sigma
framework are ignored or included empirically. To compare anisotropies
of fluorine chemica&l shifts it seemed more appropriate to employ
the original Karplus and Das theory. The detailed mathematical

formulation of this theory will be presented in Chapter VI.

I-L A Sumary of the Results on Anisotropies of Fluorine Shielding

Constants

A summary of measured anisotropies of fluorine chemical shifts
is given in Table T.

Several points about these results are worth mentioning. 1In
at least three cases, CH.F, CHFCl2 and XEFh, the sign of the anisotropy

3
differs from that predicted by the Karplus and Das theory. The values
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TABLE T

Measured Anisotropies (pmm) of Fluorine Chemical Shifts

Compounds Results
3%
CFC1,CFCL,, Do =240
CFzBr - CFzBr Ao = 260
CHFC12 Ag = =210
CHBF Ag = =bb
Ag = =159
CH2F2 Ao = 159
CHF3 Ag = 105
Ag = 249
NF, Ao =39
CFBCECH Ag = 149
CF.C=Cror Ag =
F3 Ty o = 147
XeFL Ao = =570
XeF, & o= 105
(negative sign preferred)
BaFPO3 Ag =182
33t
Céﬁz and C6H5F Oa = Oup = 30
aa = %ec = 289
CéH5F AF = 160
O'aa - O'cc: = =9
3
AQT = Oy — 0

Experimental Method
Wide line2)

Wide 1ine2)

Wide 1ine5)
Clathrate8)
Liquid-crystal solutionBl)
Liquid-crystal solutionBl)
Clathratelg)
Liquid-crystal solutionsl)

Clathrate 9)

ILiquid-crystal solution32)
Liquid-crystal solution33)
Wide line>t)
Wide line>>)
Wide line’)
Wide line2)

Liquid crystal solution>0*37)

Molecular beam38)

Where Ty (Gj) is the shielding constant for a magnetic field

parallel (perpendicular) to the X-F bond.

For the assignment of molecular axes a, b and ¢ see text.
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for the seme compound determined by different methods are not consistent,
for exemple, -66 ppm and -159 ppm have been obtained for methylfluoride.
It is rather difficult to understand why AGwill be so different for

two similar compounds such as CHFCl2 and (CCle) 2; the fact becomes
more surprising if one notices that both values were obtained with

the same method.

19

The anisotropies of ~“F shielding tensor in fluorobenzenes
have been studied by different experimental methods. With the assumption
of axial éymmetry of shielding tensor, a value of +250 ppm for AU was
obtained from the field dependence of fluorine second moment in 1,2,k4-
trifluorobenzene by Andrew and Tunstallz) .

From a molecular beam magnetic resonsance study of mono-fluoro=-

38) have determined the spin-rotational interaction

I
oo

benzene, Chan and Dubin
constants Cga etc. The spin-rotational constents C are composed

of two contributions. The first is from the rotation of adjacent charged
nuclel about the nucleus under consideration, the second from the cir-
culating electron currents. The expression of the second contribution,
except for multiplicative constants and vibrational corrections, is
identical with that for the paramagnetic shielding term 0’(()3) . Since

0,( 2)nuclear
(0.07

the contribution from the rotating nuclei can be easily

calculated, one can relate 6(03) directly to experimentally determined

2)CI  (2)nuclear
s ¢

2)
o oo and 0'(Oa for fluoro

2)CI (
G(oa « The results for g
benzene are listed in Table II (e axis - perpendicular to the plene of
ring, b axis - along C-F bond and ¢ axis - in the mole“cu_'l.ar plane and
perpendicular to the C-F bond).

Besed on both experimental date and theoretical considerations s

Chan and Dubin further suggested that the anisotropy of the shielding
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TABLE IT
Fluorine Shielding Anisotropy (ppm) in Fluorobenzene

from Molecular Beam Measurement3 8)

(2) nuclear (2) 1 (2)
& Ozg Ce Cgg
a =222 -193 ~415
b - 33 - 31 = 64

c -189 =184 =373
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tensor can be directly obtained from g (()é)CI. With either 0“(03) or

2)cI . -
O’(Ga their results indicates 0;)

. 23)
Das theory predicts Gb?>G;a>(Yc' e e

b>>0‘(': c> G_aa’ while the Karplus and

The anisotropic spectra of hexafluorobenzene37) and fluoro-
36)

benzene oriented in a nemstic p-p'-di-n-hexyloxyazoxybenzene have
been studied by Snyder and Anderson. For hexafluorobenzene a value

. 1 - .
of 159 ppm was obtained for Ga ™ 3 (%b +o;c). Combining this value
with the result for fluorobenzene and assuming that C-F bonds in these
two compounds are similar, Snyder obtained Gog ~ %b =30 ppm and

a,

e = O,

ce =289 ppm i.e. Gé.a>%b>>0;c

Tne three experimental results disagree not-only in magnitude
but also in sign. Neither do they agree with the prediction of the
semiempirical theory. More importent, assumptions were made in all
three measurements in obtaining anisotropic velues from experimental

deta. These assumptions need to be verified.
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CHAPTER II

LIQUID CRYSTALS

When some organic substances are "melted", a turbid liquid is
produced instead of a clear isotropic liguid. On further heating a
well defined phase transition to the isotropic liquid is observed.
These turbid liquids, called 1iquid crystals, or mesophases, are well-
defined phases having properties intermediate between those of isotropic
liquid and crystalline materiall7’39’h0). There are three different
types of liquid crystal, namely nematic, smectic and cholesteric. Molecules
that give liquid crystals are more or less elongated. Fig. 1 shows the
schematic structure of these three mesophases. A homogeneously oriented
layer of a liquid crystal behaves optically as an uniaxial crystal. The
nematic mesophase differs structurally from normal isotropic liquid only
in the spontaneous orientation of the molecules with their long axes
parallel (Fig. 1). In the absence of any external restraint, the prefer-
red direction of the long axis is not uniform over a large volume. In
order to obtain high resolution NMR spectra, a homogeneously oriented
sample is required. A nematic phase can readily be homogeneously oriented
by magnetic field of a few hundred gauss; the preferential direction of
the long axis - the optical axis - becomes parallel to the field direction.
This requirement is automatically fulfilled when the sample has been in-
troduced into a NMR spectrometer. The viscosity of a nematic mesophase is
comparable with that of a normal liquid, such as benzene, which implies
that the molecular motion is sufficiently rapid to average out the inter-

molecular dipolar coupling.
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Fig. 1. The local molecular arrangements in mésophases:
(8) nematic, e.g. p-azoxyanisole,
(b) smectic, e.g. ethyl p-azoxybenzoate,
(e) cholesteric, e.g. cholesteryl propionate.
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A given substance may give one or more smectic phases as
well as the nematic phase. The smectic pheses, in agreement with the
higher order, always occur at lower temperatures. By comparison with
the nematic phases, the arrengement of molecules in smectic phases
shows the existence of an additional degree of order i.e. the arrange-
ment of the centers of gravity of molecules in planes perpendicular to
the preferred direction of the long axis of the molecule. The additional
order makes the structure of the smectic mesophase more similar to a
solid, and as might be expected the mesophase is rather viscous. The smec-
tic mésophase can not be oriented by megnetic fields with attainable
strength. There is also no conmonly epplicable method which can be
used to establish a homogeneously oriented layer in the smectic rhase.

A cholesteric phase ocecurs only in optically active substances.
It may be regarded as a special case of a nemstic phase, since
its molecular arrangement corresponds to a twisted nematic layer
(Fig. 1). Tn a homogeneously orieﬁted layer, the preferred direction
of the long axis is no longer constant over the entire volume, there are
instead parallel planes in which the preferred direction is constent.
As one proceeds along & line perpendicular to these planes, the pre-
ferred direction rotates uniformly. The pitch of this rotation (rotation
through 2M) varies widely, and is generally between 0.2 and 20p. The
resulting helical structure is responsible for the observed high optical
activity of the cholesteric mesophase. As a twisted nematic layer, the

cholesteric phase can also be oriented by a field of several thousand
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gauss. Depending on the nature of the compound, the long axis of the
molecules may tend to align either parallel or perpendicular to the
magnetic field. The examples for these two cases are optically active
amyloxyazoxybenzene and cholesteric derivatives respectivelyhl).

For the reasons given above, nematic liquid crystals provide
the most useful solvents for obtaining the high resolution NMR spectra
of oriented molecules. Due to the difficulties involved in obtaining
a homogeneously oriented layer, and its high viscosity, the smectic
mesophase may not be a useful solvent for aligmment experiments. The
possibility of using cholesteric phases has not yet been fully exploited
although recently a high resolution NMR spectrum of a solute molecule
has been observed in a cholesteric phasehl).

Another group of liquid crystals occurs in solution, these
are more accurately described as lyotropic liquid crystals. The best-
known representatives of this group are aqueous soap solutions. The
molecular order is a function of composition and can resemble either
that of smectic or nematic phase.  Although the viscosity of the
mesophase is often extremely high, it has been found that methyl
alcohol is highly oriented and gives a high-~-resolution NMR spectra

2)

in such a solvent systemA . Lyotropic liauid crystal solvent could

be particularly valuable for orienting lyophilic solutes.
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CHAPTER III

BASIC THEORY OF NUCLEAR MAGNETIC RESONANCE
SPECTRA OF ORIENTED MOLECULES

III-; The Mean Orientation of the Solute Molecule - the Order Matrix
and Motional Constants

To describe the mean orientation of a solute molecule in a
nematic solvent, SaupelS) introduced the order matrix, which will now
be discussed.

Let X{, Xé, Xé be specific space-fixed cartesian co~ordinates,
the Xé axis is parallel to the optical axis (the preferred directicn of
long molecular axis) of the homogeneously oriented liquid crystal layer.
Consider a rigid molecule in the layer. ays G, and a3 are the axes of
a molecular fixed co~-ordinate system, and at the same time Gys Ony a3
denote the components of a molecular-fixed vector and in space-fixed
system these components are expressed by X{, Xé, Xé. Bl, 82, B3 are
the components of a second molecular fixed vector, and Yi, Yé, Yé are
its components in space-fixed system. Since we are mainly concerned
with the type of interactions between two vectors, the expressions for
the average value of < X{ Yg > in terms of the components in the
molecular fixed system i.e. aiBj need to be computed,

Due to the rotational symmetry about the optical axis < xgyg >
are all equal to zero for i ¥ j and also < x{Y{ >=< XéYé >, From the in-
variance of the trace we obtain

/ o/ - I~/ — N
<EY >=<uy)>= (ZlaiBi - < X1 >)/2 (3-1)
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Expressing the angle between the Xg-a.xis and the molecular
fixed axis a; as ﬁi’ then

Lot
<X > = 21:3“133 < COS Qi cos _@J. > (3-2)

and equation (3-1) becomes

SHY> = <xy> - %'iaiﬂi - %‘?izjaiﬁj.
< C0S @i cos\4:§5-> (3-3)
Equations (3-2) and (3-3) can be rewritten as
<xy)> = %Ziaisi + § £35; 1048 (3-4)
<Xy > o= < XY, > = % %P - % %P5 G-5)
whe;r'e Sij is defined as follows
S5 = 5 <3 cos 9. cos 9, - 95 > (3-6)

and a_i,j is the Kronecker symbol.

If a new space~fixed co~ordinate system Xi is chosen and

Xl = Zlg]_ile. » thus
_ -,
<Xy, > = iZJgkiglj <xyl>
1
_ 2 _1
= 3 gklgaisi * (8589 3 d1) %Sij“isj

= 1
=3 Serkespy + (oos T €05 my

-1
3 O % %Sij“iﬁ 3 (3-7)

Here n, is the angle between Xi axis and the optical axis X.;

The expression for the average value in a space-fixed
co-ordinate system can be applied to every molecular-fixed tensor

of second rank, since every tensor can be expressed as linear
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superpogitiaonof basic tensors, for which equation (3~7) is derived.

As far as it is of importance to magnetic resonance experiments,
the mean orientation of the solute in nematic solvents can be described
by ‘the matrix (Si j) » which is called the order matrix. This matrix is
symmetrical by definition and sll + 822 + 833 = 0. Thus there remain
only five independent elements. The limiting ranges of the matrix

elements are:

IN

5.. <1
ii =

R0 roppu

_<_Sij§ % for i#£Jj only

Snydezﬁ é) has adopted a different approach to treat the
average orientation of the molecule. In Snyderts method, the
probability P(G,¢)) that the magnetic field is at the spherical polar
angles © and ¢ relative to the molecular-fixed cartesian axes X, y, %,

may be written as a series of spherical harmonics (Fig. 2):

P(6,$) = (am)™t + CPy + CBy + OP, +Cy0 5D, 2 o
* 02202, 240D 40 D+ oo™ (3-8)
where P.o= m™ 32 sy o cos i (3-9)
Poo= (™ )2 s s 6 (3-10)
P, = (m™ (372 gos 6 (3-11)
D22 = Gm™ @7 (5)Y2 (3 0 6 - 1) (3-12)
D22 = ™ (@7 @52 (sp? 6 cos 24) (3-13)
by = 6™ 152 (50 6 s cos ) (3-14)
D, = Gm™ 152 (sv e cos o cos ) (3-15)
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Fig. 2 The orientation of the magnetic field Ho

in a molecular - Pixed coordinate system.
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D, = (4rr)™L (15)1/ 2 (s 8 COs © sIN ¢) (3-16)
The C-coefficients in the above expansion describe the
orientation. Since P(0,0) is a probability density function,
T ry '
f fo P(6,) SIN © d6 df = 1, and the mean value of any

function £(6,0) of the orientation is
2T oY
7= /o fo £(e,0) P(e,d) SIN o do ag (3-17)

It will be shown later that all the interactions ob-
served in a nuclear magnetic resonance experiment are only depend-

ent on the five C-coefficient§: c322-r2’ C2 2, C_, sz and

x=y xy
Cyz' For this reason, we will neglect all the other C-coefficients
in the equation (3-8), and refer to these five C-coefficients as
motional constants in subsequent discussions.
As expected, the five motional constants are closely

related to the elements of the order matrix:

G2 2 = (5)/2 ()1 553 (3 c0s?®- 1) (3-18)
2y = V2 0)V2 (5 s ) 5 0st@- 1)/ (3-19)
Sy = OV erV2s G ost@- ) (3-20)
Ce = (5)Y2 (372 Sp5 G cos®@- 1) (3-21)
e = 2V (5 os?@- 1) (3-22)

Here () is the angle between the liquid crystal optical axis and
the applied field direction. These relations can be easily verified
with equation (3-7) by computing the average value < XjYé > of two
unit vectors along molecular-fixed cartesian axes, the Xé axis is

taken to be parallel to the field direction.
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If a molecule is symmetrical, a suitable choice of molecular-~
axes can reduce the number of motional constants. For a molecule with
a 3~fold or higher axis of symnetry a choice of this as the z-é.x:i.s
causes only C3z2-y2 to be non~zero. If a molecule has two perpendicular
planes of symmetry, and if one axis is parallel to them both, with
second and third axes in the planes, the 0322-1-2 and Cx2_y2 are the only
non-vanishing motional constants, If the molecule has a single plane
of symmetry, the choice of a co-ordinate system with one axis perpendicular

to this plane leaves only three coefficients to be non-zero,

ITI-2 The Spin Hamiltonian

The complete Hamiltonian determining the energy levels and spin
wave functions of a set of nuclei in a molecule in a fixed orientation

in space can be written as (using Hz as the energy unit)

- - ot s R

ﬁ 73 (g = a=T‘Y,z °zai Loz

+ ~I’ ®,) (3-23)
where, as usual, the direction of external magnetic field Ho is taken

as to be the Z axis. The term oaBi is the shielding tensor of nucleus

i; the total magnetic field at nucleus i in the B direction due to an
external magnetic field H, is H_( § % 4)s where gaB is the unit second
rank tensor. The constant tensor é}fij represents the indirect spin

coupling (J_)ij and the intramolecular dipole-dipole coupling %;lz.r between
nuclei i and j for i#Jj, and the quadrupole interaction for i=j,

o4
The elements of direct dipole-dipole coupling D?_;.‘r between two
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magnetic moments of ‘ﬁyii?i and -ﬁyjfs of nuclei i and j with

. =
separation Rij are

dir 7 Y 2 - -
Dupi 5 152; lej [(B;)° § ap "3y Rie) 1 (3-24)
1J

e -
Thus the tensor DS?r

+ DIXij + DZZij = 0) and symmetrical (i.e. qKYij= DYXijetc.)

is traceless (i.e. Qaaij = DXXij

In all practical cases, Ho is of the order of 104 gauss, and
the Zeeman term is much bigger than any of the remaining interactions,
So mixing of the states with different values of IZ =2§ IZi can be

neglected. Thus, in the high field approximation, one can write
= H -
H--L % 73 =903 Ipy

1

= >

(ygsy + Mrrig Ty I I

M ¢M o

\;

~~
Y VO
— W Wk

<+

(2 Azz5 5 = Apxss = Ayys 5)

1 -
71 Tz = 503 15) (3-25)

For a molecule in constant rotational motion, the average
values of 0 gz; and AaBij have to be used in equation (3=25). The
average values can rélate eifthér to the order matrix (Sij) through
equation (3-7) or to the motional constants through equation (3-17).

In this thesis Snyderts treatmentBé) is adopted to analyzé- the ob-

served spectra.

>
For any molecular-fixed second order tensor A it can be shown
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(AZZij Thyysg thzgsg) = (A, vA LA ) (3-26)

yyij 221
Zle AYYiJ

_ _ , 1
= 2(3)71(5) 1/20 22 p?. [Azzj_j -2 (Axxij Ay

=1/2 -1/2
+ (3) (5)" C.2_ 2 [Amj yyijJ

-1/2 ~1/2
+ (3) (5) qu[Amj mjl

+ (3)V2 (5512 oy

Xz T xzij

O oty (3-27)

+ A ]

In equations (3-26) and (3-27), X, Y, Z, and X,
Ys 2%, are referred to the axes of space-fixed and molecular-
fixed co-ordinate system respectively.

With equations (3-25), (3-26) and (3-27), the spin

Hamiltonian for a set of nuclei of spin 1/2 can then be written

as
H- - gﬁ %7 @ = %21 Iy
+ 1>J 534 1
+ §j Dy5 ¢ Tz Iz5 = 31 L —fg) (3-28)

The. dipele. couplihg constant Dij can be taken as the sum

of two terms; Dgﬁr, the contribution from the intramolecular

dipole-dipole interaction, and Df;eUdo, the contribution due to
the anisotropy of the indirect spin-spin coupling constant. The
indirect spin coupling constant Jij’ the direct dipole coupling

dir

constant Dij and the pseudo-dipole coupling constant Df;eudo
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can be computed from equation (3-26) and (3-27):

i3 =gy + Syyij T azig)/3 (3-29)
dir _ -1/2,, =1
Dyt = -2(5) (am) "y 4 75 gl {C&Z_rz

2,5 2,5 2,5
(< 2y j/Ri J> - (1/2) < xij/Ri ; >~ (1/2) < yij/RiJ. >]
+1/2,0y=1 [ 2 ;.5 2 tpd
T G2 2 BT [ X5 4/B5 > =< ¥i5/Ri5 >
1/2 5
+C__ (3) [ < x5 yij/Rij >]

1/2 5
+Cp, (3) [ < x; 5 ziJ./RiJ. >]

1/2 5
+ cyz (3) [ < Vij %y Ri.j >]} (3-30)

seudo _ -1/2 .
D737 =02 2 (2/3) (5) Wazis = LWy + Iyps5)]

02 2 (15)"1/2 (i s = It 1)

J i
+ 0 (15)"1/2 CANPED S
+C,, (15)'1/ 2 (szij + ij)
+c (152 Uyass + Ipas) (3-31)
xij yij and zij are the components of the distance vector‘ﬁzj in

the molecular-fixed co-ordinate system. The angular brackets
indicate averages over the internal motion.

The average EEZi can be expressed in terms of the com-
ponents of the shielding tensor in the molecular-fixed co-ordinate

system:




O77i

The first term is the average value of the shielding
tensor and is the quantity usually measured in the isotropic
Solution. By combining the results from nematic solution with those

from isotropic solution an additional relation among various components

- 25 -

(Om + Oyi + o._..)/3

221

* 32,2 o o - (o o /20

+02 2 1) Y30 - 0 i)

+o, a5)? (s * o)

of the shielding tensor can be obtained,

(3-32)
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CHAPTER IV

EXPERIMENTAL

TV=1 Géneral Consideration

If a nematic mesophase is mixed with other substances the
resulting phase will remain nematic over a definite concentration range.
The maximum obtainable concentration depends on the nature of the solute
énd of the nematic solvent. With p-pidi-n-alkoxyazoxybenzenes as solvents,
up to 40 mole % of a substituted benzene can be dissolved, Usually low
solubility is observed for solutes with melting points higher than the
nematic range of the solvent.

Many liquid crystals have been used as solvents, but most of
them exist in nematic phases at elevated temperatures. The solution must
therefore be heated in the NMR probe and great care taken to eliminate
thermal gradients within the sample and to ensure a constant temperature.
This necessity arises because the direct dipole coupling depends on the
degree of orientation which is in turn temperature-dependent. Thus
molecules in different regions would have slightly different NMR transition
frequencies and a line width variation across the entire spectrum is ob-
servedAB). For protons, the minimum line width usually occurs within
10-20 Hz of the spectrum center. For fluorine spectra, due to the
large anisotropy of the chemical shift, this region of minimum line
width may be several hundred cycles from the center. Sinece the line-
broadening degrades both the resolution and the intensity of the signal,
nematic solvents with lower melting points are obviously preferred.

In most commercial NMR spectrometers the sample is spun about
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an axis perpendicular to the magnetic field in order to reduce field
inhomogeneity. A liquid crystal sample is homogeneously oriented with
the optical axis parallel to the magnetic field and therefore such a
rotation is expected to destroy the alignment. Hence, in most of the
experiments using liquid crystals as solvents, the sample is not spun,
and the minimum line-width attainable, about 2-5 Hz, is limited by the
field inhomogeneity. Recently it has been found that a sample rotation
of 5 c.p.s. or less does not destroy the orientation and improves the

,33).

resolution But this improvement is probably due to the reduction
of temperature gradients across the whole sample,

The presence of an additional interaction, the direct dipole
couplings, causes the spectra of oriented molecules to be much more
complex and also to have a much greater spread than normal high
resolution spectra. This fact coupled with the above~-mentioned experi-
mental requirements greatly reduces the signal to noise ratio of the

spectrum. In order to increase the magnitude of the signal, an r.f.

field as high as possible (limited by the saturation) needs to be used.

IV-2 Modification of the Spectrometer

The use of high r.f. powers usually results in a serious
base-line drift. To overcome this difficulty and at the same time to
calibrate a spectrum of several thousand cycles in width, the field
modulation technique was usedhs’hé).

Separate side band resonances are obtained, when the magnetic
field is modulated with an audio signal having a frequency large

compared to the line width. The side bands are separated from the usual
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Tesonance frequency by njh, where ym is the modulation frequency and n
is any positive or negative integer. If the magnetic field Ho is swept
slowly signals are found at the field value given by H_ = 2n)é/&’and
also at H = 2n( Y + an)/b’ s where )/ is the transmitter frequency. This
result is shown in Fig, 3. Under conditions of low r.f. field strength,
these side band resonances are useful in calibrating the spacing between
high resolution NMR lines.

If a Fourier analysis is made of the signal components from any
one of these separate resonance signals it is found that each resonance
signal contains a number of frequency components which differ from the
transmitter frequency yg by multiples of the modulation frequency vh. Above
one of the resonances in Fig 3, the frequency components contained in that
resonance is sketched. In the detector of the receiver all of the components
are mixed with reference signal from the transmitter converting signals at
transmitter frequency Vo to d.c. and signals at frequency Vo + n){n to nvm. Thus
the signals contain audio components as well as d.c. compon&it . Any
change in balance of the probe will change the d.c. level but leave the a.c.
components unaffected. By selecting only the a.c. component of the signal,
the effect of base-line drift can be minimized,

To perform the selection of the a.c. component at the frequency

V. » a unit consisting of an audio amplifier, a narrow-band amplifier

m
and a lock-in detector was constructed. The circuitry is given in Fig. 4.

The block diagram of the modified DP-60 spectrometer (the
transmitter frequency is 56.4 MHz) is given in Fig. 5. In actual operation,
the center band and the second side bands were recorded; the first side

band was minimized by careful adjustment of the modulation amplitude and
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phase. Under such conditions the two second side bands are 180° out of
phase with the cénter band and they appear as negative peaks on two
sides of the main spectrum, and are used for calibration. Generally the
distance between the center band and up-field and down-field side bands
are not exactly the same; the difference corresponds to about 10 Hz
over a range of 2500 to 3000 Hz. The average of the two was then taken
to calculate the frequencies of the peaks in the center band. With the
modified spectrometer, it has been found that a modulation frequency
higher than ~2000 Hz produces some false signals on the output recorder.
In most of the spectra measured, modulation frequencies of 1200-1500 Hz
were used.

All the spectra were recorded using a Varian V-4340 variable
temperature NMR probe accessory and a Dewar probe insert V-4331-~THR.,
As stated above, the appearance of the spectra is extremely sensitive to
.emperature gradients across the sample. Therefore, the sample was
equilibrated in a thermostat at the desired temperature before transferring
to the probe, and the sample position and the flow rate of heating gas
were carefully adjusted to give a minimum line width across the spectrum.
The temperature within Dewar probe insert was measured with a calibrated

thermocouple.

IV-3 Preparation of Samples

p-Nitrophenol and l-bromoalkanes were used as starting materials
to synthesize p-p~di-n-alkoxyazoxybenzenes. The solid potassium salt of
p-nitrophenol was prepared by pouring excess conc. potassium hydroxide

into a solution of p-nitrophenol in aqueous KOH. The precipitate was



_33-

filtered and dried under vacuum.

