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ABSTRACT 

PART l 

Proton and fluorine magnetic resonance s:pectra of eleven 

substituted fluorobenzenes oriented in a mixed nematic liquid cr,ystal 
solvent have been m.easured. The s:pectra were analysed with either a 

first order :perturbation treatment or a computer simulation technique. 

Expressions for the anisotrop,r of fluorine chemical shift were 
obtained. For meta- and para-substituted derivatives the changes in 
anisotropies relative to fluorobenzene have been correlated with Taft's 
inductive and resonance parameters. It has also been concluded that 

the fluorine nucleus in these mole cules is most shielded when the applied 
field is :per:pendicular 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 anisotrop,r of proton chemical shift, 
absolute sign of indirect spin coupling constant, mean orient.ation 
of the solute molecule, and molecular geometr,y, 'was also obtained. 

PART II 

Wide-line proton and fluorine nuclear magnetic resonance 

studies were made on the compounds of the type (CH
3

)3 N BX3' where 
X = H, F, Cl and Br. Comparisons of theoretical and experimental 

second moments reveal the nature of the rotational motions responsible 
for the observed line width transitions. The barriers to the rota­
tional motions were estimated fram 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 

reorientation freedom in these solid complexes was considered. 

A similar study on ammonia borontrifluoride has shown 

that molecular rotation occurs in this complexe 
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CHAPl'ER l 

INTRODUCTION 

I-l Nuclear Magnetic Resonance Phenomena 

Certain nuclei possess non-zero spin angular momentum Îfi, 

and an associated magnetic moment it The two vectors are parallel, so 

that we can write 

lt = t~I (1-1) 

where r is a scalar called the "magnetogyric ratio". When placed in 

a magnetic field, Ho' 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 ia 

{,y= 2J.L F1.oc 

or 1.0 = 2ft Y = rHloc (1-2) 

The local field Hl i5 the sum of the external magnetic oc 
field Ho and the small contributions due to the various interactions 

between the nucleus and i ts surroundings. It is these contributions 

that make mm spectroscopy interesting, as they giva information on the 

environment of the nucleus. 

The nuclear magnetic resonance spectra of diamagnetic molecules 

depend on four types of interaction: (1) the interaction between external 

magnetic fields and nuclear magnetic moments (2) the indirect spin-spin 

couplir.gs, (3) the direct dipole-dipole couplings between nuclei and (4) 

the interaction 01' nuclear quadrupole moments with the electric field 

gradients at the nuclei. Ali these interactions involving the product 
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of' two vector f'unctions are inf'luenced by' the translational and 
rotational motions of' the Molecules, and thus the.y are strongly de-
pendent on the aggregate state of' the system. In isotropie 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, theref'ore, to obtain the high resolution NMR spectra 
in gaseous and liquid states and to study the smaller ef'f'ects of' the 
chemical shif'ts 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 f'ield. 
In f'act they are second-rank tensors and may have as ll18l'lY' as nine in-

dependent components. In the ordinary high resolution NMR experiments 
only mean shielding condtants and coupling constants, <ri = ~. (<raai 
+ O'"bbi + ~ci) and Jij =~(Jaai/ Jbbij + Jccij )' can be detenn1ned 
and inf'ormation about the components tra.l3i and Ja.~ij along various 
molecular axes is lost due to the isotropie molecular motion. It is, 
nevertheless, desirable to measure experiment~ these anisotropie 
properties Binee these components of' the tensor contain potentiallY 
useful information concerning the electronic structure of' the molecule. 
These measurements will also be of' f'undamental importance to the 
f'urther development of' the theory of' magnetic resonance. The f'irst part 
of' this thesis describes the determination of' the anisotropy of' the 
f'luorine shielding constants in a series of' substituted f'luorobenzenes. 

In solids, the restrictions on molecular motion do not average 
to zero the numerous inter.molecular dipole Lïteraëtions and this results 
in a broad line of' saveral gauss width wi th li ttle 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 gives valuable information about 
molecular motion in solid state and this will be the subject of the 
second part. of this thesis. 

1-2 Experimental Methods for Determination of Anisotropy 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 tumble, the nuclei 
experience a fluctuating field as the shift runs random[y through its 
range of values. By measuring the field dependence of the fluorine 
relaxation time in l,3,5-trifluorobenzene, Gutowsky and Woessnerl ) 
obtained a value of 750 ppm for the anisotropy~. However, since the 
two values 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 questioned2). 

Information con"Cernir~ the anisotropy of the shielding tensor 
can be obtained from the as.y.mmetric field-dependent broadening of the 
resonance spectrum of a polycrystalline solid. m.oembergen and Rowland) 
first gave a detailed treatment of the theoretical line shapes which 
result from anisotropie chemical shifts alone. tater the sarne authors4) 
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 Tunsta1l2) to obta.;in both sign: and magnitude of the fluorine 
chemica!-shift anisotropies for three organic fluorides, 1,2,4-tri­
fluorobenzene, CFC12CFC12 and CF2BrCF2Br. Recently MacLean and Mackor5) 
have pointed out that the asymmetry of the line shape may be strongly 
dependent on the origin of t~e dipolar local field and emphasized the 
need of simultaneously accounting for the dipolar perturbation as weIl 
as the chemical shift interaction in the anaJ..ysis of the line shape. 
This method has been further examined by Gutows~ and co-workers6,7). 

Another method of measuring the anisotrop,y of the shielding 
constant depends upon the orientation of guest molecules trapped in a 
single crystal of a clathrate compound at law temperatures (about lOK)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. 
Anisotropies of the fluorine shielding were obtained for CH)F , NF) and 

CHF). 

The disadvantage of methods employing crystalline solids lies 
in the need to measure small changes in a broad resonanee. To avoid 
this di ffi cult Y attempts have been made to obtain the high resolution 
NMR speetra of oriented moleculeslO,ll). For such a purpose a maero-
scopieally anisotropie medium is required which permits extensive trans-
lational motion while favouring certain molecular orientations. The 
possession of sufficient translational freedom b,y 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 l'Ii thin 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 constants12). 

An apparently simple method to obtain such high resolution 

mm spectra of oriented Molecules is to apply a large static electric 

field, in addition to the magnetic field, to a fiuid sample consisting 

of polar Molecules. This technique has been applied to molten ~tro­

toluene by Buckingham and McLauchlan13), 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 196314,15,16,17), is a liquid crystal 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 forcesI8). Usually liquid crystal 

Molecules contain large numbers of protons and the mm spectrum consists 

of many lines ~~d it appears as a rather broad envelope, so that only the 

sharp Unes arising trom the solute resonance Cali be seenI9). 
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In this investigation a mixture of p-p'-di~n~~~~­
benzenes WlitS'~. used as a liquid crystal solvent to obtain high 

resolution spectra of oriented fluorobenzenes. 

1-3 TheQretical Calculation of Fluorine Chernical Shi ft.· in Fluorobenzenes 

The general theory of the nuclear shielding was developed by 
RamSey20). For systems that do not have spherical symmetry he showed 

that, in addition to the first-order diamagnetic shielding (the Lamb 

ter.m21», one has to include a second-order term, which is often called 
the paramagnetic or high frequency terme 

By using an order of magnitude argument Saika and Slichter22) 
have shown that chernical shi ft 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 Slichter's work, Karplus and Das23 ) have 
presented a molecular orbital method for calculating fluorine chemical 
shifts. By the introduction of suitable approximations, the.y expressed 
th~ 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 fluorobenzenes23,24). 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 specifical~ to chemical shifts in conjugated fluorine 

compounds. They include terms arising from changes in the carbbn-
fluorine pi-bond order and changes in the pi-charge density on the 

neighbouring carbon atome The substituent effects on the sigma 

framework of the molecule are not considered in this treatment and 

aIl chan~s 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 attempts26-30) 

to correlate the calculated pi-densities with isotropic fluorine chemical 
shifts. Such approaches have been fairly successful providing no ortho 

substituents are present. These methods, however, are aimed at correlating 
the isotropic chemicb.l shifts, furthermore, changes in the sigma 

framework are ignored or included empirical~. To compare anisotropies 
of fluorine chemical shifts it seemed more appropriate to emplqy 

the original Karplus and Das theory. The detailed mathematical 

formulation of this theory will be presented in Chapter VI. 

1-4 A Summary of the Results on Anisotropies of Fluorine Shielding 

Constants 

A summar,y of measured anisotropies of fluorine chem~cal shifts 

is given in Table 1. 

Several points about these results are worth mentioning. In 

at least three cases, CH3F, CHFC12 and XeF4, the sign of the anisotropy 

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

Measured Anisotropies (ppm) of Fluorine Chemical Shifts 

Compounds 

CFC12CFC12 

CF 2Br - CF 2Br 

CHFC12 

CH
3F 

BaFP0
3 

1,2,4-C6H
3F

3 
C6F6 and C6H5F 

* 

Results 

* 60=240 

6 (j = 260 

60 = -210 

60 = -66 

60 = -159 

60 = 159 

60 = 105 

60 = 249 

60=390 

6 cr = 149 

6 cr = 147 

6 cr = -570 

16 cr 1= 105 
(negative sign preferred) 

6 cr = 182 

6 cr = 250 

cr aa - Cibb = 30* 

cr - cr = 289 aa cc 

6Œ"" = 160 

Experimental Method 

Wide line2) 

Wide line2) 

Wide line5) 

Clathrate8) 

Liquid-cr,ystal solution31) 

Liquid-cr,ystal solution31) 

Clathrate 9) 

Liquid-cr,ystal solution31) 

Clathrate 9) 

Liquid-cr,ystal solution32) 

Liquid-crystal solution33) 

Wide line34) 

Wide line35) 

Wide line7) 

Wide line2) 

Liquid crystal solution36,37) 

Mo1ecular beam38) 

6(} = Oïi - ôl 
Where O{, (<4) is the shie1ding constant for a magnetic field 
parallel (perpendicular) to the X-F bond. 

* For the assignment of molecular axes a, b and c see text. 
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for the same compound determined by different methods are not consistent, 

for example, -66 ppm and -159 ppm have been obtained for met~lfluoride. 

It is rather difficult to understand why .6<rwill be so different for 

two similar compounds such as CHFC12 and (CC12F)2; the fact becomes 

more surprising if one notices that both values were obtained with 

the same method. 

The anisotropies of 19F shielding tensor in fluorobenzenes 

have been studied by different experimental methods. With the assumption 

of axial symmetry of shielding tensor, a value of +250 ppm for .6O""was 

obtained from the field dependence of fluorine second moment in 1,2,4-

trifluorobenzene by Andrew and Tunstal12) • 

From a molecular beam magnetic resonance study of mono-fluoro­

benzene, Chan and Dubin38) have determined the spin-rotational interaction 

constants C~ etc. The spin-rotational constants C~ are composed 

of two contributions. The first is from the rotation of adjacent charged 

nuclei 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. ()~). Since 

the contribution a1~)nuClear from the rotating nuclei can be easily 

calculated, one can relate J~) directly to experimentally determined 

(2)CI Th ult f (2)CI (2)nuclear d (2) f fI cr an· e res s or cr an ,(j'an an crea or uoro-

benzene are listed in Table II (a axis - perpendicular to the plane of 

ring, b axis - along C -F bond and c axis - in the molecular plane and 

perpendicular to the C-F bond). 

Based on both experimental data and theoretical considerations, 

Chan and Dubin further suggested that the anisotroP.1 of the shielding 
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TABLE TI 

Fluorine Shie1ding Anisotropy (ppm) in Fluorobenzene 

trom Mo1ecular Beam Measurement38) 

cr.: (2) nuc1ear a: (2) CI (2) g 
gg gg trgg 

a -222 -193 -415 
b - 33 - 31 - 64 
c -189 -184 -373 
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tensor ean be direetly obtained f'rom cr~)CI. With either cr<~) or 

~2)CI their results indieates crbb»<r > cr- , while the Karplus and 00 ee aa 
Das theory prediets <rbb»~><te 23) • 

The anisotropie speetra of' hexaf'luorobenzene37) and f'luoro­

benzene36) oriented in a nematie p-p'-di-n-hexyloxyazoxybenzene have 

been studied Qy Snyder and Anderson. For hexaf'luorobenzene a value 

of' 159 ppm ws obtained f'or (}aa - ~ (Obb +%e). Combining this value 

with the result f'or f'luorobenzene and assuming that C-F bonds in these 

two eompounds are similar, Snyder obtained ~ - Obb =30 ppm and 

(Jaa - C>ce =289 ppm i.e. 'k > Obb»~e • 
T'ne three experimental results à:itagre,e flot' Qniy in magnitude 

but also in signe Neither do they agree with the predietion of' the 

semiempirieal theOI"y-. More important, assumptions were made in aIl 

three measurements in obtaining anisotropie values f'rom experimental 

data. These assumptions need to be verif'ied. 
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CHAPTER II 

LIQUID CRYSTALS 

When some organic substances are "melted", a turbid liquid is 
produced instead of a clear isotropie liquide On further heating a 
well def:ined phase transition to the isotropie liquid is observed. 

These turbid liquids, called liquid crystals, or mesophases, are well-
defined phases having properties intermediate between those of isotropie 
liquid and crystalline material17,39,40). There are three different 

types of liquid crystal, namely nematic, smectic and cholesteric. Molecules 
that give liquid crystals are more or less elongated. Fig.:l 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 isotropie 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 obta:in 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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A given substance may give one or more smectic phases as 

weIl as the nematic phase. The smectic phases, in agreement with the 

higher order, al-ways occur at lower temperatures. By comparison with 

the nematic phases, the arrangement 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

ticmèsopbas~' can not be oriented by magnetic fields with attainable 

strength~ There is also no cOlllIl1only applicable method which can be 

used to establish a homogeneously oriented layer in the smectic phase. 

A cholesteric phase occu~s only in optica~ active substances. 