The procedure of Weygaud end Gablerlw)

was used to prepare
p-alkoxynitrobenzene. The potassium salt of p-nitrophenol (40 gm),
1l-bromoalkane (45 ce) and cyclopentanone (130 cc) were refluxed with
stirring for about 12 hours. Ether was added to the cooled reaction
mixture, which was then washed successively with 10% agueous KOH and
water. The ether layer was treated with anhydrous CaCl2 and allowed
to stand overnight. After filtration the solution was distilled
under reduced pressure. The yield of purified p-alkoxynitrobenzene
was about 50%.

p-p'-di-n-alkoxyazoxybenzenes were prepared through the
electrolytic reduction of p-alkoxynitrobenzene. Both cathode and
anocie were made of pure lead and the cathode was treated in 20%
HZSO)‘L solution before electrolysis. The catholyte was first prepared
by dissolving T% p-alkoxynitrobenzene into a saturated solution of
sodium acetate in 96% ethanol. The catholyte was then poured into a
porous cup situated in a beaker which was filled with a 10% solution
of sodium carbonate. The current density used was 0.02 A/cm2.
The electrolysis was stopped when 95% nitrobenzenes was expected
to be reduced.

The crude products were recrystallized from a mixture of
benzene and ethanol. The melting points and clear points of purified
samples are given in Table III.

A preliminary study by differential scanning calorimetry
showed that a mixture containing 3.5% butoxy-, 34.8% pentyloxy- and

61.7% hexyloxy-derivatives had a lowest melting point of 69°C. A mixture



TABLE ITI
Transition Temperatures (°C) of P-p-Di-n~butoxy-,

p—p’-Di-n-pentyloxy— s and p-p'-Di-n-he:qyloxy—azo:qbenzene:_

Solid~Nematic Nematic~Isotropic

This Work ILit.%8) This Work Lit.%8)
Butoxy- 108 106 133 134
Pentyloxy-~ 81 81 122 122

Hexyloxy- 82 82 128 129
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of such composition was used as the solvent.

Samples of fluorcbenzenes were obtained from commercial
sources (Table IV) and used without further purification. Deuterated
p~fluorophenol (CéﬂhFOD) and p-fluoroaniline (CéHhFNDz) were prepared
by repeated treatment with heavy water. Solutions containing fluoro-
benzenes were sealed under vacuum in standard 5 mm 0.D. NMR tubes.
Solution concentrations and the temperatures of measurement are listed
in Table IV.

For proton chemical shift measurements a small amount of
tetramethylsilane was added to the samples and used as an internal
standard. Trifluoroacetic acid was used as an external reference for
fluorine resonances. A solution of carbon tetrafluoride (4%) in the
same liquid crystal solvent showed a 13 Hz low field shift on going
from the isotropic phase (104°C) to the nematic phase (65°C) and a

corresponding correction was made to all observed fluorine anisotropic

shiftst9s50)



TABIE IV
Solution Concentrations (Mole %) and

Temperatures (°C) of Measurement

Compounds Supplier Concentration Temperature
1,3,5~Trifluorobenzene Pierce Chem. Co. 30 62
0-Difluorobenzene Aldrich 36 6l
m~Difluorobenzene Eastman 37 A
p~Difluorobenzene Aldrich 33 67
p-Chlorofluorobenzene J.T. Baker 33 67
p~Bromofluorobenzene Eastman 31 65
p~Nitrofluorobenzene Eastman 33 65
p~Fluorobenzonitrile Aldrich 33 6l
p-Fluorophenol (-OD) Eastman 33 67
p=-Fluoroaniline (-ND2) Eastman 34 65

3,5-Difluoroiodobenzene Aldrich 27 67
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CHAPTER V

RESULTS AND ANALYSIS OF THE SPECTRA

To analyse the spectra of molecules oriented in a nematic

solvent, one starts from the spin Hamiltonian

H —
H- Zi Q- T I7s

T.T) (54

dir seudo 3 1
v &y Ry (3 1 13 .

Zi “Zj

The quantum-mechanical methodssl) commonly used for normal
high resolution spectra are equally applicable. The main difference
is the presence of thé direct dipole couplings Dgir, which play a
dominant role in determining the major features of the spectra. All
the fluorobenzenes to be studied contain at least five magnetically
nonequivalent nuclei and generally it is not possible to obtain
analytical expressions for line frequencies and intensities and a
computer technique has to be used to extract spectral parameters from
the rather complex spectra. However, for the p~substituted fluoro~-
benzenes rather precise analytical expressions can be obtained for all
the observed transitions with a first order perturbation treatment.
Subsequent refinement can be conveniently carried out with higher order

perturbation theory or with a computer program.

V-1 Computer Simulation Technique

In principle, the computer simulation technique is a trial

and error method. For systems with a large number of different spectral
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parameters such as substituted fluorobenzenes, the success of the
method depends on the possibility of developing a systematic approach
based on a knowledge of the relative magnitude of the various para-
meters entering the spin Hamiltonian.

The spectra of molecules oriented in a nematic liquid
crystal are usually dominated by the direct dipole coupling constants
dir

dir . i
Dij . Equation (3-30) shows that Dij

geometry and the degree of orientation. If the approximate molecular

are determined by the molecular

geometry is known, the direct dipole coupling constants will be determined
by the values of non-zero motional constants. The molecules studied here
have symmetry'sz or higher and, therefore, at most two motional con-
stants are required to describe the average orientation of the molecules.
The existing large volume of information about chemical shifts
and indirect spin-spin coupling constants obtained from the analysis of
isotropic spectra is of great value in estimating these parameters for
the computer simulations of the anisotropic spectra. In fact, rather
accurate (absolute) values for Jij can be obtained in this way. The
anisotropy of the indirect spin coupling constant is expected to be
small for all the compounds studied here.
The program given by Wiberg52) for normal high resolution NMR
spectra was rewritten to include the dipole coupling constants Dgér
. The modified program accepts the values of Jij’ Df;eudo
and EZZi’ atomic positions in a molecular-fixed co~ordinate system,
and the motional constants as the input. The direct dipole coupling
constants are calculated from the assumed molecular geometry and

motional constants. For each system it constructs basic product
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functions and the. Hamiltonian matrix for each value of I, =2 1,.
Nuclear stationary state wave functions and energies are computed as
the eigen-vectors and eigen-values of that matrix. Energies and
relative intensities of transitions are then computed for each system.
Depending on the choice of the user, the output of the program may
consist of 1, a list of transition frequencies and relative intensities,
2. a plot of the calculated spectrum, and 3. both list and plot. A

complete listing of the program is given in the Appendix.I.

1,3,§-Trifluorobenzene

The observed proton and fluorine spectra are reproduced in

Fig. 6, since the Spectra are symmetric about the centre only one-half
is shown in each case. The centre of the paoton spectrum in the nematic
pPhase was 6.2 ppm to low field from internal TMS. The centre of the
fluorine spectrum was 35.19 ppm to high field from carbon-tetrafluoride.
In the isotropic phase at 102°C the shifts were - 6.53 ppm and 45.16 ppm
respectively.

Since the proton resonance position shifts to lower field in
the isotropic relative to the nematic phase, the solute molecules are
aligned with their molecular planes parallel to the applied fieldlé)
and therefore the sign of the only motional constant required, 03z2-r2’
is negative. For the first trial calculation only the direct dipole
coupling constants were included, with values based on a structure with
D3 Symietry and bond distances C~C = 1.39A, C-H = 1.084, and GoF =
1.31£. The theoretical spectra obéained with an arbitrarily chosen

value of =0,25 for C3Z2_r2 were in approximate agreement with experiment
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Fig. 6 Proton and fluorine magnetic resonance spectra
of 1,3,5-trifluorobenzene.
The spectra are symmetric about the center and

only one~half is shown.
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except for a scale factor. Examination of the theoretical line
positions and the values of Ddl showed the lines J(H), Q(H), T(H)
and L(F), S(F) and U(F) correspond to tran31t10ns of the a3 sub~
spectra of the isotropic case analyzed by Jones et al. 53), with the
addition of the direct dipole couplings. Similarly lines M(H) and
O(F) are the transitions between the A, symmetry levels, plus dipolar
coupling.

W) = Gy + D) +3 G+ D7) - 21

E

M) = gy + D) + 5 Gy + D) + 3
WL(F)) = (ay + D) + 2 (JHF+DHF) - 30
MU(ED) = (e + D) + 3 (g + ) + 2p
WA, = Ge + D) + § (e + 07y
YO, 0(F)) = (3 + D) = F (3f + D7)

For the second stage of spectrum calculation, the indirect
Spin-spin coupling constants J 1j with the absolute values taken from
Ref. 53)ware included in the calculation. The absolute signs of Jij
were varied and, at the same time, the most reasonable fit to the
positions of the above eight lines was obtained with the variation of
the magnitude of the motional constant. Closest agreement was found
with Iy Jpp and Iip (ortho) all positive, and J (para) negative
(see Table V). Changes in the magnitudes of the indirect coupling
constants from the values given by Jones 33.21.53) did not improve
the agreement.

The final refinement of the theoretical spectrum included

the pseudo~dipole coupling constants Df;eudo to give the best overall
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TABLE V
Signs of Spin-Spin Coupling Constants in

1,3,5-Trifluorobenzene

RMS deviation
over all
JHF(ortho) JHF'(;ara) - Jpp observed lines

+ + + + 3.1
- + + + 3.9
+ - + + 1.9
+ + - + 4.0
+ + + 7.0
- - + + 4.1
- + - + 5.4
- + + - 6.8
+ - - + 3.3
+ - + - 8.0
+ + - - 6.9
- - - + 4.2
- - + - 7.0
- + - - 7.8
+ - - - 8.1

- - - - 7.5




- 43 -

fit to both spectra. The experimental (mean of five spectra) and
calculated line positions are compared in Table VI. The root mean
Square deviation of all observed lines from their calculated

frequencies was 1.2 Hz., Final parameters are listed in Table VII.

3,5-Difluoroiodobenzene

The proton and fluorine magnetic resonance spectra of 3,5~
difluoroiodobenzene are given in Fig. 7. The spectra are not sym-
metrical with respect to their-centres due to the difference between
proton chemical shifts. Theoretical spectra weré computed with
initial values of the direct dipole coupling constants calculated for
a regular molecular structure with bond distances of 0-C = 1.393,

C-H = 1.084 and C-F = 1.314, all bond angles were assumed to be 120°C.
Since the molecule has a sz symmetry, a suitable choice of molecular
axes leads to two non-zero motional constants, C322_r2 and Qx2_y2.
Except for a secale factor, the major structure of the spectra will
depend on the ratio of these two motional constants. Several trial
calculations were carried out by varying‘cx2_y2 with an arbitrarily
chosen value of ~0.25 for 0322_r2 and neglecting the indirect spin
coupling constants and the proton chemical shift. After approximate
values of 0322_r2 and szﬁyz were obtained the proton chemical shift
and the indirect spin coupling constants, with values estimated from
the data given by Loemker ot a13%), were inserted into calculations.

At this stage, an examination of the theoretical line positions and

the values of Dij and Jij showed that certain lines bore simple fixed

relationship to the coupling constants, VIZ (for numbering see Table VIII).




TABLE VI

Experimental and Calculated Line Positions of 1

33,5=Trifluorob

of Resonance, at 56 4 MHz

Proton Spectrum

Line Exp. Fregqn. (Calc. Freqn. Calc. Intensity
A 5.49+0.2 5.03 2.9
9.98 0.4
B 30.90+0.5 31.07 1.6
C 105.9 +O 5 106.8 4.0
110.0 0.7
D 152.4 H1.5 153.4 2.5
154.3 0.7
E 193.7 1.5 195.3 2.4
F 250.2 +1.0 251.2 3.6
G 269.7 il;E 271.8 1.5
H 370.7 2.0 371.4 3.1
I 624,.0 +1.5 623.8 1.6
J 665.9 +2,0 666.8 3.0
K 759.0 +4.0 759.6 0.6
L 782.7 +1.5 783.2 1.2
M 879.7 +2.0 878.0 1.0
880.0 1.0
N 885.5 +2.0 888.4 1.0
0 921.8 3.0 923.7 0.8
P 985.3 +3.0 985.2 0.8
Q 1001.6 +3.0 1000.3 6.0
R 1041.7 +3.0 1042, 2 1.5
S 1144.7 43.0 1144.6 2.3
g 1333.1 +3.0 1333.7 3.0

Spectrum Centre: - 6.2440.02 ppm (int. TMS)

Exp. Freqn.

6.3510.5

31.55+1.0
90.53+1.5

96.45+1. 5
108.5 +1.5

154.5 +
166.
193.
209.
313 .
683.
TTh.
783.

867.
879.
923.
935.
986.
1001.
1085.
1226,

I TR TR S
wg}uy;w
OV OUnmUVIiowm

SRR b

+%1%O%pm(0)

OOOOOOOO O

Fluorine Spectrum

Calc. Freqn.

5.05
10.0
31.09
88.3

95.6

106.8
110.2
153.4
164.8
192.5
207.5
312.6
682.6
773.8
783.3

866.5
878.0
923.8
935.2
985.3
1000.3
1085.9
1226,7

Calc.

enzene in Hz from Centre

Intensity
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)
NS W OV N
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o
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TABLE VII

Spectral Parameters:.for 1,3,5-Trifluorobenzene

seudo
Ds 5 i3 D?j
F=F =152.0 5.8 1.0
H-H =224.3 2.3 2.0
H=-F ortho -948.1 9.0 -

C32%r? = -0.3269

+102 + 2 ppm

>
o
I

Aoy = ~-2.98 + 0.3 ppm
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Fig. Ta The proton magnetic resonance spectra of 3,5-difluoroiodobenzene.

Computer simulated spectrum is shown below the experimental
spectrum.
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Fig. Tb The fluorine magnetic resonance spectra of 3,5-difluoroiodobenzene.

Computer siﬁulated spectrum is shown below the experimental
spectrum.
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TABLE VIII

Spectral Parameters for 3,5~Difluoroiodobenzene

I (3’

H,
X
F5' Fj
Hy
N D Dpseudo J
J 13 1J i
2 4 - 221.8 6.0 2.5
2 5 - 91.6 - -1.0
2 6 - ]-le6-9 - 105
3,222 = _0.2869 C.2 2 = -0.0420
x =y
J. =o Jiy = 5.0 Hz
H, H,

9% Chemical shift (nematic 67°0) = 37.7, + 0.04 ppm int. C

(isotropic 95°C) = 45.95 4 0.02 ppm

5y
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D

y(T(a), n (u) )
Y(K(F), K'(F) )

5t T,
1 1
2 (T3 * 33, + J36) + 5 (Dyg + Dy + D)

‘ED35

1

' -t L
Vo), 01F) ) = 5 (Jp3 + Iy + Tp) + 5 (D, + Dy, + D)
"R

Further calculations were carried out by keeping & reasonable
fit to the frequencies of these lines while changes of spectral para-
meters were made. Theoretical spectra were computed for both possible

signs of Jij relative to Dij' With all Jij except J2 being

5
positive, a much better fit to both proton and fluorine spectra

can be achieved by varying the motional constants and chemical shift.
The last stage of calculation included the pseudo-dipole coupling
constants and the variation of motional constents and chemical shift

to give the best overall fit to the experimental spectra. The final
spectral parameters are given in Table VIIT and the computer simulated
spectra given in Fig. 7. The experimentel and calculated line positions

are compared in Table IX. The root mean square deviation of all

observed lines from their computed frequencies was 2.5 Hz.

Ortho- and Meta-difluorobenzene

The proton and fluorine spectra of these two compound.s
are given in Fig. 8 and Fig. 9. The procedures used for 3,5-di-

fluoroiodobenzene were employed for enalysis. A better fit was obtained

with most of Jij being positive in both compounds. The final parea-

meters are listed in Table X and the computer simuleted spectra
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TABLE TIX

Experimental and Calculated lLine Positions of 3,5-Difluoroiodobenzene in Hz at 56.4 MHz

Proton Spectrum

Exp. Freqn.

0
213.1+1.7

265.9+2.1
307.311.7
32,.5+1.8
118.411.0
466.0+1.7
480.7+2.4
537.24+2.4
560.4+2,5

631.643.0
681.243.2
693.3+3.0
Th0. 2.6
765.8+2.6
Oy J2.7

Calc. Frean.

0

209.7
212,7

263.4
304.9
323.5
419.1
466.9
476.3
533.4

554.8
559.4

629.0
679.7
6%0.5
737.3
762,14
940.3

Calc. Int ensity

9.8

1.7
1.9

1.5
5.8
1.4
1.6
1.5
2.4
2.1

2.2
6.5

2.9
2.5
2.0
1.5
1.3
4.5

ILine

B!t

Ct
Dt
E*
Fr
Gt
H?
I
J?

Kt
Lt

Mt
Nt
(0}

Exp. Freqn.

213.0+1.0

277.942.3
318.340.5
336.840.8
429,3+2,0
476.741.1
491.641.0
546.5+2.5
570.441.3

639.041.3
689.2+1.4

Th6.6+2.5
767.1+1.3
942.5+1.7

Calc Fregn.

<10.0
213.0

273.3
313.2
333.4
429,0
L76.7
486.2
543.2

564.9
569.3

638.8
689.6
690.4
Thé. 4
766.1
92,2

Calc. Intensity

107
1.9

1.5
5.8
1.4
1.6
1.5
2.3
2.1

2.1
6.5

2.9
2.5
2.0
1.4
1.2
4.6

-Og_




TABLE TX page 2

ILine

=

Qo

O 2 = 0 R o H @O @ = EH O

Fluorine Spectrum

Exp. Fregn.

49.741.0
87.8+1.0
110.9+0. 7

215.441.2
253.7+2.2
308.042.5
L57.8+2,5
654.5+3.0
669.942.5
737.142.8
832.5+3.0
851.5+2.0
873.312.5
903, 7+2.2
981,8+3.0

Calc. Freqn.

47.7
86.9

106.6
111.0

214.9
251.3
309.8
454.3
651.7
670.6
738.0
832.7
852.9
873.6
905.5
981.9

Calc. Intensity

2.0
1.6
3.3
2,2
1.9
3.0
0.6
0.8
0.5
0.8
2.0
4.0
1.2
1.5
1.9
4.0

ILine

At
Bt
Ct

D?
Rt
F?
Gt
Ht
It
Je
Kt
Lt
Mt
Nt
ot

Exp. Fregn.

49.1+1.0
89.311.0
110.9+0.7

214.141.7
250.411.5
313.4+2.2
L4,6.043.0
646.8+3.0
677.4:+3.0
737.513.0
830.942.5
846.0+1.7
871.412.5
901.0+2.5
978.8+2.0

Calc. Freqn. Calc. Intensity

47.6
88.8

109.5
110.2

215.1
29,8
317.8

LL6.6:

643.7
678.6
738.2
832.7
851.3
875.4
905.4
98l.9

2.0
l.6

2.2
3.3

1.9
3.0
0.5
0.9
0.5
0.8
2.0
4.0
1.3
1.5
1.9
4.0

- I¢ -
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Fig. 8a The proton magnetic resonance spectra of ortho-difluorobenzene.

Computer simulated Sspectrum is shown below the experimental
spectrum.
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Fig. 8b The fluorine magnetic resonance spectra of ortho-difluorobenzene.

Computer similated spectrum is shown below the experimental
spectrum.
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Fig.

Sa. The proton magnetic resonance spectra of meta-difluorcbenzene.

Computer simulated spectrum is shown below the experimental
spectrum.
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Fig. 9b The fluorine magned

ic resonance specta of meta-difluorobenzene.

Computer simulateq spectrum is shown below the experimental
spectrum.
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H,

Y
H FE ]
X
Hg 5
Hy
i 3 Dij Ji;j Jij(ref. 72)
1 2 -976.1 11.0 10.44
1 3 - 98.0 9.0 7.87
1 4 - 41.6 0 0.29
1 5 ~115.0 1.5 1.62
1 6 -1108.4 8.3 8.30
2 3 -225.5 -20.0 -20.43
2 5 -115.6 - 1.5 - 1.39
2 6 =219.4 3.5 4.33
5 6 -332.8 7.6 7.62
€322 = -0.2418 Cy2 2 = 0.0857
19 o nematic (64°C) = 67.87 + 0.05 ppm int. CF,
o isotropic (90°C) = 78.81 + 0.04 ppm

o Y, =0 Ha Vs,6 = =40 Hz at 56,4 ms
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TABLE Xb

Spectral Parameters for Meta~Difluorobenzene

H, Y
R k.
O x
Hg Hs
Ha
i 3 Dij Jij Jij(ref. 71)
1 2 -917.0 9.2 9.23
1 3 ~100.2 2.5 2.45
l ll' - 310“- 0'3 0'33
2 3 -209.8 8.2 8.16
2 4 - 86.0 6.5 6,46
2 6 -173.2 - 6.6 6.57
3 4 -1028.0 8.4 8.4
3 5 ~216.1 0.9 0.86
C322er® = ~0.2216 .2 2 = 0.0872
2 =y . X =y = 0.

19 o nematic (64°C) = 43.10 + 0.06 ppm int. CFA

0 isotropic (85°C) = 48.00 + 0.02 ppm

"' ) =25.0Ha V3,5 =15-0Hz ), =0 Hz at 56.5 Miz
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in Fig. 8 and Fig. 9 respectively.

V=2 Perturbation Method ,

The possibility of using the first order perturbation method
to treat the spectra of p-substituted fluorobenzenes and para=difluoro-
benzene arises from the fact that the dipole coupling constant between
ortho~-protons is usually an order of magnitude greater than any of
the other coupling constants in the system. Therefore, one can write

the spin Hamiltonian as (for nmumbering see Table XI)

j{= \Hj * ]{ (5-2)

14°  H o
vhere |, = - =2 20 Iy +Dgy I % (Igp I3 + Ips Iy
1
-5 (fz 13 + 'f5 fé)] (5-3)

/
and the tenmj{; contains remaining coupling constants and chemical

shifts.

p=Substituted Fluorobenzenes

Thé elgen-functions of the zero-th order spin Hamiltonian,
equation (5-3),can be constructed by using the Dy, symmetry ofj{:,
and are listed in Table XI (on;y given for states with IZ(H) =2, 1, 0).
Since there are no degeneracies in the zeroth order symmetry wave functions
the effect of'}f can be treated as a perturbation. The calculated first
order energies are also listed in Table XI.'

In the first order approximation, the proton spectra should
consist of twenty-four lines symmetrically placed relative to the center
at % (bh2 + V%B). Energies and intensities for only twelve hydrogen

transitions are given in Table XII. Among them, two pairs of lines, C and D,
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TABIE XTI page 2

Symmetry" Wave functions Ve Vs Ve LN R
S2,41/2 pgg 1 1 #1/2 1/2 Y/ V/A 1/2
18, 41/ (2 )'1(a+b+c+d)g§‘ V2 12 a/ -k A8 -8 Ay,
25 11/ ( 2)-l(a-b-c+d)g§ Y2 12 +1/2 Ve -8 e 1
/s ( 2)‘1(a+b-c-d)g; Y2  1/2  w1/2 -1/}, /8  1/8 1/
21 11/ (2)~1 (a-b+c—d)g';" /2 1/2  11/2 1/ Ve 18 '
15, 11/ (2)'1(f+j+g+h);‘11: 0 0 41/2 A1 0 0 0 5:9
25, 41/2 (2)-1(f+j-g-h)§§ 0 0 /2 0 0 0 0
330, 11/2 (2)'1/ ( e+k)g§ 0 0 +1/2 1/2 2 V/ S Y/
455 41/ G, 0 B VSRV Sy
Yo, 11/2 @ 2e- 5 0 0w/ V2 A Al
2, 41/2 2y 2(e-k>§g 0 o /2 IV RV P




TABLE XI  page 3

Sp,41/2 /2 +#1/2 1/2 1/4 Vs 1/2 /2 11/2
18, 11/2 /L £/ 1/2 L V/ R V/ R V) H1/h 1/
281,41/2 /4 1/ ~1/2 Y/ V/ R V/ i VS ¥/
Uy +1/2 2 VR V7 Y2  Afy -1 <1/ o7/ Y/
20y 41/2 2/ 11/ /2 Al s 1 s V/ A Y/
1s°, 11/2 0 0 1/2 0 0 0 0 0
2so, +1/2 0 0 -3/2 0 0 0 0 0 '
38,, 11/2 0 0 1/2 Y/ Y/ Y 0 0 c:"\
1.,30’ 11/2 0 0 -1/2 1/4 /4, -1/2 0 0
le, 11/2 0 0 1/2 =1/4 -1/ -1/ 0 0
24 0,1/2 0 0 -1/2 -1/4 =1/ 1/2 0 0
+ The symbols S and A are used to denote symmetric and antisymmetric functions.
The values of IZ(H) and IZ(F) gre appended as suffix.
* p = a(2)a(3)a(5)a(b)
a=faaa b=aB a a; c=aaf a; d = aa aB;
e=BBaa; f=Rapa g=Baap; h = aBBa; =opPap; k=aapBB.




TABLE XIT

Transition Energies and Relative Intensities of the Spectrum of p-Substituted Fluorobenzenes

Hydrogen Transitions -

Line Transition Energy* Relative Intensity
a
| 28 41/ N . A 4-3Dg /A3 (0y + Dip)/8 + 30R /1, 2
g } BX P
cepeee-
Sp.41/2 15) 41/n £ O/b-30g /b3 (g, + D) /8 - 300/ 4
h 2, p |
"""" 1
c t o b= + T/ - 3B /2 - 300 ), : )
lSl:il/ 2 lsogil/ 2 N HH/ HH/ A '
. + (o + /e + IR/,
1
SR -
+ Afh+ (B +J'm)/2+J - 302 /1 2
35, 11/0 15, 4/ R e/
+ (D'}‘iH+Dm)/8+Dp/4
J
e -7 o ¢
. Homye H,4/2 A =30/l + 3O + Dp)/e + 308 /) 2
S |
25, 4/ 4y /2 £ O/h300/h + 30, + DN)/8 - S0P /1 2
1

* Measured from (yH2 + yHB)/z; A = (J;’IF + Jl}?F + DI?!F + DﬁF)




TABLE XII page 2

Fluorine Transitions

Line Transition Energy** Relative Intensity
Y,1/2 15,4/
%012 By 1
Bo12 35 17
a 0 6
45,.1/2 4Sq,-1/2
]
Bo12 M, 1/ &
1
Ro1z Ay 1/
ls1,1/2 ls1,-1/:2
2S1,1/2 281,-1/2 A
b /2 I\
lA1,1/2 1A1,-.1/2
.02 A/
c s-2,1/2 S2,--1/2 A 1
** A=(me,+JgF+Dfm +D;‘;F
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I and J, separated by 2 (Jm + JE%) +-% JEH;, a quantity of about
h to 5 Hz, can not be resolved in the spectra. The proton half
spectrum thus consists of five doublets Separated by ( HF +
e T pm ) The general appearance of the spectra depends upon the

relative signs and magnitudes of the two quantltles 5 ( HH + DHH)
and Dﬁh, and on their signs relative to DHH'

The fluorine magnetic resonance épectra, as shown in Table
XII, should consist of a quintet (1:4:6:4:1) separated by 5 ( + Jm +
A
are shown in Fig. 10. Analy51s of the spectra gives values for — (D

HF) The proton and fluorine spectra of p-chlorofluorobenzen

Dm’) o? , p° and ( + D% + D ) Based on the results
HH??> “HH® “pyo HF HF HF '
for benzenelé) and 1,3,5-trif1uorobenzene, it seems reasonable to

assume that DHH is negative. Then the observed proton magnetic resonance
spectra of p~chloro-, p-bromo-,p~nitrOmfluorobenzene and p-fluorobenzo-
nitrile correspond to the case with opposite signs for (D ;;)

and Dp H? and with the positive term having the larger magnitude. The

actual signs of these two terms and the signs and magnitudes of DHF and

DHF were made on the basis of reasonable geometry, R(C~C) = 1, 39A
R(C-H) = 1, 08A R(C~F) =1, 31A Literature values were used for
respective JHF and JgF values5h’55’56). The motional constants were
then obtained from equation (3-30) by fitting 1 (o, + D}n;I;) and

1 o
5 (D +

DEF) to the observed spectra.

In order to -eliminate one of the chemical shirt terms, and
to reduce the dipolar‘coupling between the ring protons and those of
the substituent, the spectra of p-fluorophenol and P-fluoroaniline

deuterated in the subsituent position, were recorded, The proton
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Fig. 10 The proton and fluorine magnetic resonance

spectra of p-chlorofluorobenzene. Only
the high-field half of the proton spectrum
is shown.
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spectrum of p—fluoroaniline-d2 showed only two very broad peaks
with a separation of about 3600 Hz., The fluorine spectrum showed a
quintet with each peak further split into quintet of separation 22 Hgz
and intensity ratio 1:2:3:4:1 (Fig. 11). A1l these phenomena can
be explained by the presence of deuterium-proton and deuterium-
fluorine coupling. Since it was impossible to derive a value for
(D + DHH)’ the motional constants were determinedfrom the ex~
perimental values of ( wr HF) and % DHH’ which was assumed tc.
be equal to the separation of the two broad peaks in the proton
spectrum. The spectrum of pP-fluorophenol-d did not show any evidence
of deuterium-proton or deuterium=-fluorine coupling but the proton
spectrum showed only three doublets due to the coincidence of lines
caused by the near equality of 5 (DHH + D )l and,D ,

It can be shown with the second order perturbation theory
that the difference in chemical shift between the two pairs of protons
in the para-substituted fluorobenzenes should shift the center of the
inner ten lines of the proton spectrum relative to the center of the
outer ten lines. Within the experimental errors only the spectrﬁm
of p-nitrofluorobenzene required such a correctioh. A chemical shift
difference between H2 and HB of 90 Hz was required to account for
the spectral asymmetry of 4 Hz.

The various spectral parameters thus obtained were further
refined with the computer program described before. The results show
that the first order perturbation treatment gave almost exact frequencies
for most of the observed:-: transitions. The corrections were generally

less than 3 Hz and the largest correction was 7 Hz for the two lines
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-800 400 o 400 800HZ

Fig. 11 The fluorine magnetic resonance spectrum

of p~-fluorocaniline-d o*
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(C and T) in the spectrum of p-nitrofluorobenzene. Final parameters

are given in Taeble XIII.

Pare~difluorobenzene

A table, such as Table XI, can be constructed for para-di-

fluorobenzene merely by addition of DFF and JfF’ The presence of & second

fluorine atom, on the one hand, changes the symmetry of the molecule from

sz to D2h and therefore simplifies the treatment by meking some of the

zeroth order spin wave functions become the eigenfunctions of the full
spin Hamiltonian of the system. On the other hand, it brings in two

additional sets of states corresponding to IF =1, m, = O, and I_ = O,

F
mF = 0, and the possible mixing between these two sets of states has to be
considered57). However, this mixing is forbidden in the zeroth order of
approximation. In the first order approximetion, the proton half spectrum
should consist of five triplets with a splitting equal to

(1/2) (D?ml + DI;;F + me + JEF\ In the actusl spectrum, Fig. 12, only four
triplets were observed due to coincidence of lines C and D, H and I, M and

N. The fluorine spectrum, Fig. 12, consisted essentially of ten lines based

. . s o m o ;
on & quintet, with a splitting (1/2) (DHF * Dy + Iy * JEF), each line

of which was further split into a doublet with separation ( 3/2)DFF. A

further smell splitting due to second order effects was also observed.

Analysis of the spectra only gave values of DEH’ DEH, DgH’ DFF and
(1/2) (D;‘;F+ D;F + J?;F + me) and the magnitudes end signs of the remaining

indirect spin coupling constants could not be obtained. A complete list
of transition frequencies and relative intensities, based on the first-

order treatment, is given in Table XIV.




Substituent

p-chloro
p~bromo

p-cyano
prnitro

p-hydroxy~d

p-amino-d2

TABLE XTIT

Spectral Parameters for Para-substituted Fluorobenzenes

FL
Hg
(o]

Do 2(Dm +o -
=2754.5 133.9
~3044.4 161.8
-3341.5 184.4

=3246.3 128.2
~1787.9 L5.4
~24,28+50 -

* Relative to CF

4

B

D

=26.4
=21.3
-19.2

-46.8

-h5-l"

Ha

Hy

0
D

~346.3
-337.5
-338.2
-492.6
-391.5

O

-317.9
-346.3
~374.2
-380.4
~236.3

~271.6

8.1

8.2

8.6

8.2

8.1

8.1

Mean of five determinations.

i
4.7
4.8
5.8
4.8

5-0

5.0

C5,2 2

=0.2974

~0.3158

~0.3357

=0.3721

=0.2489

~0.2560

¢2 2
=0.2843
-0.3185
~0.3499
~0.3230

-0.1819

=0.2411

nematic
pPpm

51.13 + .04
(67°C)

50.41 + .07
(65°C)

37.40 + .05
(64°C)

34.44 + .05
(65°)

61.62 + .04
(67°C)

65.58 + .02
(65°C)

o
isotropic

ppm

53.64 + .05

(96°Y

53.09 + .05
(91°C)

41.21 + .04

(93°C)

40.97 + .02
(93°)

63.12 + .02
(91°C)

65.77 + .04
(91°C)
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Fig. 12 The proton and Tluorine magnetic res

onance spectra of para-difluorobenzeng.
Only the high-field half of the prot

on spectrum is shown.

spectra are shown below the experimental spectra.
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TABLE XTIV

Transition Energies and Relative Intensities of the Spectrum of Para-Difluorobenzene

Hydrogen transitions

Line Transition **
A (A2)0,1,1 (A2)1,1,1
B (A)1,4a,1 (A)p a0
) ; o -(E';)O,-l,l A1)y 22
_____ (flz-l,-l,l A'""0,1,1
] ? - _(?13-1,-1,1 (B))o,-1,1
E (By)o,-1,1 (By)y,.1,1
(#2)0,0,1 (#2)1,0,1
F
_____ (?110,0,0 (B))1,0,0
)1 0,1 (4125 0,1
G
(B2)1,0,0 (B2)2,0,0

I.'hergy*

3o 0f + o - B

B o o+ e ohy

20 305 + R fofy - Ja e
32 B ¢ o i - B oy
b ov jo - gy -

R AP NP

208 - By +

70+ Oy + )

Relative
Intensity

1l

- T) -




TABLE X1V page 2

Relative

Line Transtion Energ;r.’(~ Intensity
(A)) (4,) |
. (B3)5,0,0 (B3)1,0,0
(4,) (A, 111) .
1 -1,0,0 1 0,0,0 _(JEH + JpHH) + %DO - %Kpg}‘ + D;;H) 2
(B3)_1,0,0 (B"*")0,0,0
(B)1,0,1 (B))o,0,1
A ] Vs 2 () !
I (D - DB - D) 2 -
, A 1~ Dy 3
(A2)3,0,0 2)0,0,0 ,
------ (;32)0 0,1 (By)1,0,1
J 7 2(08 + DBy, - D) 2
(41)0,0,0 (A41)1,0,0
K (A2)0,1,1 ()1 1,1 o+ %(Dfm - Diy + D) 1
L (A)1,0,1 (A1) 11 %‘ &+ %(D;H + Dy + Dy 2
(A*3)0,1,1 (43,11 %’ S+ %(JEH + ) + i”ﬁn - %(mex + D) 1
v 1 o 1
______ A1, 1"""Yo0,1,1 2 - (O *+ Tpg) + P0Gy - F(OB, + Dig) 1
(o]
N (B),1,1 (B))o,1,1 35+ %(DHH - Diy = D) 1
0 (B2)o,1,1 (B3)1,1,1 30+ %‘Dfm * Dy - D) 1
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Iine

Fluorine transitions

 §
(4)0,0,1

17"
(4120,0,1
77

A Jo,0,1

(A2)0,0,1

(®0,0,1

(B3)o,0,1

?
(A1)0,1,1

"
(Ap1,0
Tt

(A Do,1,1

(42)0,1,1

(B)o,1,1

(32)0,1,1

A1,0,1

(42)1 0,1
(51)1,6,1
(B)1,0,1
Ay 1,0

(A2)1,1,1

B)11,2

(B)y,1,1

3
Energy »

Relative
Intensity

-€) -




IABIF XIV page L
Relative

- - (] *

Line Transition Energy Intensity
D Ao 1 (A1) 0,1 A - E—DFF i
E (A1)p 1,1 A1)5.0,1 A+ %DFF 1

_1-{L-

*%
The states are designated by the Symmetry properties of their corresponding
eigenfunctions which form bases for the irreducible representations of
point group C Subscripts in the symmetry notation indicate mH mF

3

and IF resPec%Yvely.
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While this work was in progress, Bulthiis et al.’®) published
proton and fluorine NMR spectra of para-difluorobenezene dissolved in
nematic p—pLdi-n-hexyloxyazoxybenzene. Their analysis of the spectra
was based on a perturbation treatment of p-dichlorobenzene, but exactly
the same results were obtained.

Final parameters for p-difluorobenzene are given in Table XV.




59 5 o o b

"jU

F

6322-1'2 = =0.2413

19,

- 76 =~

TABLE XV °
Spectral Parameters for Para-Difluorobenzene
F
H Ha
X
Fy
= 344.5 .J;’m = 8.1
= .233.2 g = b6
= 59.9
= =35.8
= «170.8

nematic (67°C) = 55.32 + 0.05 ppm (cF,)
isotropic (90°C)= 57.62 + 0.02 ppm

nematic (67°C) = =6.31 + 0.03 ppm int., TMS
isotropic (93°C) = -6.46 + 0.03 ppm

(7.6 Ref. (57))
(4.6 Ret. (57))

02,2 = -0.1899
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CHAPTER VI

DISCUSSION

VI-1 Theory of Fluorine Chemical Shift

For & nucleus of magnetic moment 'J in a uniform magnetic
field ﬁo > the shielding tensor‘? is defined by the relation
. > N S
AR (U-:Ho) =‘B-°(Y -0 ) 3

(6-1)
where AR (u,Ho) is the energy contributed to the molecule by the coupling

of T end ® , and T is the wnit ayadic. Remsey®®) has shown that the

chemical shift can be vritten as the sum of two terms

< <>
o - M. {2 (6-2)
& (/20")<¥, B2 - 220/ T > (6-3)

3—5)= (e2/2n°c?) %(Eo -E ) 1
<, Bt | T <T 2 /DT >
<, RN <E, B =

where 1k is the orbital angular momentum of electron k, and -?k
is the vector from the magnetic nucleus to electron k. :-Eo and

‘Ym are the wave functions of ground and excited states with energies

of E_ and E, respectively. Implicit in equations (6-3) and (6-4) is the

choice of the magnetic nucleus as the origin for the vector potential.
I ¢
and o

c are oftten referred to as diamagnetic and paramagnetic
&>
(1)

. . . . Eiz
terms, but although o is always diamagnetic ¢ )

need not be
Paramagnetic. Both terms are important in determining proton chemical

shifts. In attempts to calculate fluorine chemical shifts, it is
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usually assumed that paramagnetic contribution is dominant conse—
quently we restrict most of the following discussion to 0(2)

(2) is generally very difficult to evaluate exactly be-
cause of the appearance of matrix elements between ground and all
excited states which do not yield zero contribution due to symnetry. |
The so-called "average excitation energy approximation" consists of re-
writing o component of the paramagnetic term as

G = - AT s B> (65)
where AEa is an average excitation energy which is formally defined
as the quantity required to make equation (6~5) exact. In another

approximation often used, one assumes the presence of an expectation
value<r™> > such that
‘) 2,22y - -1
o' = = (e“/mC%) < 3>.?..(E -E)
<BIERTES <G, 3L, |2.> (6-6)
Through equation (6-6), o <%(2) is related to paramagnetic
term in the diamagnetic susceptibility, in fact magnetic shielding
and diamagnetic susceptibili ty are different phenomena caused by
the same intramolecular currents In most semi-empirical

23,24,30) of F chemical shifts both approximations are used.

theories
Further simplification of equations (6-5) and (6-6) can be
made with the application of the LCAO approximation for the molecular
wave i‘unc’c.:i.onIo 23,24,25,30) « By considering only the atomic orbitals
centered on the fluorine atom, Karplus and Da923 ) expressed the

chemical shift in terms of the localized bond parameters:

oaa=o°(l-s-I+Is+pc(s+I)) (6-7)
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O = (P, * P, = P,P.) (6-8)
Ope = ob(l -8 =-I+1Is + pa(s + I)) (6-9)

where s denotes the extent of s-hybridization of the fluorine sigma~
bonding orbital in the X-F bond and I is its ionic character. Py and P,
denote: the double bond character of the X~F bond in the directions
orthogonal to the bond axis (b-axis). The constant 9, is
(egﬁz/mzczAE)<r'372p; (r-3 >2p is the expectation value of r> for
fluorine 2p-orbital and AE is the average excitation energy which is
assumed to be isotropic. The dependence of<(r°335p on the electron
density of the fluorine atom is neglected in their formulationél’zh).
The rotational average of the shift tensor is

o =(1/3) (o, + o, + %) =(2/3)0, (1 -s-1- (1/2)(p*e,) )

- (1/2)(21s + (b, +p,) (IT+5)- PP.) (6-10)

Taking mono-fluorobenzene as a reference compound, Karplus
and Das applied their theory particularly to the fluorine chemical
shift in polyfluorobenzenes. With o, chosen empirically equation (6-10)
does provide an explanation of the experimental results for non-ortho-
polyfluorobenzenes. For ortho-polyfluorobenzenes, an "ortho-correction"
of ~17 ppm has to be introduced for every ortho-neighbour in order to
achieve the agreement between the experimental and calculated chemical
shifts.

The principal components of the 19F shift tensor in any system
can be calculated according to equation (6-~7) (6-8) and (6~9); the

numerical results, of course, depend on the choice of the values for
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s, I and p and &lso on the actualanisétropy of the average excitation
energy. However, for compounds containing essentially covalent X-F
bonds i.e. bonds in which p, I and s are expected to be small, these

equations predict o, > S q &~ e

viLz Anisotropies of Fluorine Chemical Shifts in Fluorobenzenes and the

Solvent Effect

For molecules for which only two motional constants are required
the chemical shift in the nematic phase is given by
9221 = (1/3) (Qxxi + oyyi +/°zzi)
~-1/2
+C 22 (2/3)(5)% (o ,; - (1/2)(a_, + 0 i) )

-1/2
02 2 (15)"Y/ (Opes = 0 ) | (6-11)

The first term in equation (6-11) is given by the chemical
shift in the isotropic phase, thus the anisotropies of the chemical
shift can be written as

A(oaa - (1/2)(0bb + ccc) ) +B (obb - oec) = (6-12)

where the molecular fixed axes x, y, and z have been transformed to axes;
a ‘(perpendicular to the molecular plane), b (along the C-F bond), and

¢ (in the molecular plane and perpendicular to the C-F bond). In this
transformation it is assumed that a, b and ¢ are the principat axes

of the shielding tensbr. In Table XVI the values of the coefficients

A; B and C in equation (6-12) are listed for compounds studied here and
also for fluorobenzeneBé) and hexafluorobenzene37). The errors given

are standard deviationsof five measurements .

In the interpretation of the results in Table XVI, the solvent
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TABLE XVI

Coefficients'A,B and C ’of . Equation (6-12)

A B ¢’
p-fluoro 1.0 -0.684 31.7 + 1.0 ppm
p-chloro 1.0  -0.827 28.2 + 1.0
p~bromo 1.0 -0.873 28.5 + 1.3
p-cyano 1.0 -0.903 38.0 + 1.0
p-nitro 1.0 =~0,752 58.8 + 1.2
p-hydrexy 1.0 -0.633 20.1 + 1.0
p-amino 1.0 -0.816 2.4 + 1.0
m~-fluoro 1.0 ~0.170 Th.h + 2,0
3,5=difluoroiodo 1.0 0.063 95.5 + 1.5
1-3,5~trifluoro 1.0 0 102.0 + 1:5

fluorobenzene 1.0 =0, 424 50.0
ortho difluorebenzene 1.0 =0.1534 123.9 + 2.0

hexa fluorcbenzene 1.0 - 154.0

¥ Standard deviation of 5 measurements




- 82 -

contribution to the chemical shift has to be considered. The chemical
shift anisotropy is determined from the shift of the mean NMR frequency
on going from the isotropic to the nematic phase. The assumption under-
lying the experiment is that the measured mean freguencies are in-
fluenced to the same extent by the liquid crystal solvent, i.e., that
the displacement of the center of the spectrum is due only to incomplete
averaging of anisotropic shielding interactions. Thus the important
problem is not one of whether solvent interacts with the solute,
but rather one of whether the solvent-solute interaction is
significantly different in random and ordered phases of the same solvent.
However, since no quantitative theory on the solvent contribution to the
chemical shift is available at the present time, the estimation of the
magnitude of this solvent effect on the present results can only be made
on the basis of known experimental data.
(1) Bernheim and Krughhg) reported that there is a down-field shift of 0.24
ppm in CFA resonance (with respect to an external reference) when going
from nematic to isotropic phase. They attributed this mainly to the solvent
anisotropic effect as suggested by Buckingham and Burnell50).
(2) Bernheinm and Lavery59)studied 19F shielding anisotropy in CH3F in
two different nematic solvents with respect to an external reference.
Their results shows a solvent effect of the order of 0.2 ppm.
(3) Buckingham gglgl.éo) measured the chemical shift of CF, relative to
internal SF6 in two different nematic solvents. They found a nematic -,
— isotropic shift of ~0.1 ppm and temperature~dependent shift of
~0.008 ppm/degree in both phases.

(4) Buckingham et al.3?) studied fluorine shielding anisotropy in
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trifluoropropyne in several different nematic solvents and used CF,+ as

an internal standard. Their result impiies o solvent effect of +0.1 prm
which corresponds to an error of +6 ppm in their final velues for Aﬁ%.

(5) 1In both isotropic and nemstic phases, the rodlike solvent molecules
are oriented nearly parallel to each other, but in the normal liquid a
specific orientation persists only for a short distance and & short time,
while in the ordered liquid it persists over a long range. 1In terms of
this model the immediate environment of a solute molecule looks very much
the same in the normal and the nematic liquid phases. Therefore, the
variation of the chemical shift caused by the change of the solvent effects
during the phase transition is expected to be smaller compared with those
observed in different solvents. Taft gﬁ_gl.éz) investigated the solvent
effect on the 19F isotropic chemical shift of substituted fluorobenzenes in
twenty widely varied solvents and C6H5F was used as an internal reference;
they found a variation of 0.5 ppu for +R substituents, for -R substituents
the range increases to about 2 ppm. Emslegy and Phillips63) feported that
the solvent dependence of 19F chemical shift between two similar compounds
(chemical type, size, shape) is about three to four times smaller than
that of dissimilar compounds (0.6 ppm v.s. 2 ppm).

Since the importance of solvent effect in a determination of AQ&
by liquid crystal method depends on the degree of orientation an error of
0.1 ppm (as in the case of trifluoropropyne) will only ceuse an uncertainty
of 1.4 ppm in our results. However, the fluorine atoms in trifluoropropyne
and carbontetrafluoride may have similar environment which differs from that
of fluorine atom in fluorobenzenes. If we take the same proportionality

constant as found by Emsdey and Phillips63), this leads to an uncertainty
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of 5.6 ppm in the absolute values of C in equation (6-12). This estimation
is also consistent with the other data discussed above. To a certain degree,
this solvent effect will be expected to cause a more or less constant change
in the anisotropic values in a series of similar compounds such as fluoro-
benzenes. Therefore, the relative uncertainty in the values of C caused by
the difference in the solvent effects on different fluorobenzenes is esti-

mated to be.~3 ppm.

VI-3 Anisotropies of Fluorine Shielding Constantsin Non-ortho-substituted

Fluorobenzenes and a Correlation with Taft Parameters

The results listed in Table XVI provide a test of Snyder's
assumption. By assuming that the results on fluorobenzene and hexafluoro-
benzene are consistent he obtained %a = %p = 30 ppm and O = Oue =
259 ppm. If this is true, then the expressions for any two molecules
can be used to determine the anisotropy. With the most favourable cases; i.e.
by combining the expressions for 1,3,5-trifluorobenzene and those without
ortho-substituents, the values of o

bb
The assumption that the carbon-fluorine bonds are sufficiently similar is not

= O Vvary from -102 ppm to +162 ppm.

Justified and therefore approximate anisotropic relations between components
of the shielding tensor in fluorobenzenes can not be obtained by simply
combining the results of any two compounds.
As pointed out earlier, for compounds such as fluorobenzenes the
od
%b > %a - %c*

Experimentally, large positive values were obtained for the anisotropies

semiquantitative theory of Karplus and Das predicts

o, - (l/2)(a'bb + oéc) in 1,3,5-trifluorobenzene and hexafluorobenzene

(See Table XVI); thus either of the two qualitative relations,
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an pp > %o and O > b ¥ 4 cc? Should hold for these
two compounds. Furthermore, in the original paper by Karplus and Das,
values of s, I and p have been calculated for monofluorcbenzene and non-
ortho-pplyfluoro benzene; if these values are substituted into equations
(A=7) = (6=~9) and the resulting %22 Opp 2nd. O, Substituted in
equation (6=12) for the correspoéding compounds, acceptable values of g,
are not obtained (See Table XVII). The calculated anisotropy in 1,3,5-
trifluorobenzene is zero. Several causes can be responsible for the in-
adequacy of Karplus and Das'! treatment. The theory may be oversimplified
by the neglect of all orbitals except those on the central atom. The
parameters chosen may not be the most suitable. The assumption has been
made that the average excitation energy is constant and isotropic.
Although the direct calculation has failed, it would still be
possible to seek a correlation between the shielding anisotropies in
fluorobenzenes and the changes in electron distribution. According to the

theory of Karplus and Das the changes in the components of the chemical

shifts, relative to the reference compound = fluorcbenzene, are given by

A% g T 94 (s, -1) Al (6-13)
B9 = oy (ap) (6~14)
A0 e = O Ll =9, =1) AT+ (5, + 1) ap] (6-15)

where sr,is the s~hybridization of the reference compound,
AT =1 = Ir and Ap=p = P, are the changes in ionic character

and double bond character. The terms %0a etc. are given by

c == e%ﬁ2 < -;-> 5 i.e. the average excitation energy
oa ) r3? 2p

mC ¢AE%
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Calculated o o by Karplus and Das Theory

fluorobenzene
meta-difluorobenzene
para-difluorobenzene

1,3,5=trifluorobenzene

1.0
1.0
1.0

1.0

=0.424
-0.170
~0. 68},

50.0
.4
31.7
102.0

® o datcq; (Prm)
524,

3560

234
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is taken to be anisotropic. In writing equations (6-13) to (6-15) small
changes in s are neglected and so are all the terms that are quedratic in
AT and A,O - The leck of suitable values for AT and AP and the absence

of any date on the anisotropy of the average excitation energy make it
difficult to apply these equations.

64,65)

. Taft has correlated his inductivé and resonence parameters,
Gi and q'h, with the isotropic 19F chemical shifts with success for a

large number of meta- and para-substituted fluorobenzenes. The isotropic
chemical shifts, relative to fluorobenzene, is given by equation (6-16)*

with (0 equal to zero for meta-substituents.

R
G = -29.70}{ - 6.1(3‘I (6-16)
In order to obtein some insight into this empirical cor-

26)

relation, Taft et al. have examined the experimentel results on 19

F
chemical shifts for several p-substituted fluorcbenzenes in terms of
Prosser and Goodman's semiempirical theorygS) of fluorine chemicel shifts.
The results indicate that there is a reasonable degree of theoretical
Justification for relating the G'R values with pi-charge density of the
fluorine atom. On the other hand, in their treatment of polyfluorobenzenes,
Karplus and Des determined Ar’ with Huckel MuwO. calculetions and they féund
that the terms involving Af‘ give. negligible contribution to the chemical

_ *%
shift in all meta—derivetives. If this is true , then 0; could be a rather

¥ 62)

This equation is preferred to a later expression since it led to
smaller deviations. The results, however, are unchanged.