It may be regarded as a special case of a nematic phase, since 

its molecular arrangement corresponds to a twisted nematic layer 

(Fig. 1). In a homogeneously oriented 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 constant. 

As one proceeds along a line perpendicular to these planes, the pre­

ferred direction rotates uniformJ..y. The pitch of this rotation (rotation 

through 21'Q varies widely, and is generally between 0.2 and 20/-l. 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 ta align either parallel or perpendicular ta the 

magnetic field. The examples for these two cases are opticallY active 

amylo~azo~benzene and cholesteric derivatives respectively41) • 

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 alignment experiments. The 

possibility of using cholesteric phases has not yet been fuily exploited 

although recently a high resolution NMR spectrum of a solute molecule 

has been observed in a cholesteric phase41). 

Another group of liquid crystals occurs in solution, these 

are more accurately described as lyotropic liquid crystals. The best-

lmown representatives of this group are aqueous soap solutions. The 

molecular order is a function of composition and can resemble either 

that of smectic or nGmatic phase. Although the viscosity of the 

mesophase is often extremely high, it has been found that methyl 

&lcohol is highly oriented and gives a high-resolution NMR spectra 

in such a solvent system42). Ivotropic )2.i!uid crystal solvent could 

be parlicularly valuable for orienting lyophilic solutes. 
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CHAPTER III 

BASIC THEORY OF NUCLEAR MAGNETIC RESONANCE 

'SPECTRA OF ORIENTED MOLECULES 

111-1 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, Saupe15) introduced the order matrix, which will now 

be discussed. 

1 1 1 Let Xi, X2, Xj be specifie space-fixed cartesian co-ordinates, 

the X; axis is parallel to the optical axis (the preferred direction of 

long molecular axis) of the homogeneously oriented liquid crystal layer. 

Consider a rigid molecule in the layer. ~, a2 and a3 are the axes of 

a molecular fixed co-ordinate system, and at the same time ~, a2, a3 
denote the components of a molecular-fixed vector and in space-fixed 

1 1 1 system these components are expressed by Xi, X2, XJ· /31 ' /32' /33 are 
the components of a second molecular fixed vector, and y{, Y~, Y3 are 

i ts 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~ yd > in terms of the components in the 

molecular fixed system i. e. a. /3. need to be computed. ). J 

Due to the rotational symmetry about the optical axis < x~y~ > ). J 
are all equal to zero for i ::\: j and also < x{y{ > = < ~Y~ >. From the in-

variance of the trace we obtain 

< x!.. yI > = < X/yl > = (L:a. /3. - < ~Y3' »/2 -~ 1 2 2 ). ). ). J (3-1) 
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Expressing the angle between the ~-a.x:l..s and the mo1ecular 
fixed axis ai as Ii' then 

= %:a
i 13 j < cos 1. cos j. > ~J ~ J 

and equation (3-1) becomes 

= < Xlyl > 2 2 

< COS A;. COS .:~> î~ c~!J 

Equations (3-2) and (3-3) can be rewritten as 
< Xlyl > 

"3 3 

< ~Y{ > 

= 

= 

IL -3 .a.f3. + ~ ~ ~ 

where Sij is defined as follows 

-32 Ys. ja. (3 • n ~ ~ J 
1[ 1") 
3 • a. (3. - 3 4--.S •• a i 13 j ~ ~ ~ ~J ~J 

Sij = ~ < 3 COS ~i cos I j - dij > 
and d ij is the Kronecker symbol. 

(3-2) 

(3-3) 

(3-4) 

(3-5) 

(3-6) 

If a new space-fixed co-ordinate system X. is chosen and ~ 

= l: ~k1~.13. + (COS %lk COS III 3 ~ ~ ~ 

- ~dkl) f;sijai (3j 

, ' 
Here Il. is the angle bet.ween X. axis and the optical axis x..: ~ 

~ 
-~ 

The expression for the average value in a space-fixed 

(3-7) 

co-ordinate system can be applied to every mo1ecular-fixed tensor 
of second rank, since every tensor can be expressed as linear 
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superpos1t~nof basic tensors, for which equation (3-7) is derived. 

As far as i t i9 of importance to magnetic resonance experiments, 
the mean orientation of the solute in nematic solvents can be described 
by 'the matrix (S ij)' which is called the order matrix. This matrix' i9 
symmetrica1 by defini tion and Su + S22 + S33 = O. Thus there remain 
only five independent e1ements. The limiting ranges of the matrix 
e1ements are: 

-!.<S .. <1 2 - ~l.-

-t S Sij S t for i:f; j only 

Snyde~6) has adopted a different approach to treat the 
average orientation of the molecule. In Snyder's method, the 
probability p(e,~) that the magnetic field is at the spherical polar 
angles e and ~ relative to the mo1ecular-fixed cartesian axes X, y, z, 
ma.y be written as a series of spherical harmonies (Fig. 2): 

p(e,~) = (4n)-1 + C P + C P + C P + C
3 2 2 D3 2 2 x x y y z z z -r z -r 

+ C 2 2 D 2 2 + CD + C D + CD+---x -y x -y xz xz yz yz x:y x:y (3-8) 
where P x = (4n)-1 (3)-1/2 SIN 9 COS ~ (3-9) 

p = (4n)-1 (3)-1/2 SIN e SIN ~ (3-10) Y 

P = (4n)-1 (3)-1/2 COS e (3-11) z 

D3 2 2 = (4n)-1 (2)-1 (5)1/2 (3 COS2 e - 1) (3-12) z -r 

D 2 2 = (4n)-1 (2)-1 (15)1/2 (S~ e COS 2~) (3-13) x -y 

D~ = (4n)-1 (15)1/2 (SI~ e SIN $ COS p) (3-14) 

D xz = (4n)-1 (15)1/2 (SIN e COS ê COS ~) (3-15) 
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D = (411)-1 (15)1/2 (SIN e cos e SIN, ~) yz 

The C-coefficients in the above expansion describe the 
orientation. Since pl(f),~) is a probability density function, I rr J: p(e,~) S~ e de d~ = l, and the mean value of any 

function f(e,~) of the orientation is 
(lIT L1T r= Jo 0 f (e,~) p(e,ç6) sm e de d~ 

It will be shown 1ater that all the interactions ob-
served in a nuc1ear magnetic resonance experiment are only depend-
ent on the fi ve C-coefficients: C

3 2 2, C 2 2, C , C and , z -r x -y x:r xz 
C • For this reason, we will neglect all the other C-coefficients yz 

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 c10sely 
related to the e1ements of the order matrix: 

C3z2_r2 = (5 )1/2 (2)-1 S33 (3 COS2 ® - 1) 

Cx2_y2 = (5)1/2 (3)-1/2 (S -s ) (3 COS2@ 1)/2 Il 22 -

C = (5)1/2 (3)-1/2 s (3 COS
2 ®- 1) X3' 12 

Cxz = (5)1/2 (;)-1/2 s (3 COS2®_ 1) 13 

C = (5)1/2 (3)-1/2 S ( 3 COS2®_ 1) yz . ~3 

Rere ® is the angle between the liquid czystal optical axis and 
the applied field direction. These relations can be easily verified 
with equation (3-7) by computing the average value < X3Y3 > of two 
uni t vectors along molecular-fixed cartesian axes, the X:3 axis is 
taken to be paralle1 to the field direction. 

(3-16) 

(3-17) 

(3-18) 

(3-19) 

(3-20) 

(3-21) 

(.3-22) 
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If a molecule is synunetrical, a sui table choice of molecular-

axes can reduce the number of motional constants. For a molecule with 

a 3-fold or higher axis of synunetry a choice of this as the z-axis 

causes only 03 2 2 to be non-zero. If a molecule has two perpendicular z -y 
planes of symmetry, and if one axis is parallel to them both, with 

second and third axes in the planes, the 03 2 2 and ° 2 2 are the only z -r x -y 
non-vanishing motional constants. If the mole cule 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. 

111-2 The Spin Hamiltonian 

The complete Hamiltoni~ determining the energy levels and spin 

~~ve functions of a set of nuclei in a molecuJ~ in a fixed orientation 

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

J-L = - ~ ~ li (IZi = a~,y,z "Zai lai) 

+ fs.j Ii crij ) 1j (3-23) 

where, as usual, the direction of external magnetic field Ho is taken 

as to be the Z axis. The term "Il' is the shielding tensor of nucleus a~~ 

i; the total magnetic field at nucleus i in the 13 direction due to an 

extern~ magnetic field Ha is Ha ( dap - "etI3i)' where Oa13 is the unit 
H rank tensor. The constant tensor A .• represents the indirect spin l.J 

8 coupling J .. 
~J 

nuclei i and 

~di and the intramolecular dipole-dipole coupling Dij r between 

second 

j for i#j, and the quadrupole interaction for i=j. 
~di The elements of direct dipole-dipole coupling D .. r between two l.J 
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magnetic moments of ~'Y . 1. and 1'i'Yj:Î. of nuclei i and j w.i. th J. ~ J 
. ~R separat~on ij are 

dir 
Daf3ij = 

'Y. 'Y,,-1. ,J 

5 
R ij 

~di Thus the tensor D. jr is traceJ.ess (i. e. 'S'"" D . j = DXJCi' ~ ~ aa~ J 
+ DYIij + DZZij = 0) and symmetrical (i. e. Dnij = DyX:ij etc. ) 

In all practical cases, Ho is of the order of 104 gauss, and 

the Zeeman term is much bigger than ar.w of the remaining interactions, 

so mixing of the states w.i. th different values of IZ =~ lZi can be 

neglected. Thus, in the high field approximation, one can write 

j{= - Ho ~ 'Yi (1 -CT ZZi) lZi 
2rr 

~1( )4-' + i>j 3 AXXij + AYYij + AZZij Ii Ij 

+ {;j ~ (2 AZZij - AXXij - Ayyij ) 

For a molecule in constant rotational motion, the average 

values of (J ZZi and Aa.t3ij have to be used in equation (3-25). The 

average values can rèlà-te' eithé~ to the order matrix (Sij) through 

equation (3-7) or to the motional constants through equation (3-11). 
In this thesis Snyderts treatment36) is adopted to analyzè~ the ob-

served spectra. 

~ 

(3-25) 

For any mo1ecu1a.r-fixed second order tensor Ait can be shown 

-
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(2AZZij - Ayyij - AXXij ) 

_ ()-1( )-1/2 . l ( - 2 3 5 C3z2_r2. [Azzij - 2 Axxij + Ayyij>] 

+ (3)-1/2 (5)-1/2 C 2 2 [A . - A ] x -y XXl.j yyij 

+ (3)-1/2 (5)-1/2 C [A + A ] xy xyij yxij 

+ (3)-1/2 (5)-1/2 C [A . + A . ] xz XZ1j ZX1j 

+ (3)-1/2 (5)-1/2 C [A + A . ] yz yzij zyl.j 

In equations (3-26) and (3-27), X, Y, Z, and x, 
y, z, are referred to the axes of space-fixed and mo1ecular-

fixed co-ordinate system respective!y. 

(3-26) 

(3-27) 

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

Hamiltonian for a set of nuc1ei of spin 1/2 can then be written 

as 

(3-28) 

Thé .. dil;iole'.. cotipl1iag constant D .. can be taken as the sum 1J 
of two terms; D<?:r, the contribution from the intramolecular 1J 
dipole-dipole interaction, and ~~eudo, the contribution due to J.J 
the anisotropy of the indirect spin-spin coupling constant. The 

indirect spin coupling constant J .. , the direct dipo1e coupling ~J 

constant D<?:r and the pseudo-dipo1e coupling constant ~~eudo 1J J.J 

• 1 
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can be computed from equation (3-26) and (3-27): 

Ddir 
ij { C 2 2 

~ -r 
2 ,_5~ 2 5 2 ;5 [< Zij/R'. > - (1/2) < x . .IR. j > - (1/2) < y . .IR . . >] 1J 1J 1 1J 1J 

+1/2 -1 2 1 5 2 / 5 + C 2 2 (3) (2) [x. j Ri. > - < y. . R. j >] x -y ~ J 1J 1 

( 1/2 1 5 + C 3) [ < x .. Y.j R. j >] xy ~J 1 ~ 

1/2 1 5 + C (3) [ < x .. z .. R •. >] xz ~J ~J 1J 

1/2 1 !1 } + C (3) [ < y .. z.j Rij >] yz 1J 1 
_Dseudo _ ( 1 ) ( )-1/2 (. - )] l.J':. • - C3 2 2 2 3 5 [J. j - 1 J .. + J .. 1J Z -r . zz~ '2 xx:LJ YY1J 

+ C 2 2 (15)-1/2 (J .. - J .. ) x -y xx:LJ YY1J 

+ C (15)-1/2 (J .. + J~ .) xy xy1J J.-J 

+ C (15)-1/2 (J .. + J .. ) xz XUJ ZJÇLJ 

+ C (15)-1/2 (J .. + J .. ) yz yZ1J ZY1J 

X. . y.. and zi. are the components of the distance vector ~ . in ~J 1J J 1J 
the mo1ecular-fixed co-ordinate system. The angular brackets 

indicate averages over the internal motion. 

The average OZZi can be expressed in terms of the com­

ponants of the shie1ding tensor in the mo1ecular-fixed co-ordinate 

system: 

(3-29) 

(3-30) 

(3-31) 
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ayyi + a zzi)/3 

(2/3)(5)-1/2[ azzi - ( axxi 

+ C 2 2 (15)-1/2 ( a . x -y .xx:L ayyi) 

+ a .) yn 
+ C (15)-1/2 (a 

:Ky xyi 

+ C (15,-1/2 (a . xz 1 XZl. 

+ C (15)-1/2 (a • 
yz yZl. 

+ a .) 
zyJ. 

+ a . )/2J 
YYJ.. 