** Recent calculation with the CNDO/2 method shows thet the pi-charge
density on fluorine atoms %g)m-difluorobenzene is quite different

from that in fluorobenzene
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good measure of the values of AI, at least for the meta-substituted
fluorobenzenes. Therefore s forAboth meta- and para-substituted fluoro-
benzenes a direct proportionality is assumed between Al and Or and .
between Ap and Op. With this assumption the Taft parameters can
be incorporated into equations (6-13) to (6~15). A least squares fit
was made to the experimental data for eleven non-ortho-substituted
fluorobenzenes with the constaris of proportionality and

(oaa - (1/2)(°bb + occ) ) and (cbb - occ) for fluorobenzene as the

unknown parameters, to give

Ao, =18.2 oy | (6-17)
AOy, = -58.7 % (6~18)
AC, = -36.5 o - 30.4 % (6-19)

The sum of equations (6-17) to (6-19), of course,
equals equation (6-16)

Table XVIII lists the values of the anisotropy terms,
the calculated values of C from substitution in equation (6-15),
and the calculated and experimental isotropic chemical shifts.
The standard deviation in C is 3.0 ppm and in © is 1.4 ppm. The
largest deviations occur for p-nitrofluorobenzene and p-fluoro-
benzonitrile. This is not unexpected since these +R substituents
do not obey equation (6-16) strictly.

The values obtained for the anisotropy of fluorobenzene may
be compared with those of Snyder37) and Chan and Dubin38). Since Snyder's
results are based upon the invalid. assumption that the results for

fluorobenzene and hexafluorobenzene are consistent, thwus the




TABLE XVIII

Anisotropy Values of Fluorine Chemical Shifts of Substituted Fluorobenzenes

Compounds

Fluorobenzene
p~Fluoro=-

p=-Chloro-

p~-Bromo-

p=Cyano~-

p=-Nitro-

p-Hydroxy-

p-Amino-

fi-Fluoro-
3,5=-Difluoroiodobenzene

1,3,5=Trifluoro -

1
l:Oaa - 5( %p * C’cc)]
(ppm)

62.5
67.2
71.7
7.7
84.4
9.1
52.5
L1.5
8l.5
95.4
100.5

[ o = ©
(ppm)
30.1
58.1
52.4
51.0
447
46.0
51.7
44,0
48.0
63.0
68.0

ceC

]

c
cale

(ppm)

49.7
27.4
28.3
27.1
43.2
55.4
19.9
5.6
73.1
99.3
100.5

C
(pp)
50.0
31.7
28,2
28.5
38.0
58.8
2.1
2.4
Th.l
95.5
102.0

-3
calc.

(ppm)

6.3
2.5

2.1

6.0

-8.2
11.2
14.2
-3.2
~5.5
«6.3

(pp)

6.6
2.7
2.1
-9.8
~10.0
12.1
1.8

- 68 -



_90_

lack of quantitative agreement is not surprising. However, qualitatively
our results do verify Snyderts conclusion, i.e., the fluorine nucleus in

fluorobenzene is most diamagnetically shielded when the applied field is

perpendicular to the molecular plane and least when the applied field is

parallel to the plane and perpendicular to the C~F bond.

Our results disagree with those of the molecular beam magnetic
resonance determination, both in sign and magnitude. A substitution of
Chan and Dubin's values for ciéi)CI into equation (6~12) for fluoro-
benzene gives é value of =150 ppm for C. Any anisotropy based on Snyderts
value (C = 50 ppm) can not be expected to be in agreement with those fram:
the molecular beam magnetic resonance study. It is unrealistic to hold that
the environmental effects on a solute molecule on going from the nematic to
the isotropic phasé are responsible for such a large discrepancy between
the anisotropies of fluorobenzene determined by the two different methods.
The liquid erystal experiment gives the anisotropic relations including
both diamagnetic and paramagnetic terms, while the molecular beam resonance
experiment is concerned only with part of the para~-magnetic contribution.
The discrepancy is probably due to the different assumptions used in the

two treatments.

VI-4 The Average Excitation Energy Approximation

According to equation (6-17) and (6~19), a change in ionic
character of the carbon-fluorine bond has opposite effects upon A'oaa

and A occ as shown by their dependence on o T° Within the context of

the Karplus and Das theory, both ©aa and Occ should increase with

increasing AI. Since AT is proportional to the negative o 1
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(comparing equation (6-13) and (6-15) with (6-16) ), the effect of
OI on Aqaa is unexpected and could be interpreted in terms of a
negetive average excitation energy AEa.
The occurrence of negative average excitation energies has been

recognized as a consequence of this approximation66’67). By combining
equation (6-~5) and (6-6) we obtain

o2 (-e2/m202AEa)<r-3><YO|(Zklok) i) E > (6-20)

Since the expectation velue of the square of Lok = Eilok is

always positive, the equation predicts a paramagneticc:éé) with a
positive AEa. However, oég) need not be paramagnetic as shown
directly by equation (6-4) and recently both expérimental and theoretical
analysés have shown that a dismagnetic oés) exists in the compound

68). In such cases, the use of equation (6-20) as an approximation to

Clr
0(2) mey lead to & negative AR .
(0.0 (04

A comparison of equation (6-4) and (6-5) leads to

_ Z(E, - Em)Eki 'Zklokﬂm><ymlzklw{/rz i§0>j!
Zm ke [<fol%lm:|£1><fmlﬁlm{/riﬁo> ] (6-21)

In this sense AEa is defined as an average excitation energy weighted by

- (o8t

the corresponding matrix elements. The constancy of every Em - Eo is not
the only condition for obtaining the same A@xfor two similar compounds ;

in addition the corresponding matrix elements have to remein constant or
change with increments proportional to their original values. Alternatively

one may define the average excitation energy as
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T e B T s >

(6-22)

il X Zl:n(Eo-Em)-lReKIolelm{%)(:E’"I%lm/rﬁ’£>]?x

As an illustration of the difference between these two
definitions equations (6-21) and (6-22), consider the ‘ealculation of
Oaa for two similar compounds A and B. A continuous dependence of

2) '

oy OB

Sm (E;) = ( ZmRe KEEO 'Zk]‘O&(I :Er?(ym IZklOk/ rl?zﬁ-o) ])
=<5[§ I(ZZ%lak) (:Eilok/ri)LE;;> (6-23)

in a small renge is assumed and is shown in Fig. 13. For calculetion

of Gt(xi) from SEo’ the correct (2&,) "L can be found from the slopes of

lines OA and OB for these two compounds. If we assume that the AEC; S

are seme for A and B, then a reasonably good calculation can be made

with the choice of line OC. But, if one is interested in Aﬂ'aa between
compounds A and B, then (AEa)(;l should be used. Generally the value of
(AEO)gl will be different from that of (AEQ)'l. Referring back to fluoro-
benzenes a negative AEa for AG_aa in equation (6-17) does not mean that
Gég) is dismsgnetic, but it may be responsible for the high shielding
components along the a-axis.

In view of the uncertain nature of the average excitation energies
it could be argued that this concept should be discarded entirely in the
calculation of chemical shifts. The approximation, however, does avoid
the difficult task of dealing with excited states. . Furthermore, in a
series of sufficiently similar compounds , (AE)dtl may be fairly

constant and thus a correlation of changes in chemical shift with the
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s, (%)

Fig. 13 The dependence of G'(Og)on S, (E))
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ground state properties may be expected. For this purpose, it is

proper to treat AE as an empirical parameter.

VI-5 Ortho=-Substituted Fluorobggzenes

In the isotropic phase the fluorine resonance of 1,3,5- tri-
fluorobenzene is 56 ppm to low field from hexafluorobenzene. When this
result is combined with the anisotropic data (Table XVI), then

Ao (06F6 - 06H3F3) = 90 ppm

Al

=

(o,, * o)) (CgFy - C4HF) = 39 ppm

The orthofluorine substituents effect the shielding in hexa-
fluorobenzene perpendicular to the molecular pilane to a greater extent
than the shielding parallel.tq the plane.

The observation is further supported by the comparison of
anisotropic data for meta- and ortho-difluorobenzene. Since the term
involving obb - occ has only a small coefficient in both cases, the
rather large difference of ~50 ppm in the valuesof C can only be at-
tributed to the'change of Oaa. - % ( Obb + occ) due to the presence of
the orthofluorine atom.

As pointed out above, Karptus and Das have found that an
empirical Yortho~effect" contribution of ~17 ppm has to be introduced
in order to obtain agreement between experimental and calculated shifts.
With the intention of perserving their theory, they suggested that the
"ortho-effect" is most probably due to the reduction of the amount of
double bond character and such a change in p can be attributed to a

steric effect caused by thevortho-substituents. According to equations
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(6-13) to (6-15) a large negative A p increases both Aoy, and A
This in turn decreases, not increases as observed experimentally, the
values for ©.a -% (obb + occ)‘ Therefore, in view of the present
results, this steric effect does not provide a satisfactory explanation
of the presence of the "ortho-effects" within the context of Karplus and
Das theory. This conclusion is consistent with the results on other

ortho~halogen substituted fluorobenzeneség.)

VI-6 Anisotropy of Proton Chemical Shift

The anisotropies of proton chemical shifts were only measured for
1,3,5-trifluorobenzene and p~difluorocbenzene. They are

1 =
C6H3F'3 o;zz -5 (oxx +0 yy) = = 2.98 + 0,30 ppm

PG, Fy [0, ~% (o + Oyy)] + 06815 (0, -0 )
= =2,20 + 0.40 ppm
The value for CéHBFB is surprisingly similar to that of benzene
itself, -2.88 ppu*>). A value closer to that of 1,3,5-trichlorcbenzene,
~4.90 ppu®)

substituents in each case. However, too much significance should not

» might be expected due to presence of the ortho-halogen

be attached to these values at the present time since the change in
solvent effect with change of phase may contribute a significant part
to the proton-shift anisotropy value determined by this methodk9’5 0,70) .

VI-7 Absolute Signs of Indirect Spin-Spin Coupling Constants

For high resoluticn nuclear magnetic resonance of both oriented

and non-oriented molecules > a reversal of the signs of all Ji 35 Dggr

Dli’ ;eudo does not affect the observed spectrum and a direct analysis of
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these spectra only yields the relative signs of the coupling constants.
However, in certain favourable cases, when the signs of Dgir can either be
obtained from other methods or estimated with reasonable certainty from a
knowledge of molecular geometry, it is possible to determine the absolute
signs of the indirect spin-spin coupling constants from the anisotropic
spectrum. With the assumption that the fluorobenzenes are aligned with
their molecular planes parallel to the applied field the absolute signs of
indirect coupling constants in l,3,5-trifluorobenzene, 3,5-difluoroiodobenzene,
ortho-, meta-, and pPara-difluorobenzene have been determined. The results
are listed in Tables VII, VIII, X, XV and are consistent with those re-
ported by other workers53’57’58’7l’72).

Recently there has been some confusion about the absolute sign of
J?;ta in fluorobenzenes. By assuming that hexafluorobengene tends to orient

37)

its molecular plane parallel to magnetic field Snyder and Anderson have

found J?;ta= -4 Hz, which is in contradiction with the signs of J?;ta
in substituted trifluorobenzenes obtained from double resonance experi-~
ments73). The measured anisotropy of the proton chemical shift in
1,3,5~trifluorobenzene supports the assumed orientation of hexafluoro-
benzene in nematic p—p'-di—n-hexyloxyazoxybenzene but J??ta was found to
be +5.6 Hz. Based on the study of several 2,6-difluorobenzenes

Abraham, Macdonald and Pepper74) have correctly pointed out that J?;ta
ay vary appreciably and may be of either sign. According to an additive
scheme of substituent contributions suggested by those authors, J?;ta
should be +5.6 Hz in l,3,5—triflﬁorobenzene and -2.3 Hz in hexa-
fluorobenzene. The results from liquid crystal solution measurements,

therefore, directly verify these predictions. Among the various

coupling constants in substituted benzenes, R JHF and JFF’ J?;ta is
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unique in its sensitivity to the nature of the substituents, but the

mechanism underlying this strong effect has not yet been fully examined.

VI-8 Molecular Geometry

As mentioned in Chapter IIT, the dipole coupling constant Dij
consists of two independent parts, the direct dipole coupling D?%r and the

1J
12,43) indicate that the

pseudo-dipole coupling Dg;eudo. Previous studies
contribution from the anisotropy of the indirect spin coupling constant Jij
is negligible for H-H coupling, and here it is assumed that this is also true
for H-F coupling. With this assumption, the optimized dipole coupling con-
stants have been used to calculate the molecular geometries of the three
difluorobenzenes and of 1,3,5-trifluorobenzene.

It should be noted that the motional constants and the nuclear
co-ordinates always enter equation (3~30) as products of the first power in
the motional constants and the inverse third power of the co-ordinates; and
a linear change in the molecular geometry with a compensating change in
motional constants will leave Dgﬁr unchanged. Thus the derived distances
are all relative and it is necessary to assume fixed values for certain co-
ordinates.

The direct dipole constants, calculated for ideal geometry based
on a regular hexagonal carbon skeleton, with C-C = 1.390£, and C-H = 1.080&,
and C-F = 1.3105, all bond angles 120°, disagreed with experimental values
in some cases. For para-difluorcbenzene a positive pseudo-dipole coupling
constant of about 100 Hz occurred for ortho-hydrogen atoms, the geometry,
therefore, is not ideal. The hydrogen atom positions were determined with

respect to fixed fluorine atoms placed 2.700A from the origin at the center

of the molecule. Trial values of the x and y co-ordinates were used to
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determine the motional constants from experimental values of I%H and Dgﬁ,
and then the motional constants and trial co-ordinates were used to

calculate the DﬁH
values. The process was repeated until agreement was within the experimental

and (D;} + DEF) which were compared with the observed

error. The final co-ordinates are 2.141K and 1.2615 for x and y respectively,
the estimated error is about 0.0052. The departure from ideal geometry is
such that the hydrogen atoms are displaced towards neighbouring fluorine
atoms. It is interesting to note that this positional change can not be
accounted for by altering the C-C~H bond angle only. With the assumption
that C-H = l.OBOK, an increase in either the distance Cl—02 relative to -
that of C2- 35 or the angle 06—C1-02 from 120°, or both, are required
(for numbering see Table XV). The increase in the C,~C, bond distance
and decrease in the 02-03 distance are changes expected from a contribution
of the quinoid type structure arising from conjugation of the fluorine
substituent with the ring. The increase in bond angles shows.a re-
semblance to models constructed for monofluorobenzene from the microwave
spectrum.75) To determine these actual changes would require further
assumptions regarding nuclear co-ordinates and is not Justified.

McLean et g;.58) have computed the geometry of para-difluoro-
benzene from their experimental dipolar coupling constants but by a
different procedure. They compared the ratios of the distances R26 to R23
and th to RlB' These ratios are 1.4988 and 2.1335, respectively. The
corresponding values from our analysis are 1.6979 and 2.1412.

The nuclear co~ordinates of ortho- and meta-difluorobenzene were
calculated by a similar procedure and are given in Table XIX, together with

those of para-difluorobenzene. A similar effect was observed. The hydrogen
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TABIE XIX

Nuclear Co-ordinates in Difluorobenzenes *

ortho meta . . para

x y X y X y
0.008 2.480 0] 2.470 (0) (2.700)
2.338 1.350 (2.338) (1.350) 2.141 1.261
2.338 -1.350 2.166 ~1.228 2,141 -1,261
0.008 -2.480 0] ~2.470 (0) (-2.700)

(-2.139) (-1.235) ~2.166 -1.228 2,141  -1.261
(=2.139) (1.235) (2.338) (1.350) -2.141 1.261

*
Assumed coordinastes are in parentheses.
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atoms ortho to fluorine were displaced towards the fluorine atom. If only
the distortion of the carbon gkeleton is agsumed for ortho-difluorobenzene
it is in the direction opposite to thet expected as a result of fluorine
conjugation. The displacements are small but consistent, and similar
effects have been reported for para-dichlorobenzene and para-ii-bromo-
benzene18’58).

In 1,3,5-trifluorobenzene, the ratio of the distances from
fluorine and hydrogen to the center of molecule: was found to be 1.087.
This ratio is in good agreement with the value 1.086 obtained from an
electron diffraction study76).

Since the direct dipole coupling constents Di?r are averages
over all vibrations, the internuclear distances derived from NMR spectra -

in nematic solventsare values for <R™3> . Tt is

molecular vibration
convenient to express R, the separation at any given time, as the sum of
the equilibrium internuclear distance Re and an extension §R. Provided
the vibration is small, we may write
D, 0c (R, + SR) 3

o Re'3 (1 - 3<<3’R>/Re + 6 <SR> /RS + - - - - ) (6-2h)
where <JR"> = f P(SR) (SR)"aR. P(3R) is the normelized probability
function for stretching by ar amount R from its equilibrium distance Re.
Thus the value from NMR will be related to Re by

R = <R—3> -1/3

2

R, [1 +<§®> /Re - 23R™> /Re o= - .- 1 (6-25)

Equation (6-25) shows that the enharmonic correction<§R>
and harmonic correction»<5R2> are of opposite sign; with a harmonic

oscillator fﬁnction the second term in the bracket is zero and
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RNMR <Re is predicted, but with a Morse wave function it hes been
shown that the anharmonic correction is usually dominant, i.e.

77) . .
EMWR:>:Re . The relationship between RNMR and Re’ is therefore,
critically dependent upon the probebility function P(JR) and =
correction can-not be applied without this knowledge from a complete

vibrational analysis.
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PART II

MOLECULAR MOTIONS IN BORANE AND
BORONTRIHALIDE COMPLEXES
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CHAPTER I

INTRODUCTION

The existence of liquid crystals, as discussed in the first
part of this thesis, provides an example of how théimeiting-process can
occur by steges. When the thermal energy becomes sufficiently high that
the molecules are no longer able to maintein themselves in their regular
arrangement then the substance liquefies; if there is room, the free
molecules then begin to turn in all directions, giving an isotropic
ligquid. However for rod-like molecules much space is needed to rotate
freely. Some directions in the liquid state are therefore less favour-
able then others and an anisotropic liquid is formed and only at & higher
trensition does it become isotropic. '

If the molecules are globular in shape, such as neopentane s
hindrance to the rotation of the whole molecule is expected to be small.
Molecules of this type usually form so-called plastic crystalsl) in
which the orientational freedom is acquired first in & solid-solid
phase transition, but the coherence of the crystal is broken only at
a higher temperature, the melting point. For this reason most plastic
crystals have low entropy of melting, usually less then 5 e.u.; this
quentity, in fact, is a criterion of the "plasticity" of a crystal.

The first direct experimentel evidence that the molecules can
rotate relatively freely in plastic phase came from dielectric constant
measuremen'bsz’ 3). Usually upon freezing, the dielectric constent of

& polar substance drops sharply; but with meny plastic crystals the
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dielectric constants are similar in size and in temperature dependence
to those of the liquid phase. The abrupt change in dielegtric constant
only occurs at the lower transition point. Since the high dielectric
constants of liquids consisting of dipolar molecules~: are known to

be due to the rotational orientation of the molecules in the alternating
electric field used in measuring the dielectric constant, these high

- dielectric constants of dipolar molecular solids show the existence of
molecular rotation in the plastic phase.

The line shape and line width of the nuclear magnetic reson-
ance spectrum of a solid substance are critically dependent on the nature
of any molecular motion which may occur. Thus the study of the resonance
spectrum gives insight into the nature of the motion involved. Sometimes
it is also possible to correlate the onset of certain molecular motions
with the occurrence of a phase transition. The application of the NMR
technique to systems consisting of spherical or near-spherical molecules,
was first reported by Gutowsky et 5;.4’5) for six tetrasubstituted
methanes. They found that the rotation of the CH3 group around its 03
axis, more complex internal rotation, the overall molecular re-
orientation (isotropic rotation), and self-diffusion appear progressively
with increasing temperature. In all the polar materials the line becomes
very narrow at the thermal transition at which the dielectric constants
rise to a high value, marking the onset of isotropic rotation. The
work was recently further extended to the related series Si(CHB)h’
Ge(CHB)h’ Sn(CHB)h and Pb(CHB)4 by G.W. Smithé). The heavier
molecules were found to become progressively less mobile. This

phencmenon, on the basis of Pople-Karasz theory7’8), has been
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qualitatively explained by the gradual increase of'ﬁh&xnrieﬁtationalmegergy
barrier relative to that for self-diffusion as the central atom becomes
heavier.

In the present work, wide-line nuclear magnetic resonance
studies of solids of the type (CHB)B N BX3, where X = H, F, Cl
and Br, have been made to gain information about the motions of the
molecules. These compounds have high dipole moments (Table I). They
are roughly spherical in shape and the deviation from such a shape
increases gradually as X changes from hydrogen to bromine. I% was
hoped that this study would give insight into the effect of these
factors on the motional freedom in the solid state.

The results of a wide-line NMR study of the solid ammonia-

borontrifluoride complex will also be presented in this thesis.




- 110 ~

TABIE I

. 9)
Dipole Moments of (CH.’B)3 N BXB

Compounds

(CHy); N B Hy

(CHB)B N BF3

(CHB)3 N B013

(CHy)5 N BBr,

Dipcls Moments (Debye)

4.62
4.04
5.13

5.57
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CHAPTER II
THE INFLUENCE OF MOLECULAR MOTION ON

NUCLEAR MAGNETIC RESONANCE LINE SHAPES

IT-1 Nuclear Dipole-Dipole Interaction

With nuclei of spin 1/2 the dominant contribution to the broad-
ening of the resonance spectrum of solids comes from the magnetic inter-
action between nuclear dipotes. Referring to equation (3-28) of part I,
this means that those terms involving chemical shifts and indirect spin
coupling constants can be neglected and the spin Hemiltonian can be

rewritten as
-QE
H= -(2m) T 73Hgs

* % (2/ 2)n, sle1,, 1, . - (TysTgs + LyiTy;)] (2-1)
and D;5 = (2m 'lyiyj*ﬁ (1-3cosﬂeia.) Rgg (2-2)

where Rij is the distance between nuclei i and j and eij the angle
between the vector Rij and the epplied field H.
If i and j are two different nuclei, e.g. lH and 19F, it can
be shown that the Spin-exchange term, i.e. the term involving
(IXiIXj + IYiIYj) does not contribute beceuse of the different
Larmor precessional frequencies of the two nucleilo), thus this part
of the spin Hemiltonian can be Simplified to
j{: -(21) '1§i:7iIZi (H +§7Jrﬁzzj (1- 3 cos® o) Ri-?
T (2-3)
The presence of nucleus J modifies the field experienced

by nucleus i by a quantity
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H i.:ﬁlzj(l -3cos? e, ) B2 (2-4)

loc, 13~ 3 157 13
where IZj can take valueé +1/2 or -1/2 corresponding to the two
possible orientations of the nuclear dipole J in the external
magnetic field.

For the case of identical nuclei, the effect of the
spin-exchange term has to be taken into account. A quantum-
mechnical perturbation calculation, performed by Pakelo) for two
protons showed that equation (2-4) must be multiplied by a factor
3/2 to obtain the dipolar magnetic field between two identical
nuclei.

Since the summation in equation (2-1) is supposed to be
taken over all the nuclei present in the crystal, a calculation
of line shape from a knovn structure model presents, in general,

a forbidden task. However, where the nuclei are localiged in

small groups it is possible to calculate the line shape in the
following way: transition frequencies and intensities are first com-
puted as if these groups were isolated, then the effect of the field
due to the more remote nuclei is introduced by broadening the in-
dividual transitions with a suitable Gaussian function. In such a

10)

way the line shapes have been calculated for two spin-—"/, three

ll), and to a limited extent four spin-systemslz). As the

spin-
number of nuclei in the group increases the calculation becomes
extremely complicated and the result would be less rewarding since
the line structure becomes so complex as to be unresolved in detail.

Comparison between structural models and experiment is possible
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for more complicated systems by employing the second momentlB).

I1-2 Second Moment of the Resonance Line

For a normalized resonance curve described by a shape
function g(H) with maximum at H_, the nth moment M with respect to
H_1is defined as

o 00
m = | (H-H,)" g(H) dH (2-5)
- 00 .

If g(H) is symmetrical about Ho, then all odd moments
vanish. Van Vlecle) has derived expressions for the second
moment in terms of internuclear distances. For a single crystal

his result for the second moment Mé, which is just the mean-square

width of the spectrum about its center is
-6

My= 3 I(141) g% ? vt 1% (3 cos? 0 - 1)% Ry

2
2 =1

-1> 2 2 _ 132 56
+%uoN {7 Ip(Ip + 1)g,” (3 cos® 6, - 1)° R;

if
(2-6)

where I is the spin number, By is the nuclear magneton, gubI is

the nuclear magnetic moment and N is the number of resonance

nuclei in the system over which the sum is taken. The suffix

f is referred to the other species of magnetic nuclei besides those

at resonance. The first term arises from the resonant nuclei in

the sample and the second comes from their interaction with the non-

resonant spins If. It is to be noticed that the numerical coef-

ficient in (2-6) for the contribution to the second moment from pairs

of identical nuclei is 9/L times greater than that for unlike pairs.

This is merely the square of the factor 3/2 caused by the mutual

spin exchange process discussed earlier.
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Strictly speaking, N should be summed over the entire crystal.
However, since the inverse sixth power of distance enters into every
term in equation (2-6), important contributions to the sum are only
obtained from pairs of nuclei in the same unit cell or in the ad-
Jacent cells. The environment of all unit cells is therefore effectively
identical; the number N may therefore be reduced to the number of
nuclei in one unit cell, and the sum taken over all the nuclei in this
cell and their neighbours, both inside and outside the cell, Fre~
quently the symmetry of the unit cell provides twar or more nuclei with
the same environment, in this case N may be reduced still further.

For a polycrystalline sample, equation (2-6) has to be averaged

over all values of © and this gives

_3 2 2 AT b
Mé 3 I(I+1)g My N Fx Rij
+ 11% “5 N {‘_f Ip(Tp +1) g? Ri-?' (2-7)

If the nuclear positions in the crystal lattice are known, then

a straight forward calculation of the theoretical second moment.

can be made. More commonly, however, they are not well defined,
especially for protons, and estimates must be made. It is usual to
divide the second moment into intra- and inter-molecular con-
tributions. The former is calculated on the basis of reasonable
molecular bond lengths, angles and conformation. The intermolecular

contribution is estimated by comparison with known similar structures.

I1-3 Effect of Molecular Motion on the Line Width and Second Moment
In many solids constituent molecules or atomic groups undergo

. translational or rotational motion with a frequency which increases with
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temperature. Such motion modifies the interactions between nuclear
magnetic dipoles and as a result the local field experienced by any
resonant nucleus is time-variant. If this variation is sufficiently
rapid, the time average of the local field must be used in expressing
the dipolar interaction. Since this average will in general be
smaller than the steady local field for a rigid system, a narrowing
of the line width will result.

In the presence of fast molecular motion the second moment
can be calculated from Van Vleck's formula with the terms (3 COS2 eij - 1)
R;g averaged over the particular type of molecular motion. For a single
crystal containing a system of atomic groups each reorienting about

one axis only, the intra-group contribution S1 to the second moment

can be calculated by averaging the angular term only. The result islh)

_ 2./ \2.3 2 2 4 2 %
s, =Ges*e-1? 211 g il %F(eij) RS
1 2 1 2 6
T3 N %If (T +1) g F(Byp) By ] (2-8)
where  F(B) = % (3 cos® g - 1)2 (2-88))

o'is the angle between the axis of reorientation and the applied field

H, and Bij is the angle between the axis of rotation and Rij'

If the material is polycrystalline, there is an isotropic

: 2
distribution of axes of reorientation, and the factor (3 0082 6’- 1)

occurring in equation (2-8) must be replaced by its mean value of

4/5 giving
22 -1 )
sl=%I(I+1)guoN %F(ﬁij)Rij p
2 -1 2

15
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. Comparison of (2-9) with equation for a rigid structure
shows that each term in the intragroup contribution is reduced by

a factor F(B). This factor decreases from unity at B = 0° to zero at
54°44' and increases to 1/4 at g = 90°.

The effect on the intragroup second moment by simultaneous
rotations about two or more axes has been investigated by Powles and
Gutowskyk). They gave the following general formula for the average
value of the angular term

<-<3 cos® e - 1>- -:>n axes of rotation

= 1(3/2) cos® o, - 1/7 [(3/2) cose, - 1/2] ~ - -

[ (3/2) cos? 6, - 1/2] - - [ (3/2) cos‘?en - 1/2]
[ 3 cos?™) _ 1 (2-10)

The distance vector'ﬁ’between the two nuclei:con-
sidered makes an angle © with respect to the main magnetic field
H and 61, with respect to an axis of rotation which we designate
the 1st axis of rotation. ei ds" the angle: between ith and
(i - 1)th axes of rotation and G(n) the angle between magnetic
field H and the nth axis.

Calculation of inter-group and intermolecular contri-
butions to the second moment is complicated by the fact that both
angle and distance vary during the motion. Andrew and Eadesl’)
have derived expressions which can be used to estimate the inter-
molecular second moment during rotation. The essence of their

method is to average the term (3 C0s< @ - l)"R-3 over the equivalent

positions of minimum potential energy; it is supposed that the
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molecule spends on the average an equal length of time in each position.

The intramolecular second moment will be zero for isotropic
rotational motion of the molecule as a whole16’17), but as long as the
centers-of-mass remain fixed, an intermolecular contribution will
still arise. If, in addition, diffusion through the lattice occurs,
then the overall second moment tends to zero.

For ths simple case of nuclei grouped in pairs or in tri-
angles, it is also possible to calculate the change in line width and
shape caused by molecular rotationslo’ll).

It is important to consider the frequency of molecular motion
which is necessary to cause the narrowing of the resonance line. For
this purpose, it would be better to use the so-called spin-spin
relaxation time, T2, which is an alternative measure of line width.

Inn a solid, the nuclei experience a range of magnetic fields about Hloc
and, therefore, a corresponding range of Larmor frequencies AW = 7Hioc'
If all the nuclei precess initially in phase, then they will gradually
lose phase because of the differences in their precessional frequencies.
The spin-spin relaxation time T2, defined as the time required for this
dephasing to occur, is clearly in the order of lﬁdiloc. The variation
of the local fields caused by the meclecular motion interrupts the de=-
phasing process, increasing the spin-spin relaxation time and so narrow-
ing the line. In order that the molecular motion may be effective, the
local field must change before the nuclei - can lose phase by spin-spin
relaxation, and it follows, therefore,that the motion must occur at

a frequency greater than l/T2, i.e., greater than line width expressed

in frequency units.




- 118 -

The theoretical calculation of second moments has been dis-
cussed for cases where frequency of molecular motion is either very fast
or very slow compared with the line width. However, in the intermediate
region between these two extremes, the interpretation of the observed
second moment becomes extremely difficult. The root of this difficulty
lies in the fact that, theoretically, the second moment is not affected

18) have shown that a rapid

by the molecular motion. Andrew and Newing
reorientation of similar groupings of nuclei yields a spectrum consist-
ing of a central part and side bands séparated by frequencies equal

to the frequency of molecular motion. As the frequency of molecular
motion increases, the side bands move outward and decrease in intensity
so that the overall second moment remains constant. The central
portion has a second moment calculable using the modification of the
Van Vleck formula. When the molecular motion is very rapid, the
intensities of the side bands are too low to be observed experimentally.
However, when the frequency of the molecular motion is the same order
as the line width, i.e. in the region of the line width transition,

the side bands may well be strong enough to be observed. The measured
value of the second moment will depend on how far in the wings it is
possible to measure the absorption and the significance of the ob-
served second moment in this region becomes very uncertain. For this
reason, the line-width data are used exclusively in the literature

for discussions concerning the transition region.

The variation in local field can be quantitatively described

by a correlation time, 77, or by a correlation frequency‘)é = (2”2;)—1
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An equation for the dependence of the line width on the correlation
frequency of the molecular motion has been given by Bloembergen,
Purcell and Pound19). This equation was further modified by Gutowsky

and Pakelu). The modified form reads

(6% = (4% - %) (ofm)man(a(Br/2mY)] + 22 (2-11)

where §H is the line width, y is the mamgnetogyric ratio, A is
the rigid lattice line width; and B is the limiting value of the
line width above the transition. The line widths are expressed
in gauss. The correlation frequency yg can be calculated from

the expression
o = (oodn/em) (eantr/2)( (85° - 8%)/(a% - 38 )17 (2-19)

It is usuelly assumed thet the variation of correletion
frequency with the temperature is governed by en activation energy
Eo according to the equation

Ve = Y, exp (- E_/RT) (2-13)

By fitting the experimental measurements with equation
(2-12) end (2-13), an estimation of the sctivation energy (energy
barrier) for the molecular motion cen be obtained.

The factor @ in equation (2-11) and (2-12) arises from
the uncertainties in the limits of integration used in obteining
the equations and is rather ill-defined. Since o will affect )é
rather than Eo’ it can be incorporated as (alé) or set equal to unity.

In writing equation (2-11) it is implied that a single
correletion frequency, rather than a distribution, mey be used

to describe the motion. Furthermore, chenges in line shepe are
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ignored, as are the relative magnitudes of the inter- and intra-
molecular contributions to the line width. Due to these assumptions,
the results thus obtained should be carefully examined and comparisons
between activation energies should be limited only to a series of
similar compounds.

Wéugh and Fedinzo) have suggested another treatment to
determine the hindered-rotation barrier from NMR experiments. Based
on an assumed relation between Lé and Eéthqy obtained two equations

for the energy barrier.
E=1.8RT, 1in [(@/a) (kTQ/2I)l/ 2] (2-14)

and E = 37T, (cal/mole) (2-15)
where reorientation occurs about an n=-fold axis. Tcis the

temperature at which line narrowing commences; A is the Mexcess"
rigid lattice line width over the narrowed line width in radian per
second, and I is the molecular moment of inertia for the re-
orientation.. Equation (2-15) is, in fact, an. approximate form

of equation (2~14) and the results obtained differ, for the most
part, by only 104. This method is of particular value when the

B-P~P equation (2-11) gives absurd results<).
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CHAPTER III

EXPERTMENTAL

ITT-]. Nuclear Magnetic Resonace Spectrometer and its Calibration

Proton and fluorine nuclear magnetic resonance spectra were

obtained with a Varian Dual Purpose Spectrometer. A block diagram of this
spectrometer is shown in Fig. 1.

In recording the derivative trace of an absorption 1line, the
r.f. transmitter was held at a constant frequency (56.4 M Hz), while
the main magnetic field H was slowly scanned through the resonance and,
at the same time, sinusoidally modulated with a andio-frequency magnetic
field. Since the sweep~amplitude of this field modulation was purposely
chosen to be much less than the line width, the output of the r.f.
detector consisted of an audiofrequency signal with an amplitude pro-
portional to the slope of the resonance signal at the center of the
modulation. This signal was then fed through a phase-sensitve detector
and the resulting d.c. signal was recorded.

To calibrate the scan-rate of the main magnetic field as a
function of distance along the baseline of the recorder, the frequency~-
modulation technique was applied to a sample of liquid water. While the
transmitter was frequency-modulated with an audio oscillator, the re-
corded'signal éonsisted of a center peak and a series of side bands.

By measuring the spacing between a particular set of side bands in centi-
metres and by measuring exactly the modulation frequency with an electronic
counter, the scanning fieid was calibrated in gauss per cm of the chart paper.

The calibration of the sweep modulation amplitude, Wﬁ’ was performed
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for each setting by slowly scanning through the signal from a sampie
of water. Since the water-signal has a very narrow line width, the
observed line width in gauss could be taken as Hm » The sweep modulation
frequency was kept constant at 80 cps for all the experiments.

For variable temperature work a Dewar assembly shown in
Fig. 2 was used. The temperature control was achieved by passing
around the sample either heated air or tank nitrogen cooled by -liquid
nitrogen; the flow of the gas was monitored by means of a flow-meter.
Temperatures were measured with a calibrated copper/constantan thermo-
couple. For measurements at temperatures below the lower limit of the
flow system the sample tube was immersed directly in liquid nitrogen
or oxygen inside a simply designed Dewar vessel. This vessel has a
wide top-portion and a tubular bottom which fits inside the receiver

coil.

III-2 The Measurement of Line Width and Second Moment

The line width, §H, is defined as the interval between the
slope extrema of a resonance signal and corresponds to the horizontal
distance between positive and negative peaks of a derivative trace.

The distance was measured and recorded in units of gauss for each of the
resonance spectra. To reduce the line width distortion the sweep
modulation amplitudes, H_, were chosen to be 0.3 SHZL),

The experimental second moment defined by equation (2-5)
was computed directly from the derivative trace of the absorption

signal according to the equationzz)
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g' (1) (H-H_) aH
J g'(H)(H-H ) aH

(3-1)

=
i
W=
8§=—.3

where g'(H) was the intensity of the derivative curve in arbitrary
units. The denomination is introduced to normalize the resonance
curve. A Fortran IV program was written to compute the second
moment according to equation (3-1) by numerical integration.

The modulation effect was also corrected‘for according to Andrew's
form1a®), A listing of this program is given in Appendix II.

I11-3 Preparation and Purification of Materials

Sources or preparation of reagents and compounds, method
or their purification and the means of determination of their purity
are summarized in Table II.

The purified polycrystalline sample was tightly packed into

a 9 mm 0.D. sample tube and then sealed under vacuum.




, IABIE IT
Preparation and Purification of Reagents and Compounds
Supplier or Technique of Physical Properties
Compound, Preparation Purification Found Required Ref.
(CHy) o Fisher Scientific - - - -
(highest purity grade)
BF3 Matheson ( 99.0%) - - - -
(C ;) 0BF, J. T. Baker Distillation in
hitrogen - - -
atmosphere
.‘BCl3 Matheson ( 99.0%) - - -
BBr3 Alfa Inorganic - - - -
(99.9%)
(CH3)3NBH3 Matheson Colemen Vac. Sublimation M.P. o
end Bell 93-95°C ol ol
(CH3)3NBF Me N(g) + BF (g) Vac. Sublimation M.P, o
3 in3cold W7-149%¢  1h5-3u6° 25
and dried C, H I.R. 26
66
(cH )3NBCl3 Me3N(g) + BC1 (g) Recryst. from M.P. .
3 in3cold hot ethanol ho-2h5%c  2ho-pl3°c 26
and dried C_H I.R. 27
66
(cu )3NBBr3 3N(g) + BBr (l) Recryst. from M.P. 238%¢ 26
3 incold hot ethanol 236-240°C
and dried C 6H6 I.R. 28
NH3 BF3 NH3(g) + (02H5)203F3(1) Recryst. from I.R. 29
in“ecold cold water power x-ray - 30

absolute ether

- 92T -




- 127 -

CHAPTER IV

RESULTS AND DISCUSSION

IV-1 Trimethylamine Borontrifluoride

The experimental second moment and line width of proton
and fluorine resonsnces are plotted against temperature in Fig. 3
8nd Fig. 4 respectively. As the temperature is increased from 77°K,
the proton second moment decreases sherply from 18 gauss to~8 ga.uss2
at 110 K, which is followed by & slow decrease to 2.2 gauss at about
160 K. It is evident that two different but partially overlapping
transitions are involved. Over the same temperature range (77°K - léOoK)
the fluorine second moment decreases from T4 gauss2 to 3.2 gausse.
Above 160 K both the proton and fluorine second moments remain constant
up to the melting point.

The compound has been shown3l) to crystallize in a rhombo-
hedral unit cell, (space group cgv- R3m),one molecule per unit cell
and the crystallographic positions of the nuclei, except hydrogens,
have been given. There are *“wo possible orientations{for the methyl
groups within the molecule consistent with Symmetry, i.e. the plane passing
through six hydrogen atoms can be either away from or toward the center
of gravity of the molecyle. In the first orientation the distance be-
tween hydrogen atoms attached to adjacent carbon atoms is about 0.k K
less than the normel Van der Waals separation and therefore this pos-~
Sibility has been ruled outBl). With the assumption that methyl groups
adopt the second orientation, the crystallographic positions of hydrogen

0
atoms were found using & C-H bond length of 1.08A and & H-C-H bond angle
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Fig. 3 Temperature dependence of the line width and second moment
of the proton resonance in trimethylemine borontrifluoride.
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of 109°28*,

For the theoretical calculation of second moment a Fortran
IV program was written. This program consists of three independent
parts. The first part computes various contributions to the rigid-
lattice second moment from known crystallographic positions of the
nuclei; the contributions over distances greater than 73 are estimated
by an integra132’33). In the presence of various types of molecular
motion the second part can be used to compute the inter-group and inter-
molecular contributions to the second moments according to Andrew and
Eades'formulael5); the intra-group contribution can be easily computed
according to equations (2-9) and (2-10). The third part computes the
second moment for isotropic rotation16’17). A complete list of this
program is given in Appendix IIIL.

With this program the various contributions to the proton
and fluorine second moments of (CHB)B N BF3, in the presence of dif-
ferent molecular motions were calculated and the results are listed
in Table III.

The theoretical values for the molecular motion where both
the - BF3 and --CH3 groups rotate about their three-fold axes and Ehe}NMe3
group rotates about the B-N bond, are 2.5 gau532 and 3.4 gaussz.for
proton and fluorine respectively. This is in good agreement with the
experimental second moments above 160°K, 2,2 gau352 (lH) and 3.2 gau532
(lgF), therefore, it is concluded that this type of rotational motion
occurs between the melting point and 150°K in the solid (CH3)3N BF3-
The reorientation process of -NMe3 and - 5 groups at room temperature

probably involves a jump mechanism as no evidence for the rotational




TABLE $IT
Calculated Second Moments (gaussz) for (CHB)B N BEB
Cﬁg NMe;* BE; Intramolecular Intermolecular Total
Intra~group Inter~group Total < 7X > 7X
S S 3 22,50 3.42 25.92 5.96 0.085 32,1
R 5 S 5.63 1.78 741 3.13 10.7
lH R S R 5.63 1.67 7.29 2.89 10.4
R R s 0.90 0.41 1.31 1.27 2.6 o
R R R 0.90 0.40 1.30 1.18 2,5 E?
Isotropic 1.
S S S 5.00 16.93 21.93 3.92 0.076 2.9
R S S 5.00 .21 16.21 2,59 18.9
PR s g 1.25 1.73 2.98 1.64 b7
R R S 5.00 10.27 15.26 1.53 16.9
R R R 1.25 1.14 2.39 1.05 3.4
Isotropic 0.7
* - e Stationary

Rew-waeaod Rotating
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motions of these groups has been observed by the x-ray studyBl).

The comparison between the experimental and theoretical
moments further reveals the nature of the two partially overlapping
transitions observed below 160°K; the high temperature transition cor-
responds to the reorientation of -NMIe3 group and the low temperature
transition involves the methyl group rotation. The latter is not complete
even at 77°K. In the neighbourhood of 77°K the rotational motion of —BF3
starts to slow down as evidenced from the sharp upward trend in the
fluorine second moment.

When this work was in progress, Dunell et gl.Bh) reported the
results of a wide-line study on this complex. In general, their experi-
mental data and conclusion are in agreement with the present studies.
However, from the data presented in Fig. 3 and 4, no evidence can be found
for the premelting plienomenon which has been observed at 390°K by
Dunell ot al.>*) with both the NMR and DSC (differentisl scanning
calorimetry) techniques. A DSC study by this author also failed to detect

a phase transition below the melting point.

V-2 Trimethylamine Borontrichloride and Trimethylamine Borontribromide

The temperature dependence of thplproton second moment and line
width of the trimethylamine complexeé with borontrichloride and borontri-
bromide are shown in Fig. 5 and Fig. 6 respectively. Fig. 7 shows typical
derivative tfaces of proton resonance spectra of (CHB)B N BClB.

The behaviour of the second moment, line width and also line
shape with temperature is remarkably similar for these two complexes. As
the temperature is increased from 77°K the second moments first decrease

rapidly and then level off at a value of ~7.6 gaussz; at still higher
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Fig. 5 Temperature dependence of the line width eand second moment of the proton resonance in
trimethylamine borontrichloride. Line width dependences were obtained from the ag-

sumed values for rigid lattice line width: 21l.5 gauss (curve A),
20.0 gauss (curve C) and 19.5 gauss (curve D) (see Table VII).
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temperature, around 210°K for (CH’B)3 N 3013 and 230°K for (CHB)B N BBrB,
‘there appears a second transition which gradually reduces the proton
second moment to 1.25 gaussz. The second moment then remains at this
value for both compounds up to ~ 200°C. At just below 200°C the white
solid samples became slightly darkened under prolonged heating in the
NMR probe and measurements at higher temperature were, therefore, not
attempted.

Since the detailed crystal structures of these two compounds
have not been reported, the theoretical second moments were estimated
based on the values for borontrifluoride complex. The results are
compared with experimental values in Table IV.

The experimental second moments at high temperatures,

1.25 gaussz, lies between the estimated values for the isotropic rotation,
0.7 gaussz, and the simultaneous rotation of -CH3 group about its 03

axis and B-N bond, 1.8 gaussz. However, in view of the conclusions drawn
for the borontrifluoride complex, it is reasonable to suggest that the
letter motion is actually responsible for the observed low second moments.
The discrepancy between the experimental and estimated values is ascribed
partly to the difference between the actual and assumed molecular geometry,
and partly to the approximate method used in the estimation of inter-group
contribution (see discussion below).

The second moment plateau between 100°K and 200°K corresponds
to the methyl group reorientation around its C3 axis. The fact that the
experimental second moments, 7.6'gaussz, is less than the theoretical value
could be attributed to two different factors. (1) In the calculation of

the contribution to the second moment from the interaction between two
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TABLE IV

2
Calculated and Observed Second Moments (gauss”™)

for (CH3)3 N BCl3 and (CH3)3 N BBr

3
Observed Second
% * Calculated Moment for
CH3 NM'e3 Second Moment (CHB)B N Bc;3
S S 30.2 26.2
(77°K)
R S 9.52 7.7
(140°-200°K)
R R 1.8 1.25
(>280°K)
Isotropic 0.7
*
Sm oo m - Stationary

Reem e Rotating

Observed Second
Moment for
(CH3 )3 N BBr3

25.5
(77°K)

7.5
(130°-220°K)

1.25
(>300°kx)
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rotating methyl groups, the Andrew and Eades formulae were used and

the average was taken over the assumed 32 = 9 equilibrium positions with
minimum potential energy. However, these positions were assumed mainly
on the basis of crystal symmetry. In the case of methyl group re-
orientation, it is obvious that the preferred orientation of a particular
methyl group at a particular instant will depend on the orientation of
the neighbouring groups at that time. Therefore the rotations of the
different methyl groups are correlated. It is possible that the cor-
relation is such as to prevent the protons on neighbouring groups
occupying some of the immediately adjacent sitesBa); this in turn
reduces the observed second moments. A comparison with the experimental

and theoretical results for similar compounds : (CH ) C (N02)24),

(CH ) c cmozl’) (CH Hy) a 6) etc., indicates the calculated values
for -CHB rotation in (CH ) N BF 3 (CH ) N BCl3 and (CH ) N BBr3

are probably too high by~1 gaussz. (2) The existence of additional
molecular motions could lead to the reduction of the experimental second
moment. Most likely this motion would be a torsional oscillation of the
NMe3 group about the B-N bond. Based on Fig. 10 in Ref. 36 an angle
of oscillation of 15° to 20° should cause a sufficient reduction in
intra- and ihter—molecular second moment to produce agreement with
experiment.

The transition below 100°K involves the on-set of methyl
group reorientation. The proton resonance spectrum at 77°K shows a
structure similar to that of g stationary three-spin system. However,
the transition may not be complete at 77°K as the difference between

the observed second moments (.26 gaussz) and estimated rigid lattice
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. values (30 gaussz) is larger than the expected limits of error.

IV-3 Trimethylamine Borane

The proton second moment and line width of this complex are
plotted against temperature in Fig. 8. Their- behaviour below room tempera-
ture is similar to those of the other three complexes. However, at 325°k,
the second moment and line width decrease steadily with increasing tempera-
ture until 358°K. There is no apparent change at 350°K where a thermal
transition has been observed by Douslin et g;.37). At 358°K there is an
abrupt increase in line width and second moment. The latter changes from

2. This is a rather unusual behaviour and similar

1.8 gauss2 to 2.7 gauss
phenomena have only been reported 4fer:cyclopentane38) octamethylcyclo-
tetrasiloxane and hexamethylcyclotrisiloxane39).

In Fig. 9 are shown derivative curves of proton resonance
absorption at several selected temperatures.

It has been shown from thermal measurements that three different
solid phases exist .for: this complex37). Unit cell dimensions and the space

group of the room temperature phase have been determined by an x-ray dif-

fraction studyho). Partial molecular structurs data have also been obtained
A1)

by Baue froh a gas-phase electron diffraction experiment. The theoreti-
cal second moment was calculated, using the program described before, based
on a molecular structure with the following bond distances and bond angles:
c-N = 1.53%1), n-p = 1.6, By = 119442, cn = 1.09 <HBH = 113 42),
<BNC = 105° 31),<:HCH = 109°28'. The values for B-H bond distance and

<BHB were taken from the reported structure of a similar complex BH3 COAZ).

The results are listed in Table V. For comparison, the experimental second
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Fig. 9 Derivative traces of the proton resonance in

(CH3)3N BH3.
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TABLE V
Calculated and Observed Second Moments (gaussz)

for (CH’B)3 N BH

3
Calculated Observed
s 3 #* Second Second
CH BH NMe Moment Moment
3 3 3
S S S 37.0 35.2
(77°K)
R S S 19.3
R R S 11.8 8.5
(120°K)
R S R 12,2 8.5
(120°K)
R R R 4.0 3.0
(220°-320°k)
Isotropic 1.4
*
R Stationary
Rewemem = Rotating
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moments below the room temperature are also included in the same table.

It is evident that the lattice is almost rigid at 77°K. From
200°K to room temperature the observed value, 3.1 gaussg, is compatible
with the case that the -CH3 and the -BH3 groups rotate about their C3
axes and -NMe3‘rotates about B-N bond. The second moment value, ~8.5
gauss2, at 110°k may be interpreted as corresponding to one of two possible
molecular rotations: 1. rotation of both the -CH and -BH, groups about

3 3
their C3 axes, 2. simultaneous rotation of the -CHé group around its C

3
axis and the B-N bond but with the -BH3 group stationary. Based on the
results for the other three complexes the first interpretation is preferred.
In view of the discrepancy between the experimental second moment (8.5
gaussg) end the calculated value (12 gaussz), the torsional oscillation
of the -NMe3 group about the B-N bond, suggested for (CH3)3N BCl3 and
(CH3)3N BBr3, probably occurs in this compound as well.

The decrease in the second moment with increase in temperature
above 320°K cen be explained by the gradual onset of isotropic rotational
motion. An elternative interpretation of this line narrowing in terms of
the "wobbling" of the B-N axis about its equilibrium position, would
require an angle of 30° or moreu3) to account for the observed reduction
in the second moment. Such a motion, although it occurs about a pre~
ferred axis, represents a mode of attack upon the barrier to isotropic
rotation.

Another possible moleculer motion would be diffusion through
the crystal lattice. This brocess reduces intermolecular dipole-dipole

coupling, but leaves the intramolecular coupling unchanged; the situation

is similar to that observed in the 1iquid crystal phase. However, as
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pointed out in the introduction, the liquid crystal phase can only
occur for rod-like molecules; the presence of a diffusion process
without orientation disorder is considered as less likely for the
spherical (CHB)B N BHB'

At the present time, no satisfactory explanation can be
proposed for the abrupt increase of the second moment and the line
width observed at 358°K (+2°K). However, since this occurs at the
temperature at which the thermal transition I has been observed37), it is
possible that the change of crystal structure during this transition may

play an important role in causing this unusual behaviour.

IV-4 Comparison of NMR and Thermal Data on (CH3)3 N BH3

A complete thermal study of solid trimethylamine-borane was
made by Douslin gg,g;.37) They measured the heat capacity from 11°K
to the melting point, determined the various thermodynamic functions
and showed that two solid-solid phase transitions occurred in this
compound. For the convenience of later discussion the heat capacities,
as a function of temperature, are reproduced in Fig. 8. The transition
temperatures, enthalpies and entropies are listed in Table VI.