'flle first tenu is the average value of the shie1ding 

tensor and is the quanti ty usually measured in the isotropie 

ao1ution. B.r eambining the results fram nematie solution with those 
fram isotropie solution an additional r~lation among various components 
of the shielding tensor can be obtained. 

(3-32) 
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CHAPTER IV 

EXPERIMENTAL 

IV-I General Consideration 

If a nematic mesophase is mixed with other substances the 
resulting phase will remain nematic over a definite concentration range. 
The ~um obtainable concentration depends on the nature of the solute 
and of the nematic solvent. With p-~-n-alko2CYazo2CYbenzenes 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 NHR 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 
mole cules in different regions would have slightly different NMR transition 
frequencies and a line width variation across the entire spectrum is ob­
served43). 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 shi ft , this region of minimum line 
width may be several hundred cycles from the center. Since the line­
broadening degrades both the resolution and the intensity o~ 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 H,z, 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 

resolution44,33). 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 grea ter 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 Spectrameter 

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 used45,46). 

Separate ,side band resonances are obtained, when the magnetic 

field is modulated wi th an audio signal having a frequency large 

compared to the line width. The side bands are separated from the usual 
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resonance f'requency by nYm, where Ym is the modulation f'requency and n 
is any positive or negative integer. If the magnetic field H is swept o 
slowly signals are found at the field value gi ven by H = 2rr v..lr and o 0 
also at Ho = 2rr( 'lb + nVm)/r, where Vo 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 !rom 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 Vo by multiples of' the modulation frequency Ym• Above 

one of the resonances in Fig 3, the frequency components contained in that 
resonance is sketched. In the detector of the receiver al! of the components 
are mixed with reference signal f!"cm the transmitter converting signals at 

transmitter frequency vo to d.c. and signals at frequency Vo ± n\fu. to nvm• Thus 
the signals contain audio compone.'1ts as well as d. c. componeitt. Any 

change in balance of the probe will change the d. c. Ie-ITel but leave the a. c. 
components unaffected. By selecting only the a. c. component of the signal, 
the effect of base-line drift 'Q~ be minimized. 

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

~, a unit consisting of an audio amplifier, a narrow-band amplifier 

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 center 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-fie1d and down-fie1d side bands 

are not exa.ctly the same; the difference corresponds to about la 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. 

Ail the spectra were recorded using a Varian V-4340 variable 

temperature NMR probe accessor,y and a Dewar probe insert V-4331-THR. 

As stated above, the appearance of the spectra is extremely sensitive to 

:'emperature gradients across the samp1e. Therefore, the samp1e was 

equilibrated in a thermostat at the desired temperature before transferring 

to the probe, and the samp1e position and the flow rate of heating gas 

were carefully adjusted to gi ve a minimum line width across the Spt~ctrum. 

The temperature within Dewar probe insert was measured with a calibrated 

thermocouple. 

IV-3 Preparation of Samp1es 

p-Nitropheno1 and 1-bromoalkanes were used as starting materials 

to synthesize p-p'-di-n-alkoocyazoocybenzenes. The solid potassium salt of 

p-nitropheno1 was prepared by pouring excess conc. potassium hydroxide 

into a solution of p-nitropheno1 in aqueous KOH. The precipitate was 
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filtered and dried under vacuum. 

The procedure of Weygaud and Gabler 47) ws used to prepare 

p-alko:xynitrobenzene. The potassium salt of p-nitrophenol (40 gm), 

l-bromoalkane (45 cc) and cyclopentanone (130 cc) were refluxed with 

stirring for about 12 hours. Ether ws added to the cooled reaction 

mixture, which was then wshed successive~ with 10% aqueous KOH and 

wter. The ether layer ws tl"eated with anhydrous Cac1
2 

and allowed 

to stand ovemight. .A:fter filtration the solution ws distilled 

under reduced pressure. The yield of purified p-alko:x;ynitrobenzene 

ws about 50%. 

p-p' -di-n-alkoxyazoxybenzenes were prepared through the 

electro~ic reduction of p-alko:x;ynitrobenzene. Bath cathode and 

anode were made of pure lead and the cathode ws treated in 20% 

H2S04 solution before electrolysis. The catho~e ws first prepared 

by dissolving 7% p-alko:x;ynitrobenzene into a saturated solution of 

sodium acetate in 96% ethanol. The catho~e ws then poured into a 

perous cup situated in a beaker which ws filled with a 10% solution 

of sodium carbonate. The current density used ws 0.02 A/cm
2

• 

The electro~sis ws stopped when 95% nitrobenzenes ws expected 

to be reducèd. 

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 
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TABLE III 

Transition Temperatures (oC) of p-~Di-n-but~-, 

p-~Di-n-penty1oxy-, and p-J>-Di-n-he:xy1~-azoxybenzene: 

Solid-Nematic Nematic-IsotroEic 
This Work Lit. 48) This Work Lit. 48) 

Butoxy- 108 106 133 134 
Penty1mey- _81 81 122 122 

Hexy1oxy- 82 82 128 129 
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of such composition was used as the solvent. 

Samples of fluorobenzenes were obtained from commercial 
sources (Table IV) and used without further purification. Deuterated 
p-fluorophenol (C6H

4
FOD) and p-fluoroaniline (C6H

4
FND2) were prepared 

by repeated treatment with heavy water. Solutions containing fluoro-
benzenes were sealed under vacuum in standard.5 mm O.D. NMR tubes. 
Solution concentrations .~d the temperatures of rneasurement are listed 
in Table IV. 

For proton chemieal shift measurements a small amount of 
tetramethylsilane was added to the samples and used as an internal 
standard. Trifluoroacetie aeid was used as an external reference for 
fluorine resonances. A solution of carbon tetrafluoride (4%) in the 
same liquid cr,ystal solvent showed a 13 Hz low field shift on going 
from the isotropie phase (104°C) to the nematic phase (65°C) and a 
corresponding correction was made to al1 observed fluorine anisotropic 
shifts49,50) • 
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TABLE IV 

Solution Concentrations (Mole %) and 

Temperatures (oC) of Measurement 

Compounds Supplier Concentration 

1,3,5-Trifluorobenzene Pierce Chem. Co. 30 

D-Difluorobenzene Aldrich 36 

m-Difluorobenzene Eastman 37 
p-Difluorobenzene Aldrich 33 
p-Chlorofluorobenzene J.T. Baker 33 
p-Bromofluorobenzene Eastman 31 

p-Nitrofluorobenzene Eastman 33 

p-Fluorobenzonitrile Aldrich 33 

p-Fluorophenol (-00) Eastman 33 

p-Fluoroaniline (-ND2) Eastman 34 

3,5-Difluoroiodobenzene Aldrich 27 

Temperature 

62 

64 

64 

67 

67 

65 

65 

64 

67 

65 

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 

The quantum-mechanical methods5l) commonly used for normal 

high resolution spec~ra are equally applicable. The main difference 
is the presence of the direct dipole couplings D~~, which play a 

~J 

dominant role in determining the major features of the spectra. Ail 

the fluorobenzenes to be studied contain at least five magnetically 
nonequivalent nuclei and generally it is not possible to obtain 

analytical expressions for line fr~quencies and intensities and a 

(5-1) 

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 theOI'Y or with a computer pro gram. 

V-l Computer Simulation Technique 

In princ1ple, 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-

met ers entering the spin Hamiltonian. 

The spectra of molecules oriented in a nematic liquid 

crystal are usually dominated by the direct dipole coupling constants 
D~~r. Equation (3-30) shows that D~r are deter.mined by the molecular 1J 1J 
geametry and the degree of orientation. If the approximate 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 C2v 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 
isotropie spectra is of great value in estimating these parameters for 
the computer simulations of the anisotropie spectra. In fact, rather 
accurate (absolute) values for J .. can be obtained in this way. The 1J 
anisotropy of the indirect spin coupling constant is expected to be 
small for aIl the compounds studied here. 

The program given by Wiberg52) for normal hig~ resolution NMR 
spectra was rewritten to include the dipole coupling constants D~r 

1J _Dseudo . . _Dseudo and Ir. . • The mod1f1ed program accepts the values of J .. , Ir. . 1J 1J 1J 
and ~Zi' atomic positions in a molecular-fixed co-ordinate system, 
and the motional constants as the input. The direct dipole coupling 
const~nts are calculated from the assumed molecular geometry and 

motional constants. For each system it constructs basic product 
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functions and the., Hamil tonian matrix for each value of IZ = LI IZi. 
Nuclear stationar,y 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 camputed 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. 

1.3.5-Trifluorobenzene 

The observed proton and fluorine spectra are reproduced in 
Fig. 6, since the spectra are symmetric about the centre only one-half 
i8 show in each case. The centre of the pTOton spectrum in the nematic 
phase was 6.24 ppm to low field from internal TMS. The centre of the 
fluorine spectrum was .35.19 ppm. to high field f'1X1M. carbon-tetrafluoride. 
In the isotropic phase at 102°C the shifts were - 6.53 ppm. and 45.16 ppm 
respecti vely. 

Since the proton resonance position shifts to 10wer field in 

the isotropie relative to the nematic phase, the solute Molecules are 
aligned wi th their molecular planes parallel to the applied field16) 
and therefore the sign of the only motional constant required, C

3 
2 2, z -r 

is negative. For the first trial calculation only the direct dipole 
coupling constants were included, with values based on a structure with 

° ° D3h symmetry and bond distances C-C = 1.39A, C-H = 1.08A, and C-F = 
° 1.3lA. The theoretical spectra obtained with an arbitrarily chosen 

value of -0.25 t'or C'l 2 2 were in approximate agreement wi th experiment .... z -r 
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except for a scale factor. Examination of the theoretical line 
positions and the values of D~r showed the lines J(H), Q(H), T(H) ~J 

and L(F), S(F) and U(F) correspond to transitions of the a3 sub-
spectra of the isotropie case analyzed by Jones ~~.53), with the 
addition of the direct dipole couplings. Similarly lines M(H) and 
O(F) are the transitions between the A2 symmetry levels, plus dipolar 
coupling. 

1 1 1 V(T(H» = (JHF + DHF) + 2 (JHF + DHF) + 
1 1 1 Y(L(F» = (JHF + DHF) + 2 (JHF + DHF) -

1 1 1 V(Q(H),S(F» = (JHF + DHF) + 2 (JHF + DHF) 

1 1 1 Y(M(H),O(F» = (JHF + DHF) - 2 (JHF + DHF) 

For the second stage of spectrum calculation, the indirect 
spin-spin coupling constants Jij with the absolute values taken from 
Ref. 53)were included in the calculation. The absolute signs of Jij 
were varied and, at the sarne time, the most reasonable fit to the 
positions of the above eight lines was obt~~ed with the variation of 
the magnitude of the motional constant. Closest agreement was found 
with JHH, JFF and JHF (ortho) all positive, and J~F (para) negative 
(see Table V). Changes in the magnitudes of the indirect coupling 
constants from the values given by Jones ~~.53) did not improve 

the agreement. 

The final refinement of the theoretical spectrum included 
the pseudo-dipole coupling constants D~~eudo to give the best overall 

~J 
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TABLE V 

Signs of Spin-Spin Coupling Constants in 

1,3,5-Trifluorobenzene 

Rl-lS deviation 
over aU 

JHF(ortho) JHF'(~r.a) JHH JFF observed lines 

+ 

+ 

+ 
+ 

+ 
+ 
+ 

+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 

+ 

+ 
+ 
+ 

+ 
+ 

+ 

+ 

+ 

+ 3.1 
+ 3.9 
+ 1:..2 
+ 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 
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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 al! 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 were computed with 
initial values of the direct dipole coupling constants calculated for 

° a regular molecular structure with bond distances of C-C = 1.39A, 
° ° C-H = LOSA and C-F = 1.31A, aU bond angles were assumed to be 120°C. 