It is well known that NMR is sensitive to a much lower fre-
quency (th - 10° cps) as compared with the thermodynamic properties

(20tL _ 1012

10™° cps). However, thermodynamics is also sensitive to the
appearance of orientational disorder, whatever its rate. As a conse-
quence, the onset of a reorientation process among several “"thermo-
dynamically" indistinguishable orientations does not contribute appre-

ciably to the thermodynamic functions; while a similar process




TABLE VI

Transition Temperatures,Enthalpies and Entropies in Solid Trimethylamine Bora.nejé)

Transition  Transition Temperature A H(cal/mole) A S(e.u.)
II 350.1 605.9 + 1.1 1.73
I 360.4 1419.5 + 1.5 3.94
Melting 368.7 1182.4 + 0.8 3.21
Total 8.88

- g-'-(‘[..
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among several distinguishable orientations, such as the isotropic
rotation of (CHB)B N BHB’ increases the disordering and, therefore, the
entropy of the system. Based on these arguments, Darmon and Brctéo) con-
cluded that a thermal transition is, in principle, necessary to liberate
the reorientation process if the molecule has lower symmetry than that
of its allowed orientations. According to their theory, Darmon and Brotéo)
successfully classified the known thermal and NMR data of many compounds,
including those of t-butylchloride and t-butylbromide., This theory has a
"all or nothing" nature as it is assumed that the crystal can only exist
in either a perfectly ordered or in a completely disordered state.

The x~-ray diffraction experiments on (CH3)3 N BH3 showed
that in the room temperature phase nitrogen and boron atoms lie on the
three threefold axis of the rhombohedral unit cellho). Between 11°K
and 320°K the heat-capacity measurements did not reveal any thermal
transition37? These experimental results indicate that the room temperature
phase is essentially an ordered state. To interpret the observed line
narrowing above 320°K by an isotropic rotation means that a reorientation
among distinguishable positions occurs without a preceding thermal transition.
To reconcile the basic nature of the thermodynamic functionswith the NMR
results it is necessary to discard the "all or nothing" model and, instead,
to suppose a progressive, co-operative establishment of the disorder. It
is interesting to note that at the neighbourhood of 210°K an upward trend
in the heat-capacity curve (Fig. 8) can be noticed; since the contribution
of the rather slow isotropic rotation (104 - 10° cps) to the thermodynamic
functions is negligible, the abnormal increase of the heat capacity is at

least compatible with a progressive establishment of the disorder. The
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entropy increase for trensition IT is 1.73 e.u. This value, even corrected
for the high heat capacities below the transition temperature is still
much smaller then the minimum requirement, 2.78 e.u. &R 1nk), needed
for achieving & completely disordered state. A certain degree of
ordering persists even in phage IT..

The low entropy of melting, 3.21le.u. - & value typicael of
& plastic crystel, indicates that orientational disorder exists in the

crystal phase I of (CH N BH On account of the high experimental
3’3 P

3.
second moment in this phase, the isotropic reorientation process, if it
occurs, should not be fast enough to effect the NMR spectrum. Usually,
in the plastic phase, both isotropic rotational motion and self-diffusion

W)

are found by NMR techniques The only exception known to the author

b5)

is the plastic phase of perfluorocyclohexane > in which neither isotropic
rotetion nor self-diffusion can be detected immediately above the trensition.
The present study of solid (CH3)3 N BH3 provides & second example of this

L6)

kind. 1In his dielectric studies of "rotator" phase, Beker and Smyth

p)

also observed & long relaxation time of 10'“ - 10™7 sec for the rota-
tional process in (CH3)3 CI as compared with 1072 gec in (CH3)3 CC1l and

he attributed this to the greater asymmetry of the t-butyl iodide molecule.
At the present time, the author is unable to suggest a satisfactory ex-
plenetion &s to why trimethylamine borane and perfluorocyclohexane behave
differently from other systems. Certeinly a careful crystal structure study
of phase I and phase IT of this complex will be helpful in answering this

question and possibly would provide ean explanation for the observed sudden

increase in both the second moment and line width at thermel transition I.
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IV-5 Barriers to the Rotation in Trimethylamine -Borontrihalide Complexes

The line widthdata in Fig. 3, Fig. 5, Fig. 6 and Fig. 8 were
used to calculate the rotational barrier, Eo’ and Pg with the modified
B-P-P equation (2-12) and the Waugh and Fedin equation (2-15). The
results are listed in Table VII and VIIT respectively.

The limiting line width for stationary -CH3 groups required in
the B-P-P treatment was first estimated from the experimental values of

,©H3)3N35)

, (CH3)3CCl and (CH3)3CBrh) and. computations were subsequently
carried out with the varietion of this value within a reasonable limit.
A similar procedure was used to treat the rotations about the B-N bond

in (CH NBH3 and (CH3)3N BF,. 1In the transition region, the theoretical

3)3 3
line widths from B-P-P treatment were plotted against temperature in
Fig. 3, Fig. 5, Fig. 6 and Fig. 8.

For the -CH3 rotation the numerical values of the energy
barriers obtained with two trestments differ by 30% - L0%. At the present
time, it is not possible to Judge which set is more dependable, although
equation (2-15) results in a better agreement with energy barriers for
the similar motion in neopentane and t-butyl chloride (see Table IX).
However, both sets of values show that the barrier is essentially the same
for all four complexes. Since all of them contain the same group -NME3,
and the barrier to --CH3 rotation will generally be dependent on the
immediate environment of the methyl grouph7’u8’h9); this result is expected.

In Table IX energy barriers for methyl group reorientation in
this series are compared with those in several related compounds. With
the kmown values of bond length and bond angle for (CH3)3N BF_ the

3
distance between the methyl groups was calculated to be the same as in




Energy Barriers (E

Compounds

-CH3 rotation

-NMeB rotation

Line width

below transition

(gauss)

2.0-22,0

~20.0
19.5-21.0
19 . 25-20 . 75

5.4-5.8

5.4=5.7
5.5
5.25

* Estimated Values

**

Including rotations of both the -CH3 group and -BH

about their axes.

TABLE VII

Line width
above transition
(gauss)

5.‘}"508

~5.6
5.5
5.25

4.3
3.75
2.7

2.5

) and Frequency Factors (a}g) From B-P-P Treatment

E

(Kcal}Mole)

1.7-2.3

~lo7
l. 6"’10 9
1.7-2.0

1.9-2,2
1l.6-1.8
10.8

7.7

3 group

Yo

(Sec-l)

2,0%10°-5.1x10

~1.0x101°
4. 7x108-2.0%107
8.6x10%-3, 7x10?

1.9x107-3, 2x107

3.2x107-6.7x107
6.3x10M4
7.9x10%°

10

]
=
O

]
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TABLE VIII

Energy Barriers (Eo) and Frequency Factors ( )/o ) fram the

Waugh and Fedin Treatment

Compounds T,
—CH3 Rotation
#
~BH, T7°K
~BF, ~67°K
~BCl, 75°K
—BBrB 75°K

-NMeB Rotation

-BH3 130°K
--BF3 110°K
-BCl3 25°K
-BBrB 235°K

A
(sec™1)

6.3x10%
~5.3x10*
6. 2x10%
6.3x10*

W

4.3x10

W

6.4x10
1.2x10

=

1.2x10

E
o
(Kcal/Mole)

2.8
~2.5
2.8

2.8

4.8
4.1
8.0
8.7

), (sec™)
5. 8x1012
~7.4x10T

8.9x10%
12

2
2

9.1x10

5.7x10
7.9x101
1.6x10%

1.5x10%-2

* Including rotations.dfboth the -CH3 group and - 5 group

about their axes.
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TABLE IX

Barriers to the Methyl Group Reorientation

Compounds
(CHB)B N BH,
(CHy), N BF
(CH3)3 N 9013
(c33)3 N BB;3
(CHB)AC
(CHB)ASi
(CHB) 1,5¢
(CHB) ASn

( cH3 )P
(ciy)4C01
(cHy) ,Ce1,

E
(Kcal?Mole)

2.0 (B~P-P)
2.8 (W~F)

1.7 (B-P-P)
.5 (W-F)

2
1.
2

Methods
Line width

Line width
Line width
Line width

Tl measurement
Calorimetric
measurement
Tl measurement
Tl measurement
Tl measurement

T

T] measurement

measurement

Lit,
This work

This work

This work

This work

(5)(6)
(47)

(6)
(6)
(6)
(5)
(5)
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-]
neopentane, i.e. 1.50A, It is rather interesting to note that the same
agreement is observed between energy barriers calculated by the Waugh
and Fedin equation (2-15) and observed in (CH3)hC. This result supports the

h7’h5’u9’6)about the importence of methyl group separation in

opinion
determining the energy barriers to methyl reorientation.

For rotations of the -NM.e3 group around the B-N bond, the
energy barriers from the two different treatments show a large dis-
crepency. Judging from the magnitude of both E_and )g, the values in
Table VIII seem to be more reaslistic. From values in either of the two
tables, it can be concluded thaf rotational motion of the -NMe3 group
is less hindered in (CH3)N BH

and (CH3)3N BF., than in (CH3)3N BC1

3 3 3
and (CH3)3N BBr,. This trend is consistent with the spetial molecular

3
models as shown in Fig. 10.

The two low temperature transitions in —BH3 and —BF3 complexes
appear in immediate succession; the similar situation has been observed
in t-butylchloride and t-butylbromideh). These facts suggest that in
these compounds the rotational motion of the -CH3 group facilitates

the reorientation process of the -NMe_ group and thus the two different

3
motions are closely coupled to each other.

In order to investigate the effect of electrostatic energy on
the isotropic rotational freedom in these complexes, a calculation based
on & model of point dipoles was made on (CH3)3N BH3. The interaction
energy of & central molecule with all its neighbours was computed for
& series of varying cut-off distances. The energies (in Kcal/mole) are

plotted against the cut-off distence in Fig. 11, vwhich clearly shows the

convergence properties of this calculation. Surprisingly;the total energy
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.(CH3)3N 13013 (CH3)31\T BBr

3

Fig. 10 Molecular models for the

complexes (CH3) o BX3
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-155 -

is positive,~0.16 Kcal/mole, and if the result were correct the
structure‘as détermined by x-ray crystallography would be unstable.
Since the distance between the nearest neighbours is obviously compar-
able to the molecular dimensions, the validity of the point-dipole
approximation is suspected to be the cause of this absurd result. An
analysis of the calculation immediately reveals that the interaction
with the 14 nearest neighbours (with distances less than 9i) is, in
fact, critically dependent on the assumed dimension of the molecular
dipole. If the dimension of the dipole is taken to be 2K, the inter-
action energy with 14 nearest neighbours will be -0.16 Kcal/mole and
the total dipolar interaction energy becomes negative.

Although no definite conclusion can be obtained from the
calculation, a comparison of the experimental results of this series
with that of the similar carbon containing compounds suggests that the
tendenqy to align the relatively high dipole moments of the complexes
is an important factor affecting the hindrance of the isotropic
rotational motion. Those molecular motions which have little or no
effects upon the alignment of the molecular dipoles, such as rotations
of -CH3 groups and —NM.e3 groups, are observed in comparable‘temperature
rangeé for the boron-nitrogen complexes and their carbon anologuesh):
such aé neopentane.. (#=0), t-butylchloride (u=2;lh5o)) and t-butyl-
bromide (u=2.1751)); while the isotropic rotation can be detected in
only one of the four complexes studied and at a much higher temperature
than thoée of the hydroebarbonshtSz). However, in relation to the effect

of dipoie moments, it should be pointed out that the electrostatic energy .

of a system, as shown by the calculation described earlier, depends upon
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the details of the charge distribution in the molecule.

The distances between the central nitrogen atom and the
Van der Waals surfaces of the substituents are given in Table X.
Following the suggestion by Smythsz) the ratio of the two distances,
N-BXB/N-CH3, is taken as a measure of the asymmetry of the molecular
shape. The fact that the isotropic rotation or similar motion occurs
only in (CHB)B N BH3 but not in other three complexes demonstrates
the importance of the molecular shape in determining the orientation
freedom of the molecule in the solid state. Fremrdilelectric studies
on several halogenated hydrocarbons, Smythsz) concluded that the
isotropic rotation ceases where the ratio of two C-X values is
greater than 1.20; this is in rough agreement with the trend ob-

served in this series.

IV-6 Molecular Motion in NHB-BE3

The variations in line width and second moment of the lH
and 19F resonances with temperature are shown in Fig. 12 and Fig. 13.
Both the fluorine second moment and line width show a quite sharp
transition centred at 200°K. Over the same temperature range there
is a similar but much smaller change in the proton values.

With the computer program described before, the theoretical
proton and fluorine second moments were computed for various cases
based on the crystal structure reported by Hoard, Geller and Cashinsh).
The results are compared with experimental values in Table XI.

The experimental second moments at 77°K, 11.0 gauss2 and 20.4

2
gauss  for 1H and 19F respectively, are in good agreement with the
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TABLE X

The Estimated Dimensions of N~GH, and N~EX,

Groups in (CH3)3 N B}{3 Complexes

N-Cﬂ3 N-BH3 N-EF N-BC1 N-BBr

3 3 3
R(A)  3.53 3.98 4.2 5.21 5.52
-y 112 1.20 1.47 1.56

NeCH>

* Calculated according to the bond lengths data and
Van der Waals radii given in Ref. (53).
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TABLE XTI
Calculated and Observed Second Moments

(gaussz) of NH,BF

373
% * Calculated Observed
l\IH3 BF3 Second Moments' , Second Moments
lH 19F II.H 19F
S S 38.2 22.3
s R 11.9 20.6 11.0 2.4
(77°K)  (77°K)
R R 10.7 5.3 8.9 L.6

(+300°K) (~300°K)

* S womeow- Stationary
Rememm Rotating
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theoretical values for a rotating NH3 group and stationary BF3 group.
Above the transition, the second moments reduce to values in agreement
with a molecular motion involving the reorientation of both groups
around their 03 axis. Therefore, the transition centered at 200°K

is associated with the onset of BF3 group reorientation.

It is interesting to note that the observed proton second
moments, both below and above the transition, are smaller than the
calculated values. The crystallographic positions of the protons were
not obtained by Hoard, Geller and Cashinsb). These authors included
contributions based on an N-H distance of 1.023 and an HNH angle of
107° which seemed "in general to improve slightly the agreement with

observed amplitudes". The basis of these assumed values were from an

earlier structure for CH,NH BF 55), where the N-H distance was assumed

37273
to be 0.0lK longer than in NHB' There appear to be very few measured
(N-H) distances for a four co-ordinate nitrogen atom56). From a line

shape analysis of the proton resonance in CDBﬁHBCl at 77°K a value of
l.OBSX has been obtained by Tsau57). Using this value for the N-H
distance in NHBBFB’ analysis of the experimental second moment leads
to an HNH angle of 104°.

The fluorine line width data in the transition region has
been used to obtain the energy barrier tc rotation with the modified
B-P-P equation (2-12). This yields wvalues of Eo = 7.0 Kcal/mole and
a)é = 2.3XlO13 sec_l for the reorientation of the BF3 group.

Several years ago, the proton and fluorine nuclear magnetic

resonance spectra of this: complex: : were studied at several selected



- 162 -

temperatures by Leane and Richardsss). However, the second moments re-
19 ° 2 lH 2 ..
ported for “’F at 95°K, 25 gauss®, and for at 293°K, 11 gauss“, dis-
agree with our values. At the present time, it is difficult to explain
the discrepancy. When this work was in progress, Dunell et g;.Bh), Ragle
and th59), separately reported that similar disagreements with the values
reported by Leane and Richards were found in their recent wide-line NMR

studies of NHBBF3 complex.
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE
PART I

The anisotropies of ;Sf chemical shifts have been measured

for a series of substituted fluorobenzenes dissolved in a nematic
1liquid crystal solvent. The values obtained do not agree with those
calculated from the Karplus and Das theory. For meta- and para-
substituted derivatives the changes in the fluorine shift anisotropies,
relative to fluorobenzene, have been correlated with Taft's inductive
and resonance parameters. It has been concluded that the fluorine
nucleus in these molecules is most shielded when the applied field is
perpendicular to the molecular plane and least when the applied field
is parallel to the plane and perpendicular to the C-F bond. This result
disagrees, both in sign and magnitude, with that of the molecular beam
magnetic resonance determination.

It has been shown that the presence of ortho-fluorine sub-
stituents effectsthe fluorine shielding perpendicular to the molecular
plane to a greater extent than the shielding parallel to the plane.
This result is in contrast with the suggestion that the Yortho~-effect®
is due to the reduction of the double bond character of the carbon-
fluorine bond caused by the steric hindrance between the neighbouring
fluorine atoms.

For para-substituted fluorobenzenes quite precise analytical
expressions have been obtained for all the observed transition energies
and intensities with a first order perturbation treatment.

The absolute signs of the indirect coupling constants in
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l,3,5—trifluorobenzane, 3,5-dif1uoroben2ene, ortho-difluorobenzene,
meta=-difluorobenzene and para~difluorobenzene have been determined. The
results confirm predictions regarding the sign and magnitude of J??ta.
The relative molecular geometry obtained for 1,3,5-trifluoro-
benzene agrees with the electron diffraction data. It has been found
that in all the difluorobenzenes, the hydrogen atoms ortho to fluorine

are displaced toward the fluorine atom.

PART II

Wide-line proton and fluorine nﬁclear magnetic resonance studies
were made on (CHB)B N BHB’ (CH’B)3 N BF,, (CHB)B N BCl3 and (CHB)B N BBr‘3
Below the room temperature the behaviour of proton resonances with
temperature is more or less similar for all four complexes. The narrow—
ing of the absorption lines in the neighbourhood of 77°K is attributed
to the increasing rate of motion of the -CH3 groups about their C3 axis.
At higher temperatures, a composite motion occurs which involves both the
rotation of the ~CH

3
molecular three-fold symnetry axis, the B-N bond. Barriers for methyl

groups about their 03 axis and the rotation about the

group reorientation are essentially constant in the series but for the
rotation about the B-N bond much greater energies are required in
(CHB)B N BC‘l3 and (CH3)3 N BBr3 than in (CH’B)3 N BH3 and (CHB)B N BFB'
In the complex (CH3)3 N BF3 the BEB group reorients about
its C3 axis over the entire temperature range.
Above room temperature there are indications of isotropic

rotation in solid (CH3)3 N BH,, however, no similar motion could be

3
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detected in (CH3)3 N BEB below the melting point, and in (CHB)BN‘?BG';3
and (CH’B)3 N BBr3 below 470°K. This phenomenon is attributed to the
decrease of the "symmetry" of the molecular shape, as the hydrogen atoms
are replaced by much larger halogen atoms.

A gimilar study on the ammonia-borontrifluoride complex showed
that the - 5 group reorientation occurs at temperatures as low as 77°K.

Rotation of the -BE3 group commences at 200°K.
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THIS PROGRAM WAS WRITTEN FOR SIMULATING THE NMR SPECTRUM OF
ORTENTED MOLECULESe IT ACCEPTS THE VALUES OF INDIRECT SPIN
COUPLING CONSTANTS, FSEUDC-DIPOLE COUPLING CONSTANTS AND CHEMICAL
SHIFTS, ATOMIC POSITIONS IN A MOLECULAR FIXED COORDINATE SYSTEM,
AND THE MOTIONAL CONSTANTS AS INPUT. CEPENDING CON THE CHOICE OF
THE USER, THE OUTPUT OF THE PROGRAM MAY CONSIST OF (A) A LIST CF
TRANSITICN FREQUENCIES AND RELATIVE INTENSITIES, (B) A PLGY CF
THE CALCULATED SPECTRUM AND (C) BOTH LIST AND PLOT,

TITLE-TITLE OF THE WFOLE SYSTEWN,

NSYTEM=-NOe OF SYSTEM TC BF ADDED TCGETHER,

MODE-OUTPUT INCICATOR (=1 PRINT ONLY, =2 PLOT ONLY, =3 PRINT AND
PLCT). .

STITLE-TITLE COF THE SUBSYSTEM,

SPWGHT=-SPECTRUN WEIGHT OF THE SUBSYSTEV,

IZ-NUMBERING OF THE SUBSYSTEM (=19243y-=-),

NUCLEI-TOTAL NCe NF NJCLET,

NUCLEA-TOTAL NCe OF NUCLEI OF TYPE A (FOR EXAMPLE HYDROGEN),
NUCLEM=-TOTAL NCe OF NUCLEI OF TYPE B (FOR EXAMPLE FLUGORINE),
IFANY-NOe. OF EXTRA NUCLEI (% CR 1)(FCR EXAMPLE C(13)),

NGEFM-NO., OF DIFFERENT GECMETRICAL FCRM,

MODP-OUTPUT INCICATOR CCNCERNING A ANC M (=1 GIVING LIST GR PLOT
FOR A AND M TOGETHER, =2 GIVING LIST OR PLOT FOR A AND M
SEPARATELY ),

I-NUMBERING SEQUENCE OF NUCLEI.

NATO(I)~ATOMIC NCe OF NUCLEUS I.

CS(1)=-CHEMICAL SHIFT(CPS) CF NUCLELS 1.

XMAG (T )-NUCLEAR MAGNETIC MOMENT OF NUCLEUS Ie
CUP(IO,IP)~INDIRECT COUPLING CONSTANT EETWEEN NUCLEI 10 AND 1IP,
PCUP(I0,IP)-PSEUDO-DIPOLE COUPLING CONSTANT BETWEEN NUCLEI IC AND
Ir,

XACL)yYA(L) AND ZA(L)-CGORCINATES OF THE NUCLEUS L.

€1,C2,C3,C4 AND C5-MOTIONAL CONSTANTS,

WICTH-WIDTH CF TFE LINES TC BE PLOTTED.

HE IGHT-MAXIMUM HEIGHT QF THE PLOTTING.

NPLGT-NOs OF PLOTS TC BE MADE.

IPBEN=-INDEX FOR STARTING POINT OF THE FLCT (=0 STARTING PCINT
CHOSEN BY THE USER, =1 STARTING PCINT CETERMINED BY THE PRCGRAM),
IPEND-INDEX FOR END FOINT OF THE PLCT (=2 ENC POINT CHOSEN BY THE
USERy =1 END PCINT DETERMINEC RY THE PRCGRAM),

START-FREQUENCY CF STARTING PQINT GF THE PLOT

ENC-FREQUENCY OF END PCINT OF THE PLCT.

ODIMENSION TITLE(18),STITLE(15),LIN(2)

COMMQON CS(IW)vCUP(nglﬁ)oDCUP(l“yl?)9PCCUP(1ﬁp10)9BB(25925),C(25,
125)yS(25925):NEG(256).FREQ(lfCQ)yAMP(IOCOJvlFANY:KORDER(ZS)v
2 LINE.LINEA,LIhEB,MCDE,MODPvNUCLEIvNUCLEAyNUCLEMp NUCM1,NUCM2,
3 NGEFM,ySPWGHT y STATE,CHEMST yCHEN

1 REAC(5,1™92)TITLE

WRITE(E&,1Nn2]))
WRITE(6,1M)3)TITLE
REAC(Sy17C4)NSYTEM,MCDE
LINEA=D

LINEB=2

LINE=0

DO 2 IBC=1,NSYTEM
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oV w

-~

-
N VO

100

999
1001
Lon2
1nC3
160
rras
1006
1907
1908

17909
111"
1011

11

REAC(5410P5)STITLE,,SPWGHT 412
WRITE(€Ey1U06)1ZySTITLE,SPWGHT '
REAC(S;IOF7)NUCLEI1NLCLEA;NUCLEMvIFAAY;NGEFM.MODP
ITEST=C

NUCM2=NUCLEI+IFANY

NUCM1=NUCM2-1

SPHGHT =100 *SPWGHT/ 2 o %X *NUCM2
WRITE(E910CBINUCLEI 9 NUCLEA yNUCLEM, IFANY
IF(MCDP=-2)5,3,5

REAC(S59y1211)CHEMST,CFHEWM

CALL BINPUT

STATE=1.

IFANY1=1FANY+1

DO 12 IAB=1,IFANY1

CALCULATION OF THE EIGENVALUES AND EIGENVECTORS,
CALL DIAMAT( ITEST)

IF(ITEST- 69)7,999,7

CALCULATION OF TRANSITICN FREQUENCIES AND INTENSITIES,
CALL CALFRE( ITEST)

IFCITEST- 100)12,10n0C,12

STATE=-1,

CONTINUE

LIN(1)=LINE

LIN(Z2)=LINEB+509

MIN=1

CALL PLCTON

DO 12 IAC=1,MODP

MAX=LIN(IAC)

PRINT LINE FREQUENCIES AND INTENSITIES.

CALL PRINT( MIN,MAX,IAC)

GO 7O (17,8,8),MCDE

CALL APLT(MIN,MAX)

MIN=NIN+509

PLCTTING THE SIMULATING SPECTRUM.

CALL PLOT(DaDye0,956)

GO T0 1

WRITE(£,1009)

GO 70 11

WRITE(¢,1019)

FORMAT (1H1,4CX 2 THANALYSIS OF NMR SPECTRUM OF)
FORMAT (18A4)

FORMAT (1H ,40X,18A4)

FORMAT(215)

FORMAT(15A44F1Ca4,12)
FDRMAT(IHO953X76HSYSTEM,I2/1”Xv15A6y16hSFECTRUM WEIGHT=,2PFG42)
FORMAT (615}

FCRMAT (19X 420 HTOTAL NG GF NUCLEI=,12,2CXy15HSCLVE AS AB=---(,12,

llH)yéHMN---(’IZylH)92HX(vIZy1H)/52X,24HNC X TRANSITION INCLUDED)

FCRMAT(1HT 10X, 1SHINFUT DATA IS WRECNG)
FCRMAT (LHD y 17X y4OHTHE SYSTEM IS TOC LARGE FOR THIS PROGRAM)
FORMAT (2F10.5)

sSTOP

END
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SUBRCUTINE BINPUT
DIVENSION NATO(LG) 9 XMAGILD) o XA(LC ), YA(LD) 4 ZA(1IT)
COMMON CS(lO).CUP(lﬁylﬂ),DCUP(lo,In),PDCUP(lﬂ,lOi.BB(ZS,ZS),C(ZS,
125)95(25925’9NEG(256,9FREQ(1CCU)'ANP(ICOC,vIFANYOKORDER(ZS)v
2 LINE,LINEA,LINEB’MOCE'MCDF1NUCLEl'NUCLEA,NUCLEM’ NUCM1,NUCM2,
3 NGEFM,SPWGHT,STATE,CHEMST ,CHEM
WRITE(6,2011)
REA0(592609’(IvNATU(I,vCS(I’9XVAG(I’1J=1yNUCM2)
NR!TE(6'2915’(J,NATU(J’QCS(J)IXMAG(J,'J=19NUCV2’
DO 1 I=1,NUCNM]
I1PP1=1+]
DO 1 J=IPPlyNUCM2 : .
READ(5+2010)10,1P,CUP(IC,IP)PDCUP(IGC,IP)
1 DCUP(I,4)=0,
DO 2 I=1,NGEFM
REAC(5y2013)GWEGHT
REAC(5y2014)(LoXAC(L) yYA(L)yZA(L)yK=1,NUCN2)
REAC(5,2012)C14C24C3,C44C5
WRITE(E92022)1,GWEGHT
WRITE(642025)
WRITE(692023)(LyXA{L )y YA(L)yZA(L) 9L=1,NUCM2)
WRITE(6,2024)C14C2,C2,C4,C5
COE=24/24236068%1536G, T4*GWEGHT
DO 3 J=1,NuCMml
COEF=XMNAG(J)*CCE
IPPl=J+1
DO 3 K=IPPlyNUCM2
DX=XA(Ji=-XA(K)
DY=YA(J)-YA(K)
DZ=ZA(J)=-2A(K)
R=(SQRTUCX**24CY*kZ4+L2%%2) ) %%§
SUMA=C1*(DZ**2°005*(DY**2+DX**2))/R*(CZ*O.5*(DX**2‘DY**2)+C3*DX*DZ
1+C4%DYXDZ+C5%DX%*DY ) *1, 732)5/R
3 DCUP(JyK)==COEF*SUNA*XMAG(K)+CCUP(J,K)
2 CONTINUE
WRITE(¢&,2D26)
DO 6 I=1,NUCM1
JPP1=1+1
DO 6 J=JPP1,NUCM?2
6 NRITE(E'ZGZ?’I'J’CUP(I'J"PDCUP(I’J)’DCUP(I'J’
2009 FORMAT(215,2F10e4)
2012 FORMAT(215,2F1Ce4)
2211 FORMAT(1H? 450X, 10HINPUT DATA/ /14X ¢ EHNUCLEL 420X, 7THAT NCe y 27Xy 14HCH
LEMICAL SHIFT,27°X,15HMAGNETIC MCMENT)
2012 FCRMAT(5F1Ce5)
2013 FORMAT(F1n,.4)
2914 FCRMAT(IVC,3F10.4)
2015 FORMAT(1H 115Xy 12525 %X912925XyF10e2925X4F1l0e5)
2722 FORMATU{1HD 15X, 6HGECMETRICAL FORM,13433GXy16HSPECTRUM WEIGHT=,
12PEQ,.2)
2023 FORMAT(1F 122X 912912 %9F1 744 12Xy F1l044 912X yFlila®)
2024 FORMAT (1HC 330X 43GHCONSTANT TO DESCRIBE ANISOTROGPIC MOTION/
116X'2HC1’15X!2HC2'15X92HC?'15X'2HC4'15X'2HC5/
213X 9FBeb 99X yFBe4 19X g FBebt 99X yFBe2lyGXyFRe&)
2025 FORMAT (1H 22UX96FNUCLET 315X IHX 921 Xy1hY21X,1HZ)
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2026

FORMAT (1HDy31X,41HCOLPLING CONSTANTS BETWEEN NUCLEI I AND J/1¢&X,

11HIy10Xp!HJy27Xy8HINDIRFCT,22Xp6HPSEUDC’21X'7HDIPOLAR)

20217 FCRMAT(15XQIZ'9X'IZQ16X9F16.3118XiF1€o3918X,F10.3,

16
17

31

33

34

RETURN
ENC

SUBROUTINE DIANAT(ITEST)
DIMENSION NS(256)95W(256)15A(256)1KB(50)vCNE(SD) :
COMMON CS(lﬁ).CUP(lG,IG)'DCUP(IQoIO),PDCUP(IG'IO),BB(ZS.ZS).C(ZS,

125D'S(ZJ,ZS),NEG(256),FREQ(IOGOJ9AMP(IUOC)pIFANY.KORDER(ZS),
2 L[NE,LINEA,LINEB,HCCE,MODFoNUCLEIvNUCLEAvNUCLEMv NUCM1,NUCM2,
3 NGEFMySPWGHT ySTATEyCHEMST ,CHENM

CALCULATICN OF CIAGOMAL ELEMENTS
REWIND 1

SA(l)=n,

SA(2)=",

NEG(1)=1

NEG(2)=0

IFCIFANY)1,17,1

D0 16 I=1,NUCLEI
CS(I)=CS(I)+STATE*O.EG*(CUP(I,NUCN2)+FCCtP(IpNUCN2)+DCUP(IvNUCM2)i
SW(l1)=-CS(1)

SW(2)=CS(1)

DO 33 N=2,NUCLEI

N2=2%%*(N-1)

DO 33 J=1,N3

I=N3-J+1

IT2=2%]

I1T2M1=1T2-1

SWIIT2)=SW(I)+CS(N)
SW(IT2M1)=SW(I)=-CS(N}
NEG(IT2)=NEG(1)
NEG(IT2M1)=NEG(I)+1

cgur=9,

NM1=N-1

DC 31 M=1,AM]

SON=2%MOD( ((I-1)/2%*% (N-M=1)),2)-1
COUP=COUP+SOM*(CUP(MvN)+DCUP(MoN)+FDCUP(M,N))
SA(IT2)=SA(I)+COULP
SA(IT2M1)=SA(l)-COUP
N4=2%%NUCLE!

Clly1)=0,5%SW(N4)+0, 25%SA(N4)
ZA=1,0

KCRDER(1)=1

WRITE(L1) C(1,1)

WRITE(L1) ZA

CALCULATIGN OF OFF DIAGCNAL MATRIX ELEMENTS
NNEG=1

N1=N4-1

N2=NUCLEI-1

N7=Ni-1

[FINUCLEM)1G6,34,19

DO 56 K=Y,N2

FLAG=0,

KOUNT=D
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38

39

41

43
44

46
59

51

52
53

54

55
56

57

58

59

19
27

21

I1=1

J1=2

DO 57 I=24,N7

IFI(NEG(I)~NNEG) £793€6,57

I1Pl=1+1

DO 54 J=1IP1l,yN}

IFI(NEG(I)-NEG(J)) 54,36,54

INVER=0

DO 5N N=1,NUCLEI

MXCTH1=2*MOD{( (I-1)/2%*(NUCLEI=-N)),2)-1
MXCTHZ2=2%MOD(( (J=1)/2%*(NUCLEI=N)),2)-1
K1=1-MXOTH1*MXCTH2 ]
IF(K1) 50,56,41

INVER=INVER+K]

IFTUINVER=-2) 59,44, 43

IF{INVER=4) 59,4€,5C

MA=N

GO 70 50O

MB=N

CONTINUE

IFUINVER-4) 52,51,52
C(Il0J1’=0.5*CUP(MA1"8)“0.25*(DCUP(NA7WE)#PDCUP(MA,MB’)
GO TO 53

C(I1,J41)=0,

ClJl,I11)=C(11,J1)

KOUNT=KOUNT+1

J1=J1+1

J2=J

CONTINUE

ClIloIN)=0oS5*SW(I)#+D,25%SA(])

IF{FLAG) 5¢,55,5¢6

NCRDER=KOUNT+1

FLAG=1,0

I1=11+1

J1=11+1

CONTINUE
CUIL,I1)=0,5%SW(J2)+0425%SA(42)
IF(NCRDER=-25)5R, 58, 7(

KCRDER (K ¢1 )=NORDER :
CALL EVALUE(C’24'251S'ZS'ZS'NGRDER!”.GOCl'l)
WRITE(L) (C(JyJ)yJ=1,NCRDER)

WRITE(L) ((S(I,J)41=14NCRDER},J=1,NORDER)
NNEG=NNEG+]

GO TO 72

DO 27 LA=14N4

NS{LA)=)

DO 21 LA=1,N4

0O 21 LB=1,NUCLEA
MXC=2*MOD(((LA=1)/2%*(NUCLEI-LB)),2)-1
NSTLA)=NS(LA)+¥XC

L10=2%NUCLEA+]

L11=NUCLEA+]

DO 159 K=1,N2

KQUNTB=)

KCUNTC =1
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DO 130 tB=1,L1N,2
L12=LB-L12 :
Il=1
Ji=2
KCUNT=9
KOUNTA=0
DO 157 I=2,N1
IFINEGUIi-NNEG) 157,13¢€,157

138 KOUNT=KOUNT+1
KB (KCUNT) =0
NSAB=NS(1I)

IF(NSAB- L12)157,140,157

149 KOUNTA=KOUNTA+1
KCUNTB=KOUNTB+1
KBIKCUNT)=KB(KCUNT ) +1
IP1=1+1
DO 154 J=IP1,N4
IF(NEG(I)-NEG(J)) 154,139,154

139 NSAB=NS(J)

IF{NSAB- L12)154,23G,154

23S INVER=0
00 159 N=1,NUCLEI
MXCTH1=2%MOD{ ( (1-1)/2%*(NUCLEI-N)),2)~1
MXCTH2=2%MOD(( (J=1)/2*%*(NUCLEI-N)),2)~1
K1=1-MXOTH1*MXCTH2
IF(K1) 150,150,141

141 INVER=INVER+K1
IFCINVER=2) 150Cy144,142

143 IF(INVER=-4) 15%,146,15¢C

144 MA=N
GO TC 15¢C

146 MB=N

150 CONTINUE
IF(INVER-4) 152,151,152

151 C(Ille)=Q.5*CUP(MA;MB)—O.ZS*(DCUP(MAyNB)+PDCUP(MA,MB))
GC TO 153

152 C(I1,J1)=D,

153 C(J1,110=C{I11,J1)

J1=J1+1

154 CONTINUE
COIL T1)=De5*SW(I)+C425%SA(])
I1=11+1
Jl=I1l+1

157 CONTINUE
IF(KJUNTA)158,130,15¢

158 IF(KOUNTA= 1)1€f424,160

162 IF(KOQUNTA-25)1¢1,161,7C

161 CALL EVALUE(C1259259S925,25,KCUNTA345001,1)
GO TC 25

24 S(1,1)=21,

25 L13=1
BO 26 L2=KCUNTC,KOUNTB
KC=0
LI2=L12+]
DME(L2)=C(L12,L13)
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27

23
22
26
13n

159

72

70
71

3n2

374

38
306

DO 22 L3=1,KOUNT
KKB=KB(L3)

IF(KKB)27,23,27

KC=KC+1

BB(L3,L2)=S(KC,yL13)

GO TO 22

BB(L2,L2)=0,

CONT INUE

CONTINUE

KCUNTC=KCUNTC +KOQUNTA
KCRDER(K+1 )=KOUNT

WRITE(1) (CME(J),J=1,KCUNT) .
WRITE(L) ((BB(IyJ)yI=1,KOUNT),yJ=1,KGLNT)
NNEG=NNEG+1
Clly1)=0e5*%SW(1)+De25%*SA(1)
N5=NUCLEI+1

KCRDER(NS) =1

WRITE(1) C(1,1)

WRITE(1) zZA

END FILE 1)

GO 7o 71

ITEST=69

RETURN

END

SUBROUTINE CALFRE(ITEST)

DIMENSICN FREQE(EOG»?),FMULT(ZSUZS)vMULT(25t25,1EIGENA(25,9
1EIGENB(25)yAMPR (50, 2) :

COMMON CS(IG)9CUP(1¢910)9DCUF(10!10)1PCCUP(10110’938(25’25)vC(251
125’15(25925))NEG(256)yFREQ(lQOO',AMP(IUOQ)’IFANYvKORDER(Zs)r
2 LINE,LINEA,LINEB;MCEE;MUDPvNUCLEIpNUCLEA,NUCLEM. NUCM1,NUCM2,
3 NGEFM,SPWGHT ySTATE,CHEMST ,CHEM

EQUIVALENCE (FREQ(I)'FREQB‘I’I')’(FMULT(I!I,9BB(111’)1(AMP(1,pAMpB
1(1,1))

REWIND 1

NEGA=D

NEGB=1

DO 31¢C K=1,NUCLE] : -

KORDRA=KCRCER({K) : '

KCRDRR=KCORCER (K+1)

N1=2*%NUCLE]

11=1

J1=1

DO 371 I=1,N1

IF(NEG(I)=NEGA) 271, 02,391

DC 3C3 J=1,N1

IF(NEG(J)=-NEGB) 233,374,372

K2=0

DO 3C6 N=1,NUCLEI

MXDTH1=2*MOD(((I-l)/?**(NUCLEI‘N))02)-1

MXCTH2=?*MDD(((J’l)/?**(NUCLEI‘N))vz,-l

[F (MXOTHL*MXOTH2) 208,252,306

K2=K2+1

CONTINUE

IF(KZ-1) 312,311,312
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311

312
313
3Nn3

3n1

300

324

325

305
400

424

425

426

402

405
447
441
3039

319
351

FMULT(I1,J1)=1,

GO TO 212

FMULT(I1,dY)=D,

J1=J1+1

CONTINUE

J1l=1

Il=11+1

CONTINUE

REAC(1) (EIGENA(KY)yK1=1,KCRDRA)
READ(Y) ((C(IZ:JZ)9J2=19K0RDRA)'12=1,KCRDRA)
REAC(1) (EIGENB(K1),K1=1,KCRDRB)
REAC(1) ((S(I29J2)7J2=viDRDRB),IZ=1:KCRDRB)
IF(MODP- 2)209,4C0,300

D0 365 I=),KCRDRA

DO 395 J=1,KORCRB

SUM=n,

D0 324 12=1,K0ORDRA

DO 324 J3=1,KORDRB
SUM=C(I,13)%S(JyJ3)2FMULT(I3,J3)+SUM
LINEA=LINEA+] ‘
SUMQR=SUM*SUM

IF(SUMQR~- ©,07(1)305,325,325
LINE=LINE+1
AMP(LINE)=SUMQR*SPWGHKT
FREQILINE)=EIGENA(I)-EIGENB(J)
CONT INUE

IF(LINE- 4SG¢)3CG,3rc,25]

00 4295 1=1,K0ORDRA

DO 405 J=1,KORCRE

SUM=00

DO 424 13=1,KQORDRA

DO 424 J43=1,KORDRB
SUM=C(1913)*5(JoJB)*FMULT(IBvJ3)+SUM
LINEA=LINEA+] . '
SUMQR=SUM*SUM

IF(SUMQR=- Q,01011405,425,425
SFREQ=EIGENA(I )-EIGFNB(J)
IF(SFREQ- CHEMST)426,426,402
LINE=LINE+]

FREQB(LINE,1)=SFRFQ

AMPB (L INE, 1 )=SUMCR*SPWGHT

GO TO 415

LINEB=LINEB+1
FREQB(LINEB,2)=SFREQ-CHEM

AMPB (LINEB,2) =SUMQR*SPWGHT

CONT INUE

IF(LINE- 257C)&41,441,351
IF{LINEB~ 2571)3(9,3(r9,35]
NEGA=NEGA+1

NECB=NEGB+1

RACKSPACE 1

BACKSPACE 1

GO TC 253

ITEST=69

GO TC 353
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®

352 ITEST=190
352 RETURN
END

SUBRCUTINE PRINT(MIN,MAX,TAC)
COMMON CS(lﬁ),CUP(IW,lr).DCUP(IG.IJ).PDCUP(lG,IO),88(25.25),C(25.
125),5(25,25),NEG(ZSb).FREQ(lOCO).ANP(IQGG).IFANY,KORDER(ZS).
2 LINE,LINEA,LINEB,MCDE.MODP,NUCLEI.NUCLEA,NUCLEM. NUCM1,NUCMZ,
3 NGEFMySPWGHTySTATE,CHEMST ,CHEM
MAXR=MAX~MIN+1
JLINE=MAX+1
KLINE=MAX+4
DO 81 I=JLINF,KLINE
FREQ(I )=,
81 AMP(1)=9,
DO 7€ L=NMIANyMAX
POS=FREQI(L)
VAL=AMP(L)
K=L
DO 71 WM=L,MAX
IF(PCS-FREQ(M)) 71,711,722
72 POS=FREQ(M)
VAL=AMP (M)
K=M
71 CONTINUE
FREQ(K)=FREGI(L)
FREQ({L )=P0OS
AMP(K)=AMP (L)
70 AMP(L)=VAL
GO TO (87,90,80},MODE
80 IF(IAC- 1)82,73,82
82 IF(NUCLEM)T76,83,16
82 WRITE(&,3005)MAXR
GO TO 74
T6 WRITE(€&,3006)MAXR
GO T0 74
73 WRITE(E,3003)LINFA,MAXR
T4 GO TO (161,1ﬂ1,101y1C4.104.104.164,1C4),AUCLEI
101 WRITE(6,2001)
wRITE(6,3002)(I,FREQ(I),AMP(I).I=NIN,MAX)
GO TQ ¢n
104 TJ=MAXR/4+1
IM=MIN-1
II=1J+1IM
IK=1 J*%2
IL=14%2
WRITE(€&,373)
DO 18" I=MIN,II
JK=1+1J
KK=T+1IK
LK=I+1IL
189 WRITE(6,2004) I,FREQ(I),AMP(II,JK,FREQ(JK),ANP(JK),KK,FREQ(KK),
1 AMP(KK)yLKyFREQILK )y AMP(LK) :
3900 FCRMAT(1HY,2X,18HTCTAL NCe CF LINES,I110/3X
153HTOTAL NOe NF A-TRANSITION WITH INTENSITIES GTe Ue2001,110)
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3001 FORMAT (1HG 9y 10Xy 4HLINE ¢ 10Xy 4HFREQ 10Xy 5FINTEN)

3002 FORMAT(LIH 412Xy1296X4F1<e246XyFSes)

3003 FORMAT(1Hﬂ.4HLINEv4X»4HFRECg6XoSHINTENo7X,4HLINE,4X,4HFREC,6X.
15HINTEN,7Xy4HLINE94X.4HFREQo6X75HINTENv7X94HLINE14X94HFREQo6X'
25HINTEN?

30N4 FORMAT(LIH 4 144F10e2,F100493(110,F1Ge2+F1Ce4))

3905 FORMAT(1HO,2X, '
153HTOTAL NO, OF B=TRANSITION WITH INTENSITIES GTe CeD(NL,119)

30G6 FORMAT(1HT,2X,
153HTOTAL NOe OF M=TRANSITION WITH INTENSITIES GT. HeC2N1,110)

90 RETURN
ENC

SUBRQUTINE APLO(NIN, MAX)
DIMENSION X(160D),Y(160D)
COMMON CS(l?)vCUP(lﬂle)vDCUP(IOvIO)oPCCUP(lOplO)yBB(Z5o25)pC(25p
125)'5(25925)aNEG(ZSb)pFREQ!IOQO)pAMP(IOOQ)oIFANY,KORDER(ZS).
2 LINEE,LINEA,LINEBoNCDE'MDDP,NUCLEIoNUCLEAvNUCLEMpNUCMl,NUCN29
3 NGEFMySPWGHT ) STATEyCHENMST yCHEWN
101 READ 40C1yWIDTH,HE IGHFT yNAPLOT,IPBEN, IPEND
B=FREQ(MIN)
CAB=FREQ(MAX)
IF(MODEJNE«2) GO TO €14
PRINT 4004,8,CAB
614 DO 626 JK=1,NAPLCT
IF(IPBENCEQesl) GO TO 621
READ 40N2,START
GO TO en2
601 IST=(INT(B))/1G*1C-3C
START=FLOAT({IST)
602 IF{IPEND.EGel) GC TO &3
READ 4003, END
GC TO ¢74
603 ENC=CAB
604 D=END=-START
IF(DeGTe155.) GO TO €25
DIF=,1
GO TC ¢41
625 IF(DeGTe3104) GO TO €05
DIF=042
GO TO ¢4l
60G5 IF(DeGTet2%e) GO TO €CE
DIF=".4
GC TC €41
6006 IF(DeGTel557%.) GO TO &07
DIF=1,0
GO TC ¢41
607 IF(DeGTe3110.) GC TC £08
DIF=2.0
GO TC €41
678 IF(DeGTeb277e) GC TO 61825
DIF=4,1
64% ICM=10N *DIF
F=1e/DIF
GFU=16/(241415626%WIDTH)
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SQW=] e /WIDTH
KRANGE=INT(WIDTH/DIF*1Co41,)
KCOMP=KRANGE*2-1
DO 644 1=1,155C
644 Y(I)=O.
DO 645 T1=MIN,MAX
V=DIF*FLOAT{INT(F*FREQ(I)))
W=FREQ(I)-V :
L=(V-START )%F
L=LL-KRANGE
IF(LeLTeD) GO TO 645
IF(LeGTo1550) GO TO €45
DD 645 K=1,KCCMP
LL=L+K :
Y(LL’=Y(LL)+AMP(I)*GFU/(I.*(((FLUAT(K—KPANGE))*DIF-N)*SQW)**Z)
645 CONTINUE
IF(JKeNESsl) GO TO 652
SIZE=Y (1)
KBIG=1
DO 651 I=1,155"
IF(Y(I)-SIZE) €51,651,€52
652 SIZE=Y(1])
KBIG=1
651 CONTINUE
PROP=HEIGHT/Y(KRIG)
653 NO 661 1=1,1550
X{I)=FLOAT(I)*x0 N1
661 Y(1)=Y(1)%*PROP
CALL PLOT(1.09Ne0y=3)
CALL AXIS(0.000.0v9HFREQUEhCY,9116.010.0)5TART$ZDM)
CALL AXIS(Q.C,C.3,9H[NTENSITY,9;10.O79C0070009109)
CALL LINE(X,Y 31550 ,-1)
CALL PLOT(18eN30eNy=2)
626 CONTINUE
60S PRINT 490n5,D
4091 FORMAT(2F10.2,215)
4002 FORMAT(F10,.2)
4003 FORMAT(F1Q.2) :
4004 FCRMAT (LHL,17HNMINIMUN FREQUENCY ) FlPe2 420Xy YTHMAX I MUM FREQUENCY,
1F1062)
4005 FCRMAT(LHD,19HTHE FREQUENCY RANGE, F1:262913H IS TOO LARGE)
613 RETURN
ENC
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OO0 ON

CALCULATION OF EXPo SECOND MOMENT BY AUMERICAL INTERGRATION OF
EQUTION (2-1),
ANME-TITLE CF THE SYSTEWM,
T-TEMTERATURE,
N-NCe OF TRACES TO BE AVERAGEC,
ITRA-NUMBERING OF THE TRACE,
K=TCTAL NO. OF DATA IN A PARTICULAR TRACE (=5913915,20925-=-},
HVM=-MCDULATION AMPLITLDE,
SCA- (GAUSS/CM) OF THE X=AXIS.
SCX~LENTH OF THE UNIT (CM) TAKEN TC MEASURE THE X-AXIS.
Y-FEIGKET OF THE ABSCRPTICN CURVFEe
DIMENSION Y(2,47),ANNE(S),SA(30,2)
8 REAC(5,15G8) ANME
4 REAC(S,171) TN
IF (T - n,) 21,8,31
31 WRITE(E,1CS)ANVME
WRITE(E,122)T
3 READ(S,IC3)I7RA'K9HM,SCA'SCX1((Y(IvJ’QJ=1'K)9I=192)
WRITE(6,1{4) ITRA,HM,SCA,SCX
BC 1 I=1,K
1 WRITE(E,1C5) 1,Y(1,1),1,Y(2,1)
B=SCA*SCX
0Cc 7 I=1,2
SB=0
SC=0
C=9
DO 2 J=1,K
C=C+8B
IF(Y(I,yJ) - G.3D1) 2,33,33
33 SB=SB+C**23Y(],J)
SC=SC+C*Y(I,J)
2 CONTINUE
T SA(ITRA, I)=SB/(34%SC)=FMk%k2/4,
NRITE(69106) ITRAQ(SA(ITRA,I"I=112
IF{ITRA - N) 2,32,32 :
32 SuM=3,
D=2%N
DO 5 I=1,N
DO 5 J=1,2
5 SUN=SUN+SA(T,J)
S=SuUmM/D
ST=0
DA €& I=1,N
D0 6 J=1,2
6 ST=ST+(S=SA(I,J))%x%2
STC=SQRT(ST/(0=-1,))
WRITE(69177) NySySTD
GC TC 4
11 FCRMAT (F17.5, 11()}
122 FCORMAT (1HDy 1SHTEMPERATURE(K}=,F&el)
123 FORMAT (ZI10,3F1043/(5F10,4))
104 FCRMAT (1HL ySHTRACE,12,5X,14HNCD, FIELC(G)=3F6e3 45Xy 16HSCALE(GAUSSY/
ICM)='F6.3QSXyBHX‘SCALE=9F603f10X|4FX(1)910X14HY(1)vlﬁX,QHX(21910X,
24HY(2))
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105 FORMAT(IIX’IZvl’X1F60299X01291QX9F602’

106 FCRMAT(IHQvSHTRACEoIZ,ICXOIBHSECUND MOMENT S1=yF7.2,10Xy3HS2=,F7,
127)

137 FORMAT(1HL,1"HAVERAGE CFyI12,22H TRACE, SECCND MCVENT=yFT76295X,2CH
1STANCARD DEVIATICN=yFT743//7)

1038 FCRMAT (15A4)

1809 FORMAT (1H1,22FEXP. SECCND MOMENT CF , 15A4)

100 Ssigp

ENC
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THIS PROGRAM CCNSISTS OF THREE INDEPENDENT PARTSe PART 1
CALCULATES THE RIGID LATTICE SECOND MOMENT, PART 2 COMPUTES THE
INTER-GROUP CONTRIBUTICN TO THE SECCND MCMENT IN THE PRESENCE
OF MOLECULAR ROTATION, PART 3 CALCULATES THE SECOND MOMENT FCR
ISOTROPIC ROTATION,

PART 1--- CALCULATION OF RIGID LATTICE SECOND MOMENT ACCORDING T0
VAN VLECK,

ANME-TITLE OF THE SYSTEM,

NTA-ATCMIC NO. OF THE NUCLEUS INTERESTED.