Since the molecule has a C2v symmetry, a suitable choice of molecular 
axes leads to two non-zero motional cons+.ants, C

3 
2 2 and C 2 2. z -r x -y 

Except for a scale factor, the major structure of the spectra will 
depend on the ratio of these two motional constants. Severa! trial 
calculations were carried out by varying C 2 2 with an arbitrarily . x-y 
chosen value of -0.25 for C

3 
2 2 and neglecting the indirect spin z -r 

coupling constants and the proton chemical shift. After approximate 
values of C

3 
2 2 and C 2 2 were obtained the proton chemical shift z -r x -y 

and the indirect spin coupling constants, with values estimated from 
the data given by Loemker ~ ~4), were inserted into calculations. 
At this stage, an examination of the theoretical line positions and 

the values of D .. and J .. showed that certain lines bore simple fixed J.J J.J 
relationship to the coupling constants, VIZ (for numbering see Table VIII). 
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TABLE VI 

Experimental and Ca1eulated Line Positions of 1,3,5-Trif1uorobenzene in Hz fram Centre of Resonance, at 56.4 MHz 

Proton Speetrum Fluorine Speetrum 
Line Exp. Freqn. Cale. Freqn. Cale. Intensity Exp. Freqn. Cale. Freqn. Cale. Intensi ty 
A 5.49j:O.2 5.03 2.9 6. 35j:O.5 5.05 2.2 9.98 0.4 10.0 1.4 B 30. 90±0. 5 31.07 1.6 31. 55±1. 0 31.09 1.6 C 105.9 ±.o.5 106.8 4.0 90. 53±1. 5 88.3 ~.4 1l0.0 0.7 
D 152.4 ±1.5 153.4 2.5 96. 45±1.5 95.6 1.9 154.3 0.7 
E 193.7 i1.5 195.3 2.4 108.5 ±1.5 106.8 2.6 

1l0.2 1.6 F 250.2 +1.0 251.2 3.6 154.5 +1.5 153.4 2.5 G 269.7 ±L.~ 271.8 1.5 166.4 ±2.0 164.8 1.5 -J::" 
-J::" H 370.7 +2.0 371.4 3.1 193.7 ±:J-.5 192.5 2.2 l 624.0 +1.5 623.8 1.6 209.1 ±2.5 207.5 1.2 J 665.9 ±2 .• 0 666.8 3.0 313.5 +2.0 312.6 2.7 K 759.0 ±4.0 759.6 0.6 683.1 D.5 682.6 1.9 L 782.7 ±1.5 783.2 1.2 774.4 ±3.0 7'73.8 3.0 lof 879.7 ±2.0 878.0 1.0 783.3 ±J.O 783.3 2.-4 880.0 1.0 

N 885.5 ±2.0 888.4 1.0 867.9 ±3.0 866.5 0.6 0 921.8 ;t'3.0 923.7 0.8 879.2 ±2.0 878.0 1.0 P 985.3 B.O 985.2 0.8 923. 7 B. 0 923.8 0.8 Q 1001.6 ;t'3.0 1000.3 6.0 935.7 ;t'3.0 935.2 1.5 R 1041.7 ;t'3.0 1042.2 1.5 986.2 ;t'3.0 985.3 1.5 S ll44.7 ;t'3. 0 ll44.6 2.3 1001. 3 ;t'3. 0 1000.3 6.0 T 1333.1 B.O 1333.7 3.0 1085.2 ±,3.0 1085.9 2.0 u 1226.9 ±J.O 1226.7 3.0 

Speetrum Centre: - 6.24j:O.02 ppm (int. TMS) + 35.19j:O.05 ppm (CF4) 
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TABLE VII 

Spectral Parameters;for 1,3, 5-Trif1uorobenzene 

Dij Jij 
n?~eudo 

l.J 

F-F -152.0 5.8 1.0 

H-H -224.3 2.3 2.0 

H-F ortho -948.1 9.0 

H-F para -119.6 -1.7 -1.0 

6 ~ = +102 ± 2 ppm 

6 aH = -2.98 ± 0.3 ppm 



e 

-1000 

e 

'H· 

F GH 1 J f( LM NO P 

-500 o 500 

Fig. 7a The proton magnetie resonance spectre of 3,5~ifluoroioclobenzene. 
Computer simulated spectrum is shown below the experimental 
spectrum. 
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Fig. 'Tb The fluorine magnetic resonance spectra of 3,5~ifluoroiodobenzene. 

Computer simulated spectrum is shown below the experimental 

spectrum. 
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'I-ABLE VIII 

Spectral Parameters for 3,5-~f1uoroiodobenzene 

I, 

Hlf-

i j 

2 3 

2 4 

2 5 

2 6 

3 4 

3 5 

FJ 

Dij 

-1040.3 

- 221.8 

- 91.6 

- 146.9 

- 699.6 

- 99.5 

jfseudo 
ij J'j ~. 

8.5 

6.0 2.5 

-1.0 

1.5 

9.0 

7.2 

C 2 2 = -0.0420 x -y 

VH = 5.0 Hz 
4 

19F Chemical shift (nematic 67°C) = 37.74 ± 0.04 ppm int. CF4 

(isotropie 95°C) = 45.95 ± 0.02 ppm 



V(:G(H), M (H) ) 

V(K(F), Kt (F) ) 

V(O(F), Ot(F) ) 
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= D34 + J34 

= ~ (J23 + J3!!· + J36) + ~ (D23 + D34 + D36) 

-t D35 

Further calculations were carried out by keeping a 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 J .. relative to D. .• With aIl J .. except J
25 

being 
~J ~J ~J 

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~ipole coupling 

constants and the variati9n of motional constants and chemical shift 

to give the best overall fit to the experimental spectra. The final 

spectral parameters are given in Table VIII and the computer simulated 

spectra given in Fig. 7. The experimental and calculated line posittions 

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~ifluorobenzene 

The proton and fluorine spectra of these two compounds 

are given in Fig. 8 and Fig. 9. The procedures used for 3,5~i-

fluoroiodobenzene were employed for analysis. A better fit was obtained 

with most of J .. being positive in both compounds. The final para­
~J 

meters are listed in Table X and the computer simulated spectra 
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TABLE g 
Experimental and Caleulated Line Positions of 3,5-Difluoroiodobenzene in Hz at 56.4 MHz 

Proton SE.eetrum 

Line Exp. Freqn. Cale. Freqn. Cale. Intensity Line Exp. Freqn. Cale. Freqn. Cale •. Intensity 
A 0 0 9.8 
B 2l3.1±1.7 209.7 1.7 B' 213.0±1.0 210.0 1.7 212.7 1.9 213.0 1.9 C 265.9:t2.1 263.4 1.5 c' 277.9±.2.3 273.3 1.5 D 307.3±1. 7 304.9 5.8 D' 318.3.±O.5 313.2 5.8 E 324. 5±1. 8 323.5 1.4 E' 336.8.±O.8 333.4 1.4 F 418. 4±1. 0 419.1 1.6 F' 429.3±2.0 429.0 1.6 \JI 

0 G 466.Oj:1. 7 466.9 1.5 G' 476.7±1.1 476.7 1.5 H 480.7±2.4 476.3 2.4 H' 491.6j:1.0 486.2 2.3 
l 537.2±2.4 533.4 2.1 It 546. 5±2. 5 543.2 2.1 
J 560.4±2.5 554.8 2.2 J' 5'70.4±1.3 564.9 2.1 559.4 6.5 569.3 6.5 K 631.6±,3.0 629.0 2.9 K' 639.0:!:1.3 638.8 2.9 L 681. 2±3. 2 679.7 2.5 L' 689.2:t1.4 689.6 2.5 M 693.3±3.0 690.5 2.0 690.4 2.0 
N 740.4±2.6 737.3 1.5 Mt 746.6±,2.5 746.4 1.4 0 765.S±2.6 762.1+ 1.3 Nt 767.1±1.3 766.1 1.2 
P 944.4±2.7 940.3 4.5 Ot 942.5±1. 7 942.2 4.6 
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TABLE IX page 2 

Fluorine Speetrum 

Line Exp. Freqn. Cale. Freqn. Cale. Intensity Line Exp. Freqn. Cale. Freqn. Cale. Intensity 

A 49.7±1.0 47.7 2.0 At 49.1±1.0 47.6 2.0 

B 87~8+1.0 66.9 1.6 
. - Bt 89.3±1.0 88.8 1.6 

C 110.9±0.7 106.6 3.3 ct 110. 9,tO. 7 109.5 2.2 
1ll.0 2.2 110.2 3.3 

D 215.4±1.2 214.9 1.9 Dt 214.1±1.7 215.1 1.9 
E 253.7±2.2 251.3 3.0 Et 250.4±1.5 249.8 3.0 
F 308.D-J:2.5 309.8 0.6 Ft 313.4±2.2 317.8 0.5 
G 457.8±~5 454.3 0.8 G' 446.0j3.0 446.6" 0.9 
H 654.5±3.0 651.7 0.5 H' 646. Sj-,}. 0 643.7 0.5 Vl 

1-' 

l 669. 9±2. 5 670.6 0.8 l' 677. 4:!:.3. 0 678.6 0.8 
J 737. 1±2. 8 738.0 2.0 J' 737.5:t,'3.0 738.2 2.0 
K 832.5±3.0 832.7 4.0 K' 830. 9±2. 5 832.7 4.0 
L 851.5±2.0 852.9 1.2 L' 846.Oj:l.7 851.3 1..3 

M 873.3±2.5 873.6 1.5 H' 871.4±2.5 875.4 1.5 
N SQ3.7±2.2 905.5 1.9 N' 901.Oj:2.5 SQ5.4 1.9 
0 981.8:t,'3.0 981.9 4.0 0' 978.8±2.0 981.9 4.0 
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Fig. Ba The proton magnetic resonance spectra of ortho-difluorobenzene. 
Computer simulated spectrum is show below the experimental 
spectrum. 
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Fig. Sb The fluorine magnetic resonance spectra of ortho-difluorobenzene. 
Computer simulated spectrum is show below the experimental 
spectrum. 
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Fig. 9a The proton magnetic resonance spectre. of meta~1fluorobenzene. 
Computer simulated spectrum 1s show below the experimental 
spectrum. 
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Fig. 9b The fluorine magnet1c resonance spect:--a. of meta~ifluorobenzene. Computer s1mulated spectrum 1s shown below the exper1mental spectrœn. 
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TABLE Xa 

Spectral Parameters for Ortho-Dif1uorobenzene 

Fa 1L~ 
Fa 

Hq. 
i j Dij Jij Jij(ref. 
1 2 -970.1 11.0 10.44 
1 3 - 98.0 9.0 7.87 
1 4 - 41.6 0 0.29 
1. 5 -1l5.0 l.5 1.62 
1 6 -1l08.4 8.3 8.30 
2 3 -225.5 -20.0 -20.43 
2 5 -1l5.6 - l.5 - 1.39 
2 6 -219.4 

5 6 -332.8 

C3 2 2 = -0.2418 z -r 

3.5 

7.6 

C 2 2 = 0.0857 x -y 

19F cr nematie (64°0) = 67.87 ± 0.05 ppm int. CF
4 

cr isotropie (90°0) = 78.81 ± 0.04 ppm 

Ys,6 = -4.0 Hz at 56.4 MHz 

4.33 

7.62 

7 

72) 
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TABLE Xb 

Spectral Parameters for Meta-Difluorobenzene 

H, ~ 
F~. f2. 

~ H3 

HII-

j D
ij Jij Jij(ref. 

2 -917.0 9.2 9.23 

3 -100.2 2., 2.45 

4 - 31.4 0.3 0.33 

.3 -209.8 8.2 8.16 

4 - 86.0 6.5 6.46 

5 -108.7 -0.9 -0.86 

6 -173.2 . 6.6 6.57 

4 -1028.0 

5 -216.1 

C 2 2 .3z -r = -0.2216 

8.4 8.4 

0.9 0.86 

C 2 2 = 0.0872 x -7 

= 43.10 ± 0.06 ppm int. CF 4 

cr isotropie (85°C) = 48.00 ± 0.02 ppm 

X 

71) 
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in Fig. 8 and Fig. 9 respective~. 

V-2 Perturbation Method 

The possibility of using the first order perturbation.method 

to treat the spectra of p-substi tuted fiuorobenzenQ3 and para-difluoro-

benzene arises fram the fact that the dipole coupling constant between 

ortho-protons is usually an order of magnitude greater than ~ of 

the other coupling constants in the system. Therefore, one can write 

the spin Hamiltonian as (for numbering see Table XI) 

J1.=j{ +Jt (5-2) 

( 5-3) 

and the tennJl contains remaining coupling constants and chemical 

shifts. 

E:Substituted Fluorobenzenes 

The eigen-functions of the zero-th order spin Harniltonian, 

equation {5-a}, can be constructed by using the D2h synnnetry ofJ-r, 

and are listed in Table XI (only given for states with IZ{H) = 2, 1, 0). 

Since there are no degeneracies in the zeroth order symmetry wave functions 

the effect of Jt can be treated as a perturbation. The calculated first 

order energies ars also listed in Table XI. 

In the first order approximation, the proton spectra should 

consist of twenty-four lines symmetric~ placed relative to the center 

1 at '2 (VH2 + V
H3

). Energies and intensities for o~ twelve hydrogen 

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



e ----------------....... 
e 

TABLE XI 

Zeroth-0rder Wave Functions and First-order Energies for p-Substituted Fluorobenzenes 

H2 
\JI 
\0 

1 

H3 

~ 
Y

Lx 

........... -----------------
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TABLE XI page 2 
+ * YH2 YH3 YF DO ~ rP;.' nP

HH 

8ymmetry Wave functiona 
HH HH 

82,±1/2 P~ 1 1 ±1/2 1/2 1/4 1/4 1/2 F 

1S1,±1/2 (2)-1 (a+btc+d);r 1/2 1/2 ±1/2 -1/4 -1/8 -1/8 -1/4 F 
281,±1/2 (2)-1(a_b-c+d)~ 1/2 1i2 +1/2 1/4 -1/8 -1/8 1/4 F 
lA1,±1/2 (2)-1(a+b-C-d)~F 1/2 1/2 +1/2 -1/4 1/8 1/8 1/4 F 
2A1,±1/2 (2)-1(a-b+c-d)~ 1/2 1/2 +1/2 1/4 1/8 1/8 -1/4 F 

180,±1/2 (2)-1(f+j+g+h)~ 0 0 ±1/2 -1 0 0 0 2i 
F 

2S (2)-1(f+j_g_h)~ 0 0 ±1/2 0 0 0 0 0,±1/2 
F 

380,±1/2 (2)-1/2(e+k)aF 
13F 

0 0 ±1/2 1/2 -1/4 -1/4 -1/2-

480,±1/2 (2)-1/2(g_h)~ 0 0 ±1/2 -1/2 1/4 1/4 -1/2 F 
lA.o,±1/2 (2)-1/2(f_j)~ 0 0 ±1/2 1/2 -1/4 -1/4 -1/2 F 

2Ao,±1/2 (2)-1/2(e-k)~ 0 0 ±1/2 -1/2 -1/4 -1/4 1/2 F 
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TABLE XI page 3 