ATME-THE NUCLEUS FOR WHICH THE SECCND MCMENT IS CALCULATED.
N-TOTAL NO. OF THE CENTRAL ATOMS INCLUDED IN THE CALCULATICN,
M=-TOTAL NOe. OF ATONS IN A MOLECULE.

NC-NOo. OF UNIT CELL INCLUDED IN THE CALCULATION,.

ONM=NO. OF EQUIVALENT MOLECULES IN AN UNIT CELL.

XAyXByXC AND ANGLE~LATTICE CONSTANTS.

IND=INPUT INDEX FOR ATQOMIC POSITIONS (=0 INPUT COCRDINATES IN
TERMS OF LATTICE COORDINATES, =1 INPUT CCORDINATES IN TERMS QF
ANGSTR(OM),

KA=-ATCNMIC NO,

AXyAYyAZ AND BXyBY,BZ-~-CODORDINATES OF ATCMS,

AW-FACTORS FOR CALCULATING SECOND MOMENT,

BXIMyBYIM AND BZIM=MULTIPLYING FACTORS IN TRANSFORMATION OF
CRYSTALLCGRAPHIC POSITIONS

BXI»BYI AND BZI-ACDING FACTORS 1IN TRANSFCRMATION CF CRYSTALLO-
GRAPHIC POSITIONS. ,

IOy IP AND IQ-UNIT CELL INDEX,

DIMENSION ANME(8),ATME(8)

COMMON AX(3ﬂ)QAY(3O)9AZ(39’,BX(30)vBY(BO)vBZ(3C)vAN(30'2)9KA(30,9
1R(30)30'18959M’N1XA'XB'XC'F(30,901PQC

READ lCI,ANME,NTAoATWE,N'MQNCoNNEAQCNM'XAvXBpXCrANGLEvINDp(KA(I’o
lAX(I’9AY(I)0AZ(I)v(Ah(IvJ’vJ=192)vl=19M’

PRINT 102,ANME,ATME,XA1XB.XC,ANGLE'(KA(I)QAX(l),AY(I)'AZ(I)1(AH(19
1J19d=242),1=1,M)

NEEM=0ONM

PRINT 1n3

CONVERT THE UNIT OF COORDINATES AND DEFINE B

IFUIND.EQesl) GO TO 1 :

DO 2 I=1,M

AX{I)=AX{T)%xXA

AY (I )=AY(1)%*XB

AZ(T)=AZ(1)*XC

DO 6 I=1,M

BX{T)=AX(T1)

BY(I }=AY(I)

BZ(YI)=AZ2(1)

ASSIGN CALCULATICN FACTORS

NO 20 I=1,M

IF(KA{T)eEG.NTA) GO TO 13

FII)=AW(T1,2)

GC 70 29

F(I)=AW(T1,))/2.
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20 CONTINUE
B=CDS(3.1416*(1.-ANGLE/180.')
S=0
C CALCULATION OF INTRA-GROUPE SECOND MCMENT
DO 3 [=),N
DO 3 y=1,N
IF(I1.ECeJ) GO TO 4
IF{I.GTeJ) GO TO 5
R(Iin=SORT((BX(J)"AX(I))**2*(BZ(J)-AZ(I))**Z-Z.*B*(BX(J)-AX(I))*
I(BZ(J)-AZ(I))+(BY(J)°AY(I’)**2)
S=S*2.*F(J’/R(IvJ)**6
GO 7O 3
4 R(I4J)=D
GO TO 3
5 R{I4J)=R(J,y1I)
3 CCONTINUE
D=N
SAA=S/D
C CALCULATION OF INTRAMOLECULAR CONTRIBUTION
READ 1047(BXI(I)QBXIN(i)pBYI(I)oBYIM(I)vBlI(I’vBZIM(I)91=11NEMIUC)
S=0
KOB=N+1
CALL CMOMEN(NNEA,KOB )
SAB=S/D
. IFINC +EQ.0) GO TO 14
C CALCULATION OF INTERNOLECULAR CONTRIBUTION
S=0
KB=1
0=0,
p=n,
Q=0.
10 PRINT 106,KB, 10,IP,IC
DO 40 I=1,NEEM
IF(KBseGTo1) GO TO 41
IF(I.EQel) GO TO 40
41 CALL TRAN(BXIM(I)QBYIM(I)98ZIM(I).BXI(I)'BYI(I)vBZI(I))
CALL CMOMEN(NNEA,1)
40 CONTINUE
IF(KBsGE.NC) GO TO 30
TF(KB/2%2-KB.EQeD) GC TO 8
REALC 105,10,1P,1Q
GO TC 9
8 I0=-10
IP=<~1p
1Q=-1¢
% 0=10
P=1p
Q=1Q
DO 7 I=1,M
BXCI)=AX(1)+0%xA
BY(I)=AY(1)+PxxB
7 BZ(I)=AZ(1)+Q%xC
KB=KB+1

GO TO 10
P CAL. OF THE CONTRIBUTICN FRQOM THE ATQMS WITH A DISTANCES GT. 7
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30 S0B=0,.
DO 12 I=1,N
12 SOB=SOB¢F(1I) _ . .
SIB=0NM*4.O*3.1416*SCB/(300*70**3*XA*XB*XC*SIN(3.1416*(1.-ANGLE/
1180.)))
PRINT THE RESULT
SA=SAA+SAB
SIA=S/D
S=SIA+S1IB
ST=SA+S
PRINT 1074ST,SAy SAA,SAB,S,SIA,SIB
GO TO 15 :
14 SA=SAA:SAB
PRINT 108,SA,SAA,SAB
GO TO 15

101 FORMAT(BAG6/1598A67/4110,F1045/4F10e5,11C/(110,5F10.5))

102 FORMAT (1H1,30HRIGID LATTICE SECOND MOMENT OF y1X,8A6/22X,y THELEMENT,
12X,8A6/718H LATTICE CONSTANT 5 X5 2HA=9FT74345X42HB=9FTe 35Xy 2HC=,FT,
239)5X96HANGLE=9FTe2/2Xy THATe NOe y10X,14HAT, COORDINATE 14X 4 25HFACTO
3RS FOR SECOND MOMENT/(1595X93F10e4910X92F10.3))

103 FORMAT(1H1,21HINTERATOMIC DISTANCES//2X93HNDOe»10X¢1HX 910X, 1HY, 10X,
llHZvlSX,SHRl'R6y7X15HR29R797X95HR39R8,7X95HR4.R9;7X,6HR59R10’

104 FORMAT(6F10,.5)

105 FORMAT({312)

106 FORMAT(1HD ¢ 4HCELL s I3 o1H( y1291Hyy1291He9I251H)) :

107 FORMAT(1H1,13HSECOND MOMENT,F10.3//28H INTRAMOLECULAR CONTRIBUTION
1yF10e3/21Xy 6HPART 1,F1063/21Xy6HPART 2,F103/28H INTERMOLECULAR CO
2NTRIBUTION,F1063/21X ¢6HPART 1,F1063/21Xy&HPART 29F10.3)

108 FORMAT( 1HO,28HINTRAMOLECULAR SECOND MOMENT,F1043/22X96HPART 1,F10
163/722X46HPART 2,F10,3)

100 STOP

END

SUBROUTINE CMOMEN(L,K) .
C OMMON AX(30),AY(30)'AZ(3O’vBX(30)9BY(30,QBZ(30,oAH(30'2)vKA(30)1
IR(3993C) yBySyMeNyXAy XByXCoF(30),0,P,C
DO 1 I=1,L
DO 1 J=K.M
R(ItJ)=SQRT((BX(J)°AX(I))**2*(BZ(J'-AZ(I))**2‘2.*8*(BX(J)-AX(I‘)*
LIBZ(J)-AZ(I))I+(BY(J)I=AYL(I) )%%x2)
IF(KeGTel) GO TO 2
IF(R(I1J)eGTeT7e) GO TO 1
S=S+F(J)/R(I,J)%%p
CONTINUE
DO 10 J=1,¥
IF(KeGTel) GO TO 8
IDAN=0
DO 9 I=1,L
IF(R{I4J)eGTeT7e) GO TO 9
IDAN=IDAN+1
2@ CONTINUE
IF(IDANG.EQeC) GO TO 10
8 PRINT 1045JyBX{J)9yBY(J)4BZ(I)9(R{IoJigI=1yN)
17 CONTINUE
" 104 FORMAT(LH 92X 41295X92F1064 95X e5F12e4/645X+5F1244)

=N
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RETURN
END

SUBROUTINE TRAN(TIZUI,VI,ToU,V)

COMMCN AX(30)05Y(30'vAZ(30”BX(30’187(305081(30,9AH(3012)9KA(30,9
1R(30'3O)prSpMprXA,XB,XC,F(3O’90,P9Q

DO 1i=1,M

BXCII=TI®AX(I)+(T+0)*xXA

BY(I)=UI*®AY(I)+(U+P)*XB

BZ(I)=VI*AZ(I)+(V+Q)*XC

RETURN '

END

PART 2 -=— CALCULATICN OF INTERGROUP SECOND MOMENT BY ANDREW-

EADES FORMULAE---MOLECULAR REORIENTATICN,

ANME-TITLE OF THE SYSTEM, .

SORTE~-TYPE OF THE MOLECULAR MOTION,

NTA-ATOMIC NOe. OF THE NUCLEUS INTERESTED.

ATME-THE NUCLEUS FOR WHICH THE SECOND MOMENT IS CALCULATED,

LA-TOTAL NOs OF ATOMS IN A MOLECULE.

MA-NOe OF GROUPS IN A MOLECULE (EQUIVALENT POSITIONS IN A ROTATUON

TREATELC AS A GROUP).

NA-NOe. OF CENTRAL GRCUPS INCLUDED IN THE CALCULATION,

NEMIUC-NOs OF EQUIVALENY MOLECULES IN AN UNIT CELL.

IND-INPUT INDEX FOR ATOMIC POSITIONS (=0 INPUT COGRDINATES IN

TERMS OF LATTICE COORDINATES, =1 INPUT COORDINATES IN TERMS OF

ANGSTROM) . ’

KA¢XBy XC ANC ANGLE-LATTICE CONSTANTS.

MB(I )=-NOs OF ATCMS IN GROUP 1.

KA(I,J)~ATOMIC NO, OF JTH ATOM IN ITH GROUP,.

AX,AYyAZ AND BX,BY,B2Z-COORDINATES OF ATOMS.

AWA AND AWB-FACTORS FOR CALCULATING SECOND MCMENT,

SINTRA-INTRAMOLECULAR-INTERGRCUP CONTRIBUTION TO THE SECOND

MOMENT.

SINTER-INTERMOLECULAR CONTRIBUTION TO THE SECOND MOMENT,

BXIMyBYIM AND BZIM=-MULTIPLYING FACTORS IN TRANSFORMATION OF

CRYSTALLCGRAPHIC POSITIONS

BXI,BYI AND BZI-ADDING FACTORS IN TRANSFORMATION OF CRYSTALLO-

GRAPHIC POSITIONS.

I0,IP AND IQ-UNIT CELL INDEX.

DIMENS ION ANME(IZ)pATME(B)'SRUTE(IZ)1SINTRA(40,vSINTER(40)QBXI(IO)
lpBYI(ID)oBZI(IC)oBXIP(IO)QBYIM(IQ)vBZIN(IO’

C OMMON MB(40)vKA(4G,10)’AX(40'10)'AY(40110)0AZ(40'10lpBX(40910)v
18Y(4Colﬂ)iﬂll40910)'AHA(40110),AWB(4Cy10)yF(40110’1KBvKC9XA9XB'
2XCyBAyBByBC4DsPyQyNCI,MA

INPUT OF DATA

READ IGI'ANME'SROTE'NTA.ATMEoLApMAoNA'NEMIUCOIND.XA,XB'XCyANGLE

PRINT 201QANMEySROTE'ATME9XA,XB,XC1ANGLE

PRINT 202

DO 1 I=1,MA

REAC 102,MB(1)

KB=MB(1)

READ 1039(KA(IvJ)pAX(IvJ),AY(I9J)9AZ(19J’1ANA(IQJ)1AHB(I1J)pJ=1pKB
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29

10

1) .
PRINT 2035 (I 9 (KA(T s J)oAX(T o) s AY(T9J)sAZ(T4J)oAWATT4J)AWBI(IJ),
14=1,KB))

CCNVERSION OF UNIT CF COCRDINATES, DEFINE ANGLE FACTCRS AND ASSIGN
CALCULATION FACTORS

IFCINDJEQel) GO TO 2

DO 3 I=1,MA

KB=MB( 1)

DO 3 J=1,KB

AXCToJd)=AX(14J)%XA

AY(I o d)=AY( 145} %XB
AZ(14,J)=AZ(1,J)%XC
BA=C0OS{3,1416%{1,~-ANGLE/180.))
BB=COS(3.1416*ANGLE/180,)
BC=SIN{(3,1416%ANGLE/180,)

DO 4 I=1,MA

KB=MB(1I)

DO 4 J=1,KB

BX(TI9J)=AX(I,J)

BY(1,J)=AY(1,J)

BZ{1,J)=A2(1,J)

IF(KA{I,J).EQeNTA) GO TO 6
FlIeJ)=1e25%AWRB(L,J)

GO TO 4

F(IeJ)=0De625%AWA(T,J)

CONTINUE

CALCULATION OF INTRAMOLECULAR-INTERGROUP CONTRIBUTION
TSRA=0

TSER=Q

DO 29 I=1,MA

SINTRA(I)=0

SINTER(I)=0,

PRINT 211

FNA=NA

NATI=NA+1

DO 8 J=NAI,MA

KC=MB(J)

DO 9 I=1,NA

NCI=1

KB=MB( 1)

CALL CMOMEN(SINTRA(J)04J,1)
SINTRA(J)=SINTRA(J)/FNA

READ 104, (BXI(I)BXINMUTI)BYI(I)9yBYIMCI)yBZI(I)BZIM(I),I=1,NEMIUC)
0=0. .
P=C,

Q=N,

KD=1

G0 TC 11

KD=KD+1

PRINT 204,KD,10,1IP,1¢C

0=10

P=1pP

Q=1Q

DO 13 I=1,NEM]IUC

IF{KCeGTsl) GO TO 14
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IF(I.FQel) GO TO 13 -

14 CALL TRANS(BXIM(I)9BYIM(I)QBZIW(I)tBXI(I’oBYI(])QBZI(I)’
DO 12 K=1l,MA
KC=MB(K)
DO 12 J=1,4NA
NCI=J
KB=MB(J)
CALL CMOMEN(SINTER(K)yY Ky )

12 CONTINUE

13 CONTINUE
READ 105,10,1P,I1Q
IF(ICaNE-.O)}GO TO 10
IF{IP.NESO) GO TO 10
IF{IQaNE.O) GO TO 10
PRINT 206
DO 15 I=1,MA
SINTER(I)=SINTER(I)/FNA
TSRA=TSRA+SINTRAI(Il)
TSER=TSER+SINTER(I)

15 PRINT 205,1,SINTRA(I),SINTER(]I)
PRINT 212,TSRA,TSER
GO 70 99

101 FORMAT(12A6/12A6/15,8A6/5110/7/4F10,5)

102 FORMAT(12)

103 FORMAT(I10,5F10.5)

104 FORMAT(6F10,.5)

105 FORMAT(312)

201 FORMAT(1H1,16HSECOND MOMENT OF y1X912A6/16X912A6/8X o THELEMENT 92X,

18A6718H LATTICE CONSTANT y5X92HA=yFTe395X92HB=yFTe3,5Xy2HC=9FTe3,
25Xy 6HANGLE=F7,2)
202 FORMAT(1HDy2Xy 9HGROUP NOe 510X 7THATe NDe 10X ,14HAT, COORDINATE, 16X,
125HFACTORS FOR SECOND MOMENT)
203 FORMAT(L1H 45X 912415X91295X93F10e4910X92F10,37(23X31295X93F10e4%,
110X42F10.3))
204 FORMAT(1HD34HCELLy I3 91H( 129 Hy91291Hy91241H))
205 FORMAT(IH +8Xe12,18X4Fl0e44918X,Fl0e4)
206 FORMAT(1H1413HSECOND MCMENT/4Xs9HGROUP NQOe 91CX:25HINTRAMOLECULAR-I
INTERGROUP s 1CX 9 Y4HINTERNOLECUL AR)
211 FORMAT (1H1,9HGROUP NOe 910X s3HNOe 920X 91HX 320X »IHY 320X ,1HZ)
2)2 FORMAT(1HO 93X s SHTOTAL 30X F1l0e4918XsF10e4)
98 STOP
ENC

SUBROUTINE CMCMEN(Sy ICALKeJ)

DIMENSION R(20,2d)

COMMON MB(40) s KA(4N,10) s AX(40910) 9y AY{40,100,A2(40,10),8X(40,10),
1BY (40, 10),BZ(40,10) , AWA{40,41C) yAWB(40¢10) 4F{40410) 4yKB9yKC9XA¢XB,
2XCyBAyBB4BCyDyPs Qe NCIyMA

D0 1 L=1,KB

DO 1 M=1,KC

1 RILyMI=SQRT( (BX{KyM)=AX(JgL))*%k2+ (BY(KyNM)=AY(JyL))%k%k2=2,%BAX
LIBX(KeMI=AX{Jo LI IX(BY(KyM)=AY(JyL)I+(BZ(KyMI=AZ(JyL))*%2)

IF{ICAL.EQ.Q) GO TO 5 . .

RS=R(1,1)

DO 2 L=1,KB
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DO 2 M=1,KC
IF(RSeLECR(LyM)) GO TO 2
RS=R (L M)
2 CONTINUE
IF(RSeGTe7e) GO TO 4
GO TO0 7
IF(NCI.GT.1) GO TO 6
PRINT 2109Ke(MyBX{KyN) yBY(KoM) ¢BZ(KyM)4M=1,KC)
A=
8=,
C=0,
D=0,
E=0.
FZ=0,
G=0,
DO 3 L=1,KB
DO 3 M=),KC
RZ=BZ(KyM)=-AZ(J,yL)
RX=(BX(KyM)=AX{(JyL))+(BY(KyM)=AY(J,L))*BB
RY={BY(KyM)=AY(JyL))*BC
RXY=SQRT(R(L yM) #%*2-R 2%%2)
ACOSA=RZ/R(LyM)
ASINA=RXY/R{L4M) -
ACOSB=RX/RXY
" ASINB=RY/RXY
RISP=1e¢/R{LyM)*%x3
A=A+ ACOSA**2%RISP
B=B+ASINA®ACOSA*ACQOSB*RISP
C=C+ASINAXACOSA*ASINB*RISP
D=D+ASINA%*x2%ACOSB** 2%RISP
E=E+AS INA®*2%XASINB*ACCSB*RISP
FZ=FZ+ASINA*%2*ASINB*%2%R ] SP
3 G=G+RISP 4
H=1e/FLOAT{KB*KB*KC)
S=S+H*F(Kyl)*{ 1eB*{ARA+D*D+F2%RFZ) +G%G+2,4%(B*B+C*C+E*E)
141 2%(AXCH+AXFZ4D¥FZ ) =2, 0%GRk(A+D+F2))
210 FORMAT(LIH 44X912414Xe12313XsFLlCe4911lXeF10e%911X,F10e%/
1021X912913X9yF1l0e4911XsF10.4411X,F10e%))
4 RETURN
END

o~

SUBROUTINE TRANS(TI,UI VI, ToU,V)

COMMON MB(40)'KA(499105|AX(40910"AY(40110’9AZ(40910)OBXQ4Gv10’1
IBY(4Q’IQ”BZ(40910"ANA(4”'10)’AHB(40'10,'F(40'10"KB’KC’XA’XB’
2XCyBA,BB9yBCsO¢PyQyNCI,MA

DO 1 IL=1,MA

KBI=MB(IL)

DO 1 JK=1,KB!

BXOILsJKI=TT*AX(TLsJK)+(T+C)%*XA

BY(IL, JKI=UI®AY(IL ,JK)+{U#P)*XB

1 BZUILGJK)=VI®AZ(ILyJK)+(V+C)*XC

RETURN

END
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PART 3--= CALCULATION OF SECONC MOMENT FOR ISOTROPIC ROTATION,
ANME-TITLE OF THE SYSTEM, .

NTA-ATOMIC NOe. OF THE NUCLEUS INTERESTED.

ATME-THE NUCLEUS FOR WHICH THE SECOND NCMENT IS CALCULATED,
LA-TOTAL NO. OF ATONS IN A MOLECULE,

NEMIUC~-NOe OF EQUIVALENT MOLECULES IN AN UNIT CELL.

IND-INPUT INDEX FOR ATOMIC POSITIONS (=0 INPUT COCRDINATES 1IN
TERMS OF LATTICE COORDINATESy =1 INPUT COORDINATES IN TERMS OF
ANGSTR(OM) ,

XAy XBy XC ANC ANGLE-LATTICE CONSTANTS,

KA=-ATOMIC NO. :

AK-ATOMIC WEIGHT,

AXyAYyAZ AND BXyBY¢BZ~-COORDINATES OF ATOMS.

AWA ANC AWB-FACTORS FOR CALCULATING SECOND MOMENT.

BXIM.BYIM AND BZIM-MULTIPLYING FACTORS IN TRANSFORMATION OF
CRYSTALLOGRAPHIC POSITIONS

BXIs+BYI AND BZI-ADDING FACTORS IN TRANSFORMATION CF CRYSTALLC-
GRAPHIC POSITIONS.

I0,IP AND IQ-UNIT CELL INDEX.
DIMENS ION ANME(IZ’pATME(B)oKA(ZO)oAK(ZO)oAX(ZO)vAY(ZG)pAZ(ZO)v
IANA(ZG)QAHB(ZO),BXI(IOD,BXIM(IO)98YI(10).BYIM(10)vBZI(lO)'BZIM(IO)
INPUT OF DATA
REAC(S,IOI)ANME,NTA,ATNEpLA'NENIUColNCgXAyXBvXCoANGLE
NRITE(6.201)ANME;ATME.XAyXB'XCvANGLE

WRITE(6,202) :
READ(5v103)(KA(I)vAK(I)oAX(IDyAY(I)pAZ(I!yAHA(I"AHB(I)yl=1wLA)
WRITE(6y203)(KA(I)9AK(I)vAX(I)oAY(ITvAZ(I)1AHA(I)1ANB(I)yI=1oLA)
DEFINE ANGLE FACTORS AND ASSIGN CALCULATION FACTORS

F=0,

BA=COS(3.1416*(lo-ANGLE/IBOo))

DO 1 I=1,LA

IF(KA(I)eEQ.NTA) GO TO 2

F=AWB(I)+F

GO T0 1

F=AWA( 1) /24+F

CONT INUE

CALCULATION OF CENTER QF MASS

CM=9,

CMx=0,

CMY=OQ

CMZ=00

D0 4 I=1,LA

CM=AK({1)+CM

CMX=AK (I)*AX(I)+CMX

CMY=AK(I1)%AY{])+CMY

CMZ=AK(I}*AZ(]1)+CM?Z

IFUIND.EQel) GO TO 3

CX=CMX/CMxXA

CY=CNY/CM%kXR

CZ=CMZ/CM%xXC

.GO0 T0O 8

CX=CF¥X/CM

Cy=Cv¥Y/CM

CZ=CVMZ/CM
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8 READ(59104)(BXI(I’yBXIN(I)vBYI(I’vBYIM(I),BZI(I,vBZIM(I)vi=11
INEMIUC) )
WRITE(6,2C7) .
KC=1
S=0,
0=",
P=0.
Q=,
GO TO 11
10 KC=KC+1
WRITE(642N5)KC4I0,IP,IQ
0=10
P=1pP
€=1Q
11 DO 5 I=1,NEMIUC
IF{KCeNE«1l) GO TO 6
IF(T1.EQel) GO TO 5
6 BXC=BXIM{IN*CX+(BXI{I)+0)%XA
BYC=BYIM{I)*CY+(BYI(1)+P)*XB
BZC=BZIM(I)%CZ+(BZI(I)+Q)*XC
R=SQRT ((BXC~CX)*%*2 +( BYC=CY )**2=2, %¥BA%( BXC-CX)*(BYC~CY)+(BZC-CZ)
1%%2)
WRITE(6+204)BXCyBYCH)RZC,HR
IF(ReGTeRe) GO TO 5
S=S+F/R¥%%6
5 CONTINUE
' READ(S5,1G5)10,1P,IQ
IF(I0.NE.Q) GO TO 1r
IF(IPNE.C) GO YO 1¢
IF(IQ.NE.N) GO TC 10
WRITE(£,206)S
GO 70O 20

12). FORMAT()2A6/15,8A6/2110G/4F10.,5)

103 FORMAT(IIN,6F1C.5)

1N4 FORMAT(6F10.5)

105 FORMAT(312)

201 FORMAT (1H) ,16HSECOND NCMENT OF s+ 1X,12A¢€/8X, THELEMENT,2Xy8A6/18H LA
1TTICE CONSTANT,SX,ZHA=,F7.3,5X,2HB='F7.3y5Xy2HC='F7o395Xp6HANGLE=1
2F1742)

2N2 FORMAT(L1HC 92Xy THAT e NCe »10X, THAT,. WTes10X914HAT, COCRDINATE, 16X,
125HFACTORS FOR SECONC MOMENT)

203 FORMAT (1 H 16X 124 7XyFl0e338X33F10e3,10X,2F10,3)

204 FORMAT(1H 35X 93F10e495X9F1lNe4)

2n5 FURMAT(lH”14HCELLyIB'IH('IZlevvlzlevolzle))

2r6 FORMAT (1H1,23HSECOND MOMENT~ISCTROPIC ¢F1Qe4 )

207 FORMAT(1HY,21HINTERATONMIC DISTANCES//10X ylHX 910X 91HY 10Xy 1HZ 415X,
11HR)

99 STOP
ENC