+ DO ~ JO ~ ~' Symmetry JP JO ~ HF HH HH HH HF 

S2,±l/2 +1'2 -' ±1/2 1/2 1/4 1/4 1/2 +1/2 +1/2 

lSl,±1/2 ±1/4 +1/4 1/2 1/4 1/4 1/2 ±1/4 +1/4 -
2S1,±1/2 ±1/4 +1/4 -1/2 1/4 1/4 1/2 ±1/4 ±1/4 

lA1,±1/2 +1/4 ±1/4 1/2 -1/4 -1/4 -1/2 +1/4 ±1/4 

2Al,±1/2 +1/4 ±1/4 -1/2 -1/4 -1/4 1/2 ±1/4 ±1/4 

lS0,±1/2 0 0 1/2 0 0 0 0 0 

2S0,±1/2 0 0 -3/2 0 0 0 0 0 

3So,±1/2 0 0 1/2 -1/4 -1/4 -1/2 0 0 ~ 

48 0 0 -1/2 1/4 1/4 -1/2 0 0 ' 0 +1/2 '-
U.o,±1/2 0 0 1/2 -1/4 -1/4 -1/2 0 0 

2Ao,±1/2 0 0 -1/2 -1/4 -1/4 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) are appended as suffixe 

* p = 0.(2)0.(3)0.(5)0.(6) 
a = 13 a a a; b = a 13 a a; c = a a 13 a; d = a a a 13; 
e = 13 13 a a; f = f3. a 13 a; g = 13 a a 13; h = a 13 13 a; j = a 13 a 13; k = a. a 13 13. 
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TABLE XII 

Transition Energies and Relative Intensities of the Spectrum of p-Substituted F1uorobenzenes 
Hydrogen Transitions 

Line 

a 

g 2A1,±1/2 
-i)----

_ 1:. S2,±1/2 - - - -
c 

i 

d 

j 

e 

k 

f 

1 

151 +1/2 ,-

- - - -
3So +1/2 '-

1Ao +1/2 
~. '--

251 +1/2 '-

Transition 

2Ao,±1/2 

151 +1/2 '-

150 +1/2 '-

lS_1,±1/2 

lA_1,±1/2 

450 +V2 ,-

* Measured from (YH2 + YH3)/2; 

* Energy 

± 6/4-.3D~/4-.3(~ + ~)/8 + .3~/4 

+ ~/4-3D~/4-3 (~ + ~)/8 - 3n}k/4 

± 6/4-(~ + ~)/4 - J~2 - 3D~4 
+ (~+ ~~)/8 + rfm/4 

+ 6/4 + (~H + ~)/2 :+ J~H . - .3D~4 
+ (~ + ~)/8 + ~/4 

± 6/4 - 3D~l4 + 3 (~ + ~)/8 + .3nPm/4 

+ 6/4-.3D~/4 + 3(~ + ~)/8 - ~ml4 

6 = (J~ + ~ + D~ +~) 

Relative Intensity 

2 

4 

4 

2 

2 

2 

0\ 
1\) 
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TABLE XII page 2 

Fluorine Transitions 

Line Transition ** Energy Relative Intensity 
18 0,1/2 18 0,-1/2 

2S 0,1/2 28 / 0,-1 2 

380,1/2 38 / 0,-1 2 
a 

0 6 
430,1/2 480,-1/2 

lA 0,1/2 lAo,_1/2 0\ w 
2A 0,1/2 2A 0,-1/2 

-------
181,1/2 18 1,-1/2 

251,1/2 251,_1/2 
6 /2 b 

4 
lAI, 1/2 lA 1,-1/2 

2A1,1/2 2A 1,-1/2 
- - - - -

c 82,1/2 
8 1 

2,-1/2 6 1 

** 6= (Jo + ~ + DO +~) HF HF 
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l and ~, separated. by t (~ + ~) + i J~." a quantity of about 
4 to 5 Hz, cannot be reao1ved in the apectra. The proton balf 

1 0 m 
spectrum thua conaista of five doublets separated by '2 (JHF + J

HF + 
D~ + D~). The genera! appearance of the apectra dependa upon the 

1 m m' relative signa and magnitudes of the two quantities '2 (DHH + 4>HH) 
and Dl:W and on their signs relative to D~. 

The fluorine magnetic resonance spectra, as shawn in Table 
. 1 XII, should conaist of a quintet (1:4:6:4:1) separated by '2 (J~ + ~+ 

D~ + ~). The. proton and fiuorine spectra of p-chlorofluorobenzene 
are shown in Fig. 10. Analysis of the spectra gives values for ~ (D~ ml) pol ( 0 m 0 m + DHH ' DHH, DHH, and '2 JHF + J HF + DHF + DHF). Based on the reaults 
for benzene16

) and l,3,5-trifiuorobenzene, it seems reasonable to 
aSSUDle that D~ is negative. Then the observed proton magnetic resonance 
spectra of p-chloro-, p-bromo-, ~R1~luorobenzene and p-fluorobenzo­
nitrile correspond to the case w.ith opposite signa for ~ (D:.r + D;) 
and ~H' and wi th the posi ti ve term having the larger magnitude. The 
actual signs of these two terms and the aigns and magnitudes of D~ and 
D~F were made on the basia of reasonable geometry, R(C-C) = 1.39,A, o 

0 R(C-H) = 1.08A, R(C-F) = 1.3IA. Literature values were used for 
respective J~ and J~ values54,55,56). The motional constants were 

1 m' m.l then obtained !rom equation (3-30) by fi tting '2 (DHH + DHH) and 
~ (D~ + D~) to the observed spectra. 

In order to ·eliminate one of the chemical shift terms, and 
to reduce the dipo1ar coupling between the ring protons and those of 
the substituent, the spectra of p-f1uorophenol 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 s~ctrum 
is shown. 
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spectrum of p-fluoroaniline-d2 showed only two ver,y 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 Hz 
and intensity ratio 1:2:3:a:l (Fig. li). Ali these phenomena can 
be ex:plained by the presence of deuterium-proton and deuterium­
fluorine coupling. Since it was impossible to derive a value for 
1 m m' '2 (DIffi + DHH), the motional constants were determinedfrom the ex-

perimental values of (D~ + If HF) ànd ~ D~, which was assumed ta· 
be equal ta the separation of the two broad peaks in the proton 
spectrum. The spect.:ruml of p..fluorophenol-d did not show a:ny 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 equali ty of ~ 1 (D~ + D~) 1 and ID~A • 

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 spectrum. 
of p-nitrofluorobenzene required such a correction. A chemical shift 
difference between H2 and H3 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 observeli1·, transitions. The corrections were generally 
less than 3 Hz and the largest correction was 7 Hz for the two lines 
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o 400 

Fig. 11 The fluorine magnetic resonance spectrum 
of p-fluoroaniline~2· 

800HZ 
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(c and I) in the spectrum of p-nitrofluorobenzene. FinaJ. paxameters 

are given in Table XIII. 

Parardifluorobenzene 

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

fluorobenzene mere~ by addition of DFF and JFF~ The presence of a second 

fluorine atom, on the one hand, changes the ~tr,y of the mole cule from 

c
2v 

to D2h and therefore simplifies the treatment by making sorne 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 ~ = l, ~ = 0, and IF = 0, 

~ = 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 approximation, the proton half spectrum 

should consist of five triplets with a splitting equal to 

(1/2) (D~ + D~ + .fœ + ~). In the actual spectrum, Fig. 12, o~ 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 

on a quintet, with a splitting (1/2) (D~ + D~ + J~ + ~), each line 

of which was further split into a doublet with separation O/2)DFF • A 

further smll splitting due to second order effects was also observed. 
o m p Ana~sis of the spectra only gave values of DHH' DHH, DHH, DFF and 

(1/2) (~+ D~ + ~ +~) and the magnitudes and 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. 
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TABLE IDI 

Spectral Parameters for Para-substituted F1uorobenzenes 
~ 

H6 Hl. 

.. x. 

H" 

nO 1 Tf':. 1 oPRH 
nO ~ JO ~.~ 

0'* 0 Substituent '2( RH+~) 0
3 

2 2 o 2 2 neinatie isotropie RH HF HF z -r x -y ppm ppm p-chloro -2754.5 133.9 -26.4 -346.3 -317.9 8.1 4.7 -0.2974 -0.2843 5Ll3 + .04 53.64 + .05 
(67°ë) (96°) 

p-bromo -3044.4 161.8 -21.3 -337.5 -346.3 8.2 4.8 -0.3158 -0.3185 50.41 + .07 53.09 + .05 
(65oë) (91°0) 

p-cyano -3341.5 184.4 -19.2 -338.2 -374.2 8.6 5.8 -0.3357 -0.3499 37.40 + .05 41.21 + .04 
(64°0) (93°ë) 

prnitro -3246.3 128.2 -46.8 -492.6 -380.4 8.2 4.8 -0.3721 -0.3230 34.44 + .Oj 40.97 + .02 
(65°) (9.3°) 

p-hydroxy-d -1787.9 45.4 -45.4 -391.5 -236.3 8.1 5.0 -0.2489 -0.1819 61.62 + .04 
(67«tO) 

63.L1 + .02 
(91°0) 

p-amino-d2 -2428±50 -304.7 -271.6 8.1 5.0 -0.2560 -O.24ll 65.58 + .02 65.77 + .04 
(65°0) (91°0) 

* Relative to OF4• Mean of rive determinations. 

0\ 
\0 
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Fig. 12 The proton and Fluorine magnetic resonance spectra of para~ifluorobenzen~. On4r the high-field hall of the proton spectrum is sho'WIl. Computer simuJ.ated spectra are shown below the experimental spectra. 
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TABLE nv 
Transition Energies and Relative Intensit:les of the Spectrum. of Para-Difiuorobenzene 

HYdro~en transitions 

** * Relative Line Transition Energy Intensity 
A (A2)0,-1,1 (A2)1,_1,1 _ 1. D. + l(Do + If - If. ) 1 2 4RH RH HH -------

(A1)1,-1,1 (AI )2,-I,1 
1 l· B •• - D. + (Do + rP.. + If. ) 2 2 4HH RH HH -------

-t D. + ~(~ +J~)+ tn~ -t(~ + nPHH) (A'l)a,-l,l (AI)I,-I,1 2 
C 

_ 1 D. _ l(~ + JP) + lno - l(If + Ji ) 1 (~)-1,-1,1 (~ ,ft) 1 0,-1,1 2 2 HH HH 4HH 4 HH HH j::1 -------
D. (1\)-1,-1,1 (11.). 0,-1,1 

_ 1 D. + l(DÔ _ If. _ rP.. ) 
2 4HH HH HH 1 -------

E (B2)0,-1,1 (B2)1,_1,1 _ 1 D. + l(Do + If. _ ri!:. ) 2 4HH HH HH 1 -------
(A2)0,O,1 (A2)1,O,1 

F t(D~ -nPHH + ~) 2 

(~)O,O,O (BI )l 0 0 , , -------
(~)l,O,l (A1)2,0,1 

G i(D~ + nPHH + ~) 4 

(B2)1,O,O (B2)2 0 0 , , 
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TABLE XIV page 2 

Line 

H 

- - - -

l 

J 

K 

, 
(Al)O,O,l 

{n;>o,o,o 

(AI)-l,O,O 

{B2)-1,0,0 - .. 
{B:J'> -1,0,1 

{A2>-1,0,O 

(B2 )O,O,1 

(Al) 0, 0,0 

(A2)O,1,1 

L {AI>I,l,1 

(A'I)O,l,1 
M 

(~)-l,l,l 
- - ~ - - - (~)-l,l,l 
-------

o (B2)Oil ,1 

Tranation 

(AI )l,O,1 

(B2)1,0,0 

(Al"')O,o,o 

(B2 ''')0,0,0 

(B:t)0,0,1 

(A2)O,0,0 

(B2)1,0,1 

(AI)l,O,O 

(A2)1,1,1 

(AI )2,1,1 

(AI)ll,I,1 

(-\ ' "lO,I,l 

(B:t)0,1,1 

{B2)1,1,1 

* Energy-

~ (J~ + ~> + iD~ - t{nfrn + ~) 

p .l 0 . j '-» -(~ + J HH) + 4DHH - ~J{'HH + ~) 

l -
4(~ - nPHH -~) 

t{D~ + nPHH - ~) 

~ Do + t(D~ - nPHH +~) 
1. Do + .l(Do + ~ + rtn ) 2 4HH HH tm 

à Do + ~(~ + J~) + ~ - t<nPHH + ~) 
l Do ( ..m P ) loI (_'0 -ln ) '2 - cJHH + JHH + 4 DHH - '4 lJ"HH + lJHH * Do + t(D~ - nPHH - ~) 

1. Do + lrD..~- + nP. _ ~ ) 2 4 ~HH HH HH 

e 

Relative 
Intenaity-

4 

2 

2 

2 

l 

2 

l 

l 

l 

l 

-1 
1\) 
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'l'ASLlLXIV page 3 

Fluorine transitions 

* Relative Line Energy Int~sitY' , 
(A1)0,0,1 

, 
(A1)0,1,1 

" (Al)O,O,l " (A >0,1,1 
" , " , 

(Al >0,0,1 (Al )0,1,1 3 6 A r..DFF 
(A2)0,0,1 (A2)0,1,1 

(l1.)0,0,1 (1\)0,1,1 
-.;j 
U) (B2)0,0,1 (B2)0,1,1 

------
(~) 1,-1,1 (A1)1 0 1 , , 
(A2)1,-1,1 (A2)1,O,1 1 b. 3 

4 B 
~ r..DFF 

(B:J..)l,-l,l (B:J..)l,O,l 

(B2)1,_1~1 (B2\,O,1 
------

(Al)l,O,l (~)1,1,1 

(A2)1,O,1 (A2)1,1,1 
1 3 C 
~ b._ TiPFF 4 (Bl)l 0 1 (11'>1,1,1 

- " 
(B2)1,0,1 (B2)1,l,1 



e 

TABLE XIV 

Line 

D 

E 

e 

page 4 

* Relative Transition Energv Intensity 

(A1)2-1,1 (A1)2 ° 1 
. " t:, - t DFF 

(Al) 2,1,1 (A1)2,O,1 
t:, + t DFF 

* 0 m 0 ..lll) t:, = (D
HF + DHF + J

HF + J
HF 

** The states are designated Qy the ~etry properties of their corresponding eigenfunctions which form bases for the irreducible representations of point group C2v0 Subscripts in the symmetry notation indicate ~ ~ and IF respec'Clve~o ' 

1 

1 

1 

1-
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While this work was in progress, Bulthùis et al. 58) published 

proton and fluorine NMR spectra o~ para-difluorobenezene dissolved in 

nematic p-~-n-h~loxyazoxybenzene. Their analysis of the spectra 

was based on a perturbation treatment of p-dichlorobenzene, but exactly 

the same results were obtained. 

Final parameters ~or P-difluorobenzene are given in Table XV. 
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TABLE XV . 

Spectral Parameters for Para-Difluorobenzene 
F, 

X 

H3 

Flf-
DO = -344.5 JO = S.l (7.6 Ref. HF HF 

~ = -233.2 ~ = 4.6 (4.6 Ref. 
DO = -1907.9 HH 

~ = 59.9 

~ = -35.S 

DFF = -170.8 

C3 2 2 = -0.24l3 z -r C 2 2 = -0.1899 x -y 

19F nematie (67°C) = 55.32 ± 0.05 ppm (CF
4

) 

isotropie (90°0)'= 57.62 ± 0.02 ppm 

nematie (67°C) =·-6.31 ± 0.03 ppm int. T.MS 

isotropie (93°C) = -6.46 ± 0.03 ppm 

(57» 

(57» 
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CHAPl'ER VI 

DISCUSSION 

VI-I Theory of Fluorine Chemical Sh1ft 

For a nucleus of magnet1c moment"t in a unifo:rm magnetic 

the sh1elding tensor ~ is defined by the relation 

( ) - ~ttt ~)-+ tiE Il,H = -If· \J. - a li o 0 (6-1) 
where tiE (Il,H ) is the energy contributed to the moleC'IÙe by the coupling o 

of ~ and ït , and ~ is the unit dyadic. Ramsey20) haB shown that the o 

chemical sh1ft can be written as the sum of two terms 

~ = Ji) + 11) 

~ 

J2)= (e 2/2rlc2 ) ~E - E )-1 m 0 m 

[< ~ ~~I fm><ï..I~(yr~)lïo> 

+<fo ~(Y'r~)~n?<~n I\tk~~~ ) 
-+ where lk 1s the orbital angu1.ar momentum of electron k, 

1s the vector from the magnetic nucleus to electron k. 
,-r-

~ are the wave funct10ns of ground and excited states vith energ1es 

(6-2) 

(6-3) 

(6-4) 

of E and E respectively. Implicit in equations (6-3) and (6-4) is the o m 
choice of the magnetic nucleus as the origin for the vector potential. :o.) and ~) are often referred to as dia.m.a.gnetic and paramagnetic 

terms, but although J'l) is always diamagnetic : (~) need not be 

paramagnetic. Both tenns are important in determining proton chemical 

shifts • In attempts to calcu1ate fluorine chemical shifts, it i8 1 
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lisua.lly assumed that paramagnetic contribution 16 dominant; conse­
~ 

quently we restrict most of the following discussion to 0(2). 
~ 

0(2) 16 generally ver,y difficult to evaluate exactly be-

cause of the appearance of matrix elements between ground and ail 

excited states which do not yield zero contribution due ta symmetry. 

The so-called "average excitation energy approximation" consists of re-

writing a component of the paramagnetic term as 

o~) = - (e 
2
/m

2c2
) (6Ea) -~ fJ~ lCik1cJJ!!r ~31~ô > 

where LlE is an average excitation energy which is forma.lly defined a 

as the quantity required to make equation (6-5) exact. In another 

(6-5) 

approximation often used, one assumes the presence of an expectation 

value <r-3> such that 
~ 

0(2) =- (e 2/m2c2) <r-~~{Em - Eo)-l 

. '<fol~1kl±n?<Îm IVklfc? (6-6) 

Through equation (6-6),~(2) is related to paramagnetic 

term in the diamagnetic susceptibility, in fact magnetic shielding 

and diamagnetic susceptibility are different phenomena caused by 

the same intramolecular currents. In most semi-empirical 

t.heories23,24,30) of 19F chemical shiftsboth approximations are used. 

Further simplification of equations (6-5) and (6-6) can be 

made with the application of the LCAO approximation for the molecular 

wave functionjE 23,24,25,30). By considering on1y the atomic orbitals 
o 

centered on the fluorine atom, Karplus and Das23 ) expressed the 

chemical shift in terme of the localized bond parameters: 

o = 0 (1 - s - l + la + P (s + I) ) aa 0 c (6-7) 
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(6-8) 

o = 0 (1 - s - 1 + la + P (s + 1) ) cc 0 a (6-9) 

'where s denotes the extent of s-hybridization of the fluorine sigma-

bonding orbital in the X-F bond and 1 is its ionic character. Pa and Pc 

dèllOt'e.: the double bond character of the X-F bond in the directions 

orthogonal to the bond axis (b-axis). The constant a is o 

~~2/m2C2 6E)(r-3..:>2p; (r-3>2p is the expectation value of r-3 for 

fluorine 2p-orbital and6E is the average excitation energy which is 

assumed to be isotropic. The dependence of <r -3.>2p on the electron 

density of the fluorine atom is neglected in their fo~ulation6l,24). 

The rotational average of the shift tensor is 

o =(1/3) (a + 0bb + 0 ) = (2/3)0 (1 - s - 1 - (1/2)(p +p ) ) aa cc 0 a c 

- (1/2)(2Is + (p + P ) (1 + s) - pp) a cac (6-10) 

Taking mono-fluorobenzene as a reference compound, Karplus 

and Das applied their theory particularly to the fluorine chemical 

shift in polyfluorobenzenes. With a chosen empirically equati.on (6-10) o 

does provide an explanation of the experimental reaults for non-ortho-

polyfluorobenzenes. For ortho-polyfluorobenzenes, an "ortho-correction" 

of J'V17 ppm has to be introduced for every ortho-neighbour in order to 

achieve the agreement between the experimental and calculated chemical 

shifts. 

The principU 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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a" l and p and alao on the actualan:i:S.atropy of the average excitation 

energy. However" for .compounds containing eaaentially covalent X-F 

bonds i.e. bonda in whieh p" l and a are expected to be amall" theae 

equationa predict abb > a ,;v a • aa cc 

VI-2 Anisotropies of Fluorine Chemical Shifta in Fluorobenzenes and the 

Solvent Effect 

For moleculea for which only two motional constants are required 

the chem.i.cal shift in the nematic phase is given by 

aZZi = (1/3) (axxi + ayyi + azzi) 

+ C 2 2 (2/3)(5)-1/2 {a 1.' - (1/2)(a . + a .» 
3z -r zz XX1. YYl. 

+ C 2 2 (15)-1/2 (a xi - a~ ... ,.;) 
x _y Je: .U'" 

(6-ll) 

The firat term in equation (6-ll) is given by the chemical 

shift in the isotropie phase" thus the anisotropies of the chemical 

shift ean be written as 

A{a - (1/2)(abb + a ) ) + B (Obb - a ) ~ C aa cc cc (6-l2) 

where the moleeular fixed axes x" y, and z have been transformed to axes; 

a '(perpendicular to the molecular plane), b (along the C-F bond)" and 

c (171 the molecular plane and perpendicular to the C-F bond). In this 

transformation it is assumed that a" b and c are the principàl axes 

of the shielding tensor. In Table XVI the values of the coefficients 
, 

A, B and C in equation (6-l2) are listed for compounda studied here and 

also for fluorobenzene36) and hexafluorobenzene37). The errors given 

are atandard deviationsof five meaaurements. 

In the interpretation of the reaulta in Table XVI" the aolvent 
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TABLE XVI 

Coefficients'.A,B and C .'Of-. Equation (6-1g) 

A B C* 

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.; ± 1.3 
p-cyano 1.0 -0.903 38.0 ± 1.0 
p-nitro 1.0 -0.7;2 ;8.8 ± 1.2 

p-hydr~ 1.0 -0.633 20.1 ± 1.0 
p-amino 1.0 -0.816 2.4 ± 1.0 
m-fluoro 1.0 -0.170 74'.4 ± 2.0 

3~;-difluoroiodo 1.0 0.063 95.; ± 1.; 
1-3,;-trifluoro 1.0 0 102.0 ± l,; 
fluorobenzene 1.0 -0.424 ;0.0 

ortho dif1uorobenzene 1.0 -0.1534 123.9 ± 2.0 
hexa f1uorobenzene 1.0 154.0 

* Standard deviation of 5 measurements 
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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 isotropie to the nematic phase. The assumption under-

lying the experiment is that the measured mean freq-ü.encies are in-

fluenced to the same extent by the liquid crystal solvent, 1. e., that 

the displacement of the center of the spectrum is due only to incomplete 

averaging of anisotropie 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 Krugh49) reported that there is a down-field shift of 0.24 

ppm in CF 4 resonance (with respect to an external reference) when going 

from nematic to isotropie phase. They attributed this mainly to the solvent 

anisotropie effect as suggested by Buckingham and Burne1l50). 

(2) BernheiJl and Lave~9)studied 19F shielding anisotropy in CH
3

F in 

two different nematic sol vents with respect to an external reference. 

Their results shows a solvent effect of the order of 0.2 ppm. 

(3) Buckingham ~ ~. 60) measured the chemical shift of CF 4 relative to 

internaI SF6 in two different nematic solvents. They found a nematic ~ 

~ isotropie shift of "'0.1 ppm. and temperature-dependent shift of 

""0.008 ppm/degree in both phases. 

(4) Buckingham ~ ~. 32) studied fluorine shielding anisotropy in 
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trifluoropropyne in several different nematic Bolvents and used CF
4 

as 

an internaI standard. Their result implies a BoIvent effect of ±O.l ppm 

which corresponds to an error of "1:6 ppm in their final values for ~0Jr. 

(5) In both isotropic and nematic phases, the rodlike solvent molecules 

are oriented near~ parallel to each other, but in the normal liquid a 

specific orientation persists on~ for a short distance and a short time, 

while in the ordered liquid i t persists over a long range. In terms of 

this model the imml2diate 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 et al.
62

) investigated the solvent 

effect on the 19F isotropic chemical shift of substituted fluorobenzenes in 

twenty wide~ varied solvents and C6H5F was used as an internaI reference; 

they found a variation of 0.5 ppm for +R substituents, for -R substituents 

the range increases to about 2 ppm. Emsley and Phillips63) :reported 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 ~GF 

by liquid crystal method de pends on the degree of orientation an error of 

"1:0.1 ppm (as in the case of trifluoropropyne) will on~ cause 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 Emsa.~y and Ph ill ips 63), 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 anisotropie 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 0aa - 0bb = 30 ppm and 0bb - ace = 
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 0bb - ace vary from -102 ppm to +162 ppm. 
The assumption that the carbon-fluorine bonds are sufficiently similar is not 
justified and therefore approximate anisotropie relations between components 
of the shielding tensor in fluorobenzenes can not be obtained by simply 
COmDining the results of any two compounds. 

As pointed out earlier, for compounds such as fluorobenzenes the 
semiquantitative theory of Karplus and Das predicts ~ 0bb>o =0 aa cc 
Experimentally, large positive values were obtained for the anisotropies 
a - (1/2)(obb + a ) in 1,3,5-trifluorobenzene and hexafluorobenzene aa cc 
(See Table XVI); thus either of the two qualitative relations, 
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"aa ~ "bb >" cc and "aa > " bb ~"cc' should hold for these 
two corilpounds. Furthermore, in the original paper by Karplus and Das, 
values of s, l and p have been calculated for monofluorobenzene and non-
ortho-polyfluoro benzene; if these values are substituted into equations 

(6-7) - (6-9) and the resulting "aa' " substituted in cc , 
equation (6-12) for the corresponding compounds, acceptable values of "0 

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 ail orbitals except those on the central atome 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 fluorobenzene, are given by 

6." aa =" ( s - 1) 6. l oa r 

6." bb = "ob ( 6. p) 

6." cc = " [(t. - p - 1) 6.I + (s + l ) 6.p] oc r r r r 
where s'r is the s-hybridization of the reference compound, 

6.I = l - l and 6.p = P - P are the changes in ionic character r r 
and double bond character. The terms " etc. are given by oa 

" -­oa i.e. the average excitation energy 

(6-13) 

(6-14) 

(6-15) 
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TABLE XVII 

Calculated a by Karplus and Das Theory o 

A B C 

fiuorobenzene 1.0 -0.424 50.0 
meta-difluorobenzene 1.0 -0.170 74w4 
para-difluorobenzene 1.0 -0.684 31.7 

1,3,5-trifiuorobenzene 1.0 0 102.0 

a ,..' . ,-, (ppn) o Ca1cd~ 

524 

3560 

234 
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is taken to be anisotropie. In writing equations (6-13) to (6-15) small 

changes in s are neglected and so are aIl the terms that are quadratic in 

.61 and .6f. The lack of suitable values for .6I and .6p and the absence 

of any data on the anisotrop,y of the average excitation energy make it 

difficult to applY these equations. 

Taft64 ,65) has correlated his inductive and resonance parameters,. 

Oi and aiR' with the isotropie 19F chemical shifts with success for a 

large number of meta- and para-substituted fluorobenzenes. The isotropie 

* chemical shifts, relative to fluorobenzene, is given by equation (6-16) 

with Oi
R 

equal to zero for meta-substituents. 

(J = -29· 70R 6.l<fi (6-16) 

In order to obtain seme insight into this empirical cor­

relation, Taft et ~.26) have examined the experimental results on 19F 

chemical shifts for several p-substituted fluorobenzenes in terms of 

Prosser and Goodman's semiempirical theory25) of fluorine chemical shifts. 

The results indicate that there is a reasonable degree of theoretical 

justification for relating the OïR values with pi-charge density of the 

fluorine atom. On the other hand, in their treatment of polyfluorobenzenes, 

Karplus and Das determined .6{' with Hückel MjoI.O. calculations and they found 

that the terms involving Lf give negligible contribution to the chemical 

shift in all meta-derivatives. ** If this is true ,then Di could be a rather 

* 

** 

This equation is preferred to a later expression 62) since it led to 
smaller deviations. The results, however, are unchanged. 

Recent calculation with the CNDO/2 method shows that the pi-charge 
density on fluorine atoms ~)m-diflUOrobenzene is quite different 
fram that in fluorobenzene 2 • 
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good measure of the values of .6I, at least for the meta-substituted 
fluorobenzenes. Therefore, for both meta- and para-substituted fluoro-
benzenes a direct proportionality is assumed between.61 and al and 
between.6p and oR. With this assumption the Taft parameters can 
be incorporated into equations (6-13) to (6-15). A least squares fit 
was made t9 the experimental data for eleven non-ortho-substituted 
fluorobeazenes w1th the constarrts of: proportionality and 

{a - (1/2){obb + a » and (obb - a ) fpr fluorobenzene as the aa cc cc 
unknown parameters, to give 

.6 a = 18.2 al aa 

.6 abb = -58.7 oR 

.6 occ = -36.5 al - 30.4 oR 

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

equals equation (6-16) 

(6-17) 

(6-18) 

(6-19 ) 

Table XVIII lists the values of the anisotropy terms, 
the calculated values of C from substitution in equation (6-12), 
and the calculated and experimental isotropic chemical shifts. 
The standard deviation in C is 3.0 ppm and in a is 1.4 ppm. The 
largest deviations occur for p-nitrofluorobenzene and p-fluoro-
benzonitrile. This is not unexpeeted sinee these +R substituents 
do not obey equation (6-16) strictly. 

The values obtained for the anisotropy of fluorobenzene may 
be eompared with those of Snyder37) and Chan and Dubin38). Sinee Snyder's 
results are based upon the invalid assumption that the results for 
fluorobenzene and hexafluorobenzene are consistent, th<us the 
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TABLE XVIII 

Anisotropy Values of Fluorine Chemical Shifts of Substituted. Fluo:robenzenes 

Compounds 1 
[ abb - a cc] C C \0 ëf [ a aa - '2( %b + a cc) ] calc. exp. calc. exp. (ppn) (ppn) (pPm) (ppn) (ppm) (ppn) 

F1uorobenzene 62.5 30.1 49.7 50.0 0 ·:0·, 

p-Fluoro- 67.2 58.1 27.4 31.7 6.3 6.6 
p-Chloro- 71.7 52.4 28.3 28.2 2.5 2.7 
p-Bromo- 71.7 51.0 27.1 28.5 2.1 2.1 
p-Cyano- 84.4 44.7 43.2 38.0 -6.0 -9.8 

& p-Nitro- 90.1 46.0 55.4 58.8 -8.2 -10.0 
p-Hydro:xy- 52..5 51.7 19.9 20.1 1l.2 12.1 
P-AlJdno- 41.5 44.0 5.6 2.4 14.2 14.8 
m-Fluoro- 81.5 48.0 73.1 74.4 -3.2 -3.0 
3,5-Difluoroiodobenzene 95.4 63.0 99.3 95.5 -5.5 -5.0 
1,3,5-Trif1uoro - 100.5 68.0 100.5 102.0 -6.3 -5.8 
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lack of quantitative agreement is not surprising. However, qualitativel.y 
our results do verif'y Snyder' s conclusion, 1. e., the fluorine nucleus in 

fluorobenzene is most diamagnetic~ 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 a ~~)Cl into equation (6-12) for fiuoro­

benzene gives a value of -150 ppm for C. Any anisotropy based on Snyder's 

value (C = 50 ppm) can not be expected to be in agreement with those fl=an-

the molecular beam magnetic resonance study. lt is unrealistic to hold that 

the environmental effects on a solute molecule on going from the nematic to 
the isotropie phase are responsible for such a large discrepancy between 

the anisotropies of fluorobenzene determined by the two different methods. 

The liquid crystal 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 Avera~e Excitation Energr Approximation 

According to equation (6-17) and (6-19), a change in ionic 

character of the carbon-fluorine bond has opposite effects upon ~ a aa 
and ~ a as shown by their dependence on a l. Within the context of cc 

the Karplus and Das theory, both a and aa a should increase with cc 
increasing ~I. Since ~ l is proportional to the negative 0 l 
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(comparing equation (6-13) and (6-15) with (6-16) ), the effect of 
0I on 60aa is unexpected and could be interpreted in terms of a 

negative average excitation energy ~ • a 
The occurrence of negative average excitation energies has been 

recognized as a consequence of this apprOXimation66,67). ~ combining 
equation (6-5) and (6-6) we obtain 

cr~:2 = (-e2/m2c2~J<r-~~I(;lOk) (;lQk)I~o> 
Since the expectation value of the square of LQk = ~Ok is 

a1ways positive, the equation predicts a paramagnetic O~) with a 
positive bEa• However, 0;:;') need not be paramagnetic as shown 

(6-20) 

directly by equation (6-4) and recently both experimenta1 and theoretica1 
analysés have shown that a diamagnetic 0;:;') exists in the compound 

ClF68
). In such cases, the use of equation (6-20) as an approximation to 

O~) may 1ead to a negative ~a. 
A comparison of equation (6-4) and (6-5) 1eads to 

- (~J-1 
7(E - E ) -~ek\Ii 1>1 liIi ><\t' ILL. h·31Ji >] ïii 0 m -.La Ik Ok..Lm ~m k OK' k..l.o j 

(6-21) 

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

the corresponding matrix e1ements. The constancy of every E - E is not m 0 
the only condition for obtaining the same ~for two similar compounds; 
in addition the corresponding matrix elements have to remain constant or 
change with increments proportional to their original values. A1ternatively 
one may define the average excitation energy as 
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( 6-22) 
As an illustration of the difference between these two 

definitions, equations (6-21) and' (6-22), consider the calculation of 

~ for two similar compounds A and B. A continuous de:pendence of 
~2) on 
00 

( 6-23) 

in a small range is assumed and is shown in Fig. 13. For calculeLtion 
(2) - 1 of (J orx from Îc' the correct (6Ea) - can be found from the slo:pes of 

, lines CA and OB for these two compounds. If we assume that the 6Ea S 

are same for A and B, then a reasonab~ good calculation can be made 

with the choice of line OC. But, if one is interested in 6(J00 between 
-1 compounds A and B, then (6Ea)d should be used. General~ the value of 

-1 -1 (6EJ d will be different frOID. that of (6Ea ) • Referring back to fluoro-
benzenes a negative 6E for 6~ in equation (6-17) does not mean that a aa 
~~) is diamagnetic, but it may be responsible for the high shielding 

components along the a~is. 

In view of the uncertain nature of the average excitation energies 
it could be argued that this concept should be discarded entire~ in the 
calculation of chemical shifts. The approximation, however, dces avoid 

the difficult task of dealing with excited states. ' Furthermore, in a 

series of sufficient~ similar compounds, (b.E)~1 may be fairly 

constant and thus a correlation of changes in chemical shift with the 



-

- 93 -

B 

Fig. 13 The dependence of O-<~)on Sm (~) 

) 
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ground state properties may be expected. For this purpose, it is 
proper to treat .6 E as an empirical parameter. 

VI-5 Orthd-Substituted Fluorobgnzenes 
.. 

In the isotropie phase the fluorine resonance of 1,3,5- tri­
fluorobenzene is 56 ppn to low field fram hexafl.uorobenzene. When this 
result is combined with the anisotropie data (Table XVI), then 

.6 Ou (C6F 6 - C6H3F3) = 90 ppm 

.Â ( ~ (ace + 0bb» (C6F6 - C6H3F3) = 39 ppm 

The orthofluorine aubstituents effect the shielding in hexa-
fluorobenzene perpendicular to themolecular p~ to a greater extent 
than the shielding paralle1. to the plane. 

The observation is further supported by the comparison of 
anisotropie data for meta- and ortho-difluorobenzene. Since the term 
involving 0bb - a cc has only a amall coefficient in both cases, the 
rather large difference of ""50 ppm in the values of C can only be at-
tributed to the change of a - 12 (obb + a ) due to the presence of aa cc 
the orthofluorine atome 

As pointed out above, Karp-itùs and Das have found that an 
ernpirical "ortho-effect" contribution of "'17 ppm has to be introduced 
in ortler to obtain agreement between experimental and calculated shifts. 
With the intention of perserving their theor,y, the.y 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 the ortho-substituents. According to equations 
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(6-13) to (6-15) a large negative t:J. p increases both t:J. 0bb and t:J.0 • cc 
This in turn decreases, not increases as observed experimentallY, the 

1 values for 0 aa - '2 (0 bb + 0 cc). Therefore, in view of the present 
results, this steric effect does not provide a satisfactor,y explanation 
of th~ __ presence or. the "ortho-effects" within the context of Karplus and 
Das theor,y. This conclusion is consistent with the results on other 
ortho-halggen substituted f1uorobenzenes69~ 

vr-6 AnisotroPY' of Proton Chemical Shift 

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

C6H3F3 0.:z,2; - ~ (0 xx +0 yy) = - 2.98 ± 0.30 ppm 

p-C6H4F2 [0 -!2 (0 + 0 )] + 0.6815 (0 - 0 ) zz xx yy xx yy 
= -2.20 ± 0.40 ppm. 

The value for C6H3F3 is surprisingly similar to that of benzene 
itself, -2.88 ppm,43). A value closer to that of 1,3,5-trichlorobenzene, 
-4.90 ppmI6), might be expected due to presence of the ortho-halogen 
substituents in each case. However, too much significance should not 
be attached to these values at the present time since the change in 

solvent effect with change of phasemay contribute a significant part 
to the proton-shift anisotropy value determined by this method49,50,70). 

VI-7 Absolute Signs of Indirect Spin-8pin Coupling Constants 

For high resolution nuclear magnetic resonance of both oriented 
. dir and non-onented molecules, a reversal of the signs of ail Jij , Dij 

rii~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 D~r can either be 
obtained from other methods or estimated with reasonable certainty from a 
knowledge of molecular geometr,y, it is possible to determine the absolute 
signs of the indirect spin-spin coupling constants from the anisotropie 
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 1,3,5-trifluorobenzene, 3,5-difluoroiodobenzene, 
ortho-, meta-, and para-difluorobenzene have been determined. The results 
are listed in Tables VII, VIII, X, XV and are consistent with those re­
ported by other workers53,57,58,7I,72). 

Recent~ there has been some confusion about the absolute sign of 
J;;ta in fluorobenzenes. By assuming that hexafluorobenzene tends to orient 
its molecular plane parallel to magnetic field Snyder and Anderson37) have 
found t;;ta= -4 Hz, which is in contradiction with the signs of ~;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-pr-di-n-h~loxyazoxybenzene but J;;ta was found to 
be +5.6 Hz. Based on the study of several 2,6-difluorobenzenes 
Abraham, Macdonald and Pepper74 ) ha-.. 'e correctly pointed out that ~;ta 
may vary appreciably and may be of either signe According to an additive 
scheme of substituent contributions suggested by those authors, ~;ta 
should be +5.6 Hz in 1,3,5-trifluorobenzene and -2.3 Hz in hexa-
fluorobenzene. The results fram liquid crystal solution measurements, 
therefore, directly verif,r these predictions. Among the various 

coupling constants in substituted benzenes, JHH, J
HF 

and J
FF

, 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 Geometrr 

As mentioned in Chapter III, the dipole coupling constant Dij 
consists of two independent parts, the direct dipole coupling D~r and the 

~J 
pseudo-dipole coupling nP~eudo. Previous studies12,43) indicate that the ~J 

contribution from the anisotrop,y of the indirect spin coupling constant J .. 
~J 

is negligible for H-H coupling, and here i t 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 alw~s enter equation (3-30) as products of the first pever in 

the motional constants and the inverse third power of the co-ordinates; and 
a linear change in the molecular geometr,y with a compensating change in 

dir motional constants will leave D.. unchanged. Thus the derived distances ~J 

are all relative and it is necessary to assume fixed values for certain co-
ordinates. 

The direct dipole constants, calculated for ideal geometr,y based 
o 0 on a regular hexagonal carbon skeleton, with C-C = 1.390A7 and C-H = 1.080A, 

o 
and C-F = 1.3l0A, all bond angles 120°, disagreed with experimental values 
in some cases. For para-difluorobenzene 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 ~ and ~, 
and then the motional constants and trial co-ordinates were used to 

calculate the ~ and (D:
F + ~) which were compared with the observed 

values. The process was repeated until agreement was within the experimental 
o 0 error. The final co-ordinates are 2.141A and 1.261A for x and y respectively, 

o the estimated error is about O.OO5A. The departure from ideal geometry is 
such that the hydrogen atoms are displaced towards neighbouring fluorin~ 
atolllS. 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 

o 
that C-H = 1.OBOA, an increase in either the distance CI -C2 relative to 
that of C2-C3, or the angle C6-Cl -C2 from 120°, or both, are required 
(for numbering see Table XV). The increase in the Cl -C2 bond distance 
and decrease in the C2-C

3 distance are changes expected from a contribution 
of the quinoid type structure arisiDg from conjugation of the fluorine 
substituent with the ring. T·he increase in bond angles shows.a re-
semblance to modela constructed for monofluorobenzene from the microwave 
spectrum.75 ) To deter.mine these actual changes would require further 
assumptions regarding nuclear co-ordinates and is not justified. 

McLean et al. 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 R2J 
and I14 to 11.:r These ratios are 1.6988 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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TABLE XIX 

Nuclear Co-ordinates in Difiuorobenzenœ * 

ortho meta para 

x y- x y- x y-

I 0.008 2.480 0 2.470 (0) (2.700) 

2 2.338 1.350 (2.338) (1.350) 2.141 1.261 

3 2.338 -1.350 2.166 -1.228 2.141 -1.261 

4 0.008 -2.480 0 -2.470 (0) (-2.700) 

5 (-2.139) (-1.235) -2.166 -1.228 -2.141 -1.261 

6 (-2.139) (1.235) (2.338) (1.350) -2.141 1.261 

* Assumed coordinates are in parentheses. 
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atoms ortho to fluorine were displaced towards the fluorine atome If only 

the distortion of the carbon akeleton is aasumed for ortho-difluorobenzene 

it is in the direction opposite to that expected as a result of fluorine 

conjugation. The dis placements are small but consistent, and similar 

effects have been reported for para-dichlorobenzene and para-di-bromo­

benzene18,58) • 

In 1,3,5-trifluorobenzene, the ratio of the distances from 

fluorine and hydrogen to the center of mole cule 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 constants D~~r are averages 
J.J 

over all vibrations, the internuclear distances derived from NMR spectra 

< -3, 
in nematic solvents are values for R /.. 1 u1 'b t' • It is mo ec ar VJ. ra J.on 

convenient to express R, the separation at an:y given time, as the sum of 

the equilibrium internuclear distance R and an extension ~R. Provided 
e 

the vibration is small, we may write 

D, ,oc (R + ~R)-3 
J.J e 

OC R-3 (1 - 3<OR> /R + 6 <C;R~ /R
2 

+ - - - - -) (6-24) e e e 

where <4R
n> = f P(SR) (S"R)ndR • P(~R) is the normalized probability 

f'unction for stretching by an amount oR from its equilibrium distance R • e 

Thus the value from NMR will be related to R by 
e 

~ = <R-3> -1/3 

= R [1 +<oR> /R e e 
2 2 - ~R > /R + - - - - -] e 

Equation (6-25) shows that the anharmonic correction<~R> 

and harmonie correction < ~RS are of opposite sign; with a harmonie 

oscillator f'unction the second term in the braeket is zero and 

(6-25) 
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RNMR < Re is predicted, but with a Morse wave function it has been 

shown that the anharmonic correction is usua1ly dominant, i.e. 

~> Re 77). The re1ationship betW':'en ~ and Re' is therefore, 

critically dependent upon the probability function P(~R) and a 

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 COMPIEXES 
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CHAPl'ER l 

INTRODUCTION 

The existence of liquid crystals, as discUBsed in the first 

part of this thesis, Drovides an exemple of how thë.ttiJ.ei!,tPlgcp:rocess can 

occur by stages. When the thermal energy becomes sufficiently high that 

the molecules are no longer able to maintain themselves in their regular 

arrangement then the substance liquefies; if there is room, the free 

mole cules then begin to turn in all directions, giving an isotropic 

liquide However for rod-lilœ molecules much space is needed to rotate 

freely. Seme directions in the liquid state are therefore less favour-

able than others and an anisotropic liquid is formed and only at a higher 

transition does it become isotropic. 

If the molecules are globular in shape, such as neopentane, 

hindrance to the rotation of the wholè mole cule is expected to be small. 

Molecules of this type usually fonn. so-called plastic crystalsl ) in 

which the orientational freedom is acquired first in a solid-solid 

phase transition, but the coherence of the crystal is brolœn only at 

a higher tempe rature , the melting point. For this reason most plastic 

crystals have low entropy of melting, usually less than 5 e .u.; this 

quant ity , in fact, is a criterion of the "plasticity" of a crystal. 

The first direct experimental evidence that the molecules can 

rotate relatively freely in plastic phase came from dielectric constant 

m.easurements 2,3). Usually upon freezing, the dielectric constant of 

a polar substance drops sharply; but with ma.n;y 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 diele?trie oonstant 
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 ~ molecular motion which may oceur. Thus the stuqy of the resonance 
speetrum 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 Gutows~ ~ al. 4,5) for six tetrasubstituted 

methanes. The.y found that the rotation of the CHJ group around its C3 
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(CH3)4' 
Ge(C~) 4' Sn(CH3\ and Pb(CH3) 4 by G. W. Smith6). The heavier 
molecules were found to become progressively less mobile. This 

phenomenon, on the basis of Pople-Karasz theo~7,8), has been 
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qualitatively axplained by the gradual increase of the;.~r.ièritamonaL.~.~ergy 
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 (CH

3)3 N BX
3

, 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. It 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 aIso be presented in this thesis. 
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TABLE l 

Dipole Moments of (CH3)3 N BXJ9) 

Compounds Dipole Moments (Debye) 

(CH3)3 N B H3 4.62 

(CH3)3 N BF3 4.04 

(CH3)3 N B013 5.13 

(CH3)3 N BBr3 5.57 
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Ci:iAP.mR II 

THE INFLUENCE OF MOLECULAR MOTION ON 

NUCLEAR MAGNETIC RESONANCE LINE SHAPES 

II-l Nuclear Dipole-Dipo~e Interaction 

With nuclei of spin 1/2 the dominant contribution to the broad-
ening of the resonance spectrum of solids cornes from the magnetic inter-
action between nuclear dipo~es. Referring to equation (3-28) of part I~ 
this means that those terms invol ving chemical shif'ts and indirect spin 
coup1ing constants can be neglected and the spin Hami1tonian can be 

rewritten as 

and 

+ ~ (1/2)Di}2IZiIZj - (~i~j + IyiIy)] 

Dij = (2U)-lrirj~ (1-3CO~eij) R~3 
where R .. i8 the distance between nuclei i and j and e .. the angle ~J 

~J 

between the vector R .. and the applied field H. 
~J 

(2-1) 

(2-2) 

If i and j are two different nuclei, e.g. ~ and 19F, it can 
be shown that the spin-exchange term~ i.e. the term. invo1ving 

(~iIxj + lyiIyj) does not contribute because of the different 
Larmor precessional frequencies of the two nucleilO), thus this part 
of the spin Hamiltonian can be simplified to 

~J = -(2]") -1 L..r .IZ' [H + 4' r jlIZ' (1- 3 COS2 e .. ) R~~ JL ~ ~ ~ J J J ~J ~J 
+----] 

The presence of nucleus j modifies the field experienced 

by nucleus i by a quantity 

(2-3) 



- 112 -

_.:. 2 ~ 
Hloc , ij - .~IZj(l - 3 cos 9ij ) Rij (2-4) 

where IZj can take values +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 ail the nuclei present in the crystal, a calculation 

of line shape from a kn~~~ structure model presents, in general, 

a forbidden task. However, where the nuclei are localized 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 

way the line shapes have been calculated for two spin_la), three 

SPin_11), and to a limited extent four spin_Systems12). As the 

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 detall. 

Comparison between structural models and experiment is possible 
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for more complicated systems by employing the second moment13). 

II-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 o n 

H is defined as 
o 00 

~ = J 
-00 

(H-H )n g(H) dH 
o 

If g(H) is symmetrical about H , th en all odd moments 
1 0 

vanish. Van Vleck13 ) has derived expressions for the second 

moment in terms of internuclear distances. Eor a single crystal 

his result for the second moment M2' which is just the mean-square 

width of the spectrum about its center is 

M
2 

= l I(I+l) g2~ 2 N-l ~ (3 COS2 e .. - 1)2 R~~ 
4 0 ~J ~J ~J 

+ ! ~~ N-
l ft If{If + l)gf 

2 
(3 COS

2 eif - 1)2 Ri~ 
3 

where l is the spin number, ~ is the nuclear magneton, ~ l is a a 

the nuclear n~gnetic moment and N is the number of resonance 

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

(2-5) 

(2-6) 

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 cames from their interaction with the non-

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

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

of identical nuclei is 9/h tintes 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 sarne unit cell or in the ad-

jacent cells. The environment of all unit cells is theré:rore effectively 

identical; the number N may therefore be reduced to the number of 

nuclei in one unit cell, and the sum taken over ail the nuclei in this 

cell and their neighbours, both inside and outside the celle Fre­

quently the symmetry of the unit cell provides t1Q'JQ" or more nuclei wi th 

the sarne environment, in this case N may be reduced still further. 

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

over ail values of e and this gives 

1~ = * 1(1 + 1) g2 /i~ N-
1 ~ R~~ 

+ h /i~ N-
1 
{; Ir{If + 1) g; R~ (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 

di vide the second moment into intra- and inter-molecular con-

tributions. The former is calculated on the baàis of reasonable 

molecular bond lengths, angles and confonnation. The intermolecular 

contribution is estimated by comparison with known similar structures. 

11-3 Effect of Molecular Motion on the Line \vidth and Second l-foment 

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 experien::ed by a.ny 

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 
2 

can be calculated from Van Vleck's formula with the terms (3 cos e .. - 1) 
~J 

R~~ 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 SI to the seoond moment 

can be calculated by averaging the angular term only. The result is14) 

SI = (3 COS2 e' - 1)2 [ l l (I + 1) 2 2 N-l ?:. F(Il .. )2 R~ 4 g ~o ~*J ~~J ~J 

where 

1 2 -1 L ( ) 2 ( ). -6 ] 
+ 3 ~o N if If If + 1 gf F ~if Rif 

F(f3) = t (3 cos2 ~ - 1)2 

e/is the angle between the axis of r~orientation and the applied field 

H, and ~ .. is the angle between the axis of rotation and R ..• 
~J ~J 

If the material is polycrystalline, there is an isotropie 

distribution of axes of reorientation, and the factor (3 COs
2 fi _ 1) 

2 

oecurring in equation (2-8) must be replaeed by its mean value of 

4/5 giving 

.2. ( ) 2 2 -1 2: ( )-6 SI = 5 l l + 1 g ~ N .~. F 13.. R .. o ~rJ ~J ~J 

2 -1 L. ( ) 2 ( ) R-6 
+ Ï5 ~o N if If If + 1 gf F f3it if 

(2-8) 

(2-':88.) 

(2-9) 
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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(~). This factor decreases from unit Y at ~ = 0° to zero at 
54°44' and increases to 1/4 at 13 = 90°. 

The effect on the intragroup second moment by simultaneous 
rotations about two or more axes has been investigated by Powles and 
Gutows~4). They gave the fol1owing general formula for the average 
value of the angular tenn 

< 2 -- COS 9-1--< 3 > > n axes of rotation 
= [0/2) COS2 al - 1/2] [(3/2) cos2a2 - 1/2] 

[(3/2) cos2 ai - 1/2] - - [(3/2) cos2an - 1/2] 

[ 3 cos2a(n) - 1] 

. -+ The d~atance vector R between the two nucle~con-

sidered makes an angle a with respect to the main magnetic field 
H and al: with respect to an axis of rotation which we designate 
the lat axis of rotation. a. :l.13" the angle: between ith and ~ -
(i - l)th axes of rotation and a(n) the angle between magnetic 

field H and the nth axis. 

Calculation of inter-group and intermolecular contri-

(2-10) 

butions to the second moment 15 complicated by the fact that both 
angle and distance vary during the motion. Andrew and Eades15) 

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 COS2 e - 1)" R-3 over the equivalent 
positions of minimum potential energy; it i5 supposed that the 
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molecule spends on the average an equa1 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 necessar,r to cause the narrowing of the resonance line. For 

this purpose, i t would be better to use the so-called spin-spin 

relaxation time, T
2, which is an alternative measure of line width. 

L"l a solid, the nuclei experience a range of magnetic fields about IL 
-~oc 

and, therefore, a corresponding range of Larmor frequencies 6W = )' H_ • 
-~oc 

If all the nuclei p~ess initially in phase, then the,y will gradually 

lose phase because of the differences in their precessional frequencies. 

The spin-spin relaxation time T
2, defined as the time required for this 

dephasing to occur, is clearly in the order of IhH
1 • The variation oc 

of the local fields caused by the mQlecular 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 beiore the nuclei' can lose phase by spin-spin 
relaxation, and it follows, therefore,that the motion must occur at 

a frequency greater than 1/T2, i .. e., greater than line width expressed 

in frequency units. 
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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 affeoted 

by the molecular motion. Andrew and Newingl8) have shawn that a rapid 

reorientation of similar groupings of nuclei yields a spectrum consist-

ing of a central part and side bands separated 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 weIl 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, T., or by a correlation frequency· \J = (2tT't' )-1. 
c 'c c 
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An equation for the dependence of the 1ine width on the correlation 

frequency of the mo1ecu1ar motion has been given by Bloembergen, 

Purcell and pound19). This equation was further modified by Gutowsky 

and Pake 14). The modified form reads 

(2-11) 

where ~H is the line width, 'Y is the magnetogyric ratio, A is 

the rigid 1attice 1ine width; and B is the 1imiting value of the 

line width above the transition. The line widths are expressed 

in gauss. The correlation frequency Yc can be ca1cu1ated from 

the expression 

It is usually aSBumed that the variation of correlation 

frequency with the tempe rat ure is governed by an activation energy 

E according to the equation 
o 

v. = " exp (- E /RT) c"o 0 
( 2-13) 

By fitting the experimenta1 measurements with equation 

(2-12) and (2-13), an estimation of the activation energy (energy 

barrier) for the mo1ecu1ar motion can be obtained. 

The factor a in equation (2-11) and (2-12) arises from 

the uncertainties in the 1imits of integration used in obtaining 

the equations and is rather i11-defined. Since a will affect },6 

rather than Eo' it can be incorporated as (a~) or set equa1 to unity. 

In writing equation (2-11) it is implied that a single 

correlation frequency, rather than a distribution, may be used 

to describe the motion. Furthermore, changes in 1ine shape are 
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ignored, as are the relative magnitudes of the inter- and intra-

molecular contributions to the Une width. Due to these assumptions, 

the results thus obtained should be care~ examined and comparisons 
between activation energies should be llmitéd oIlly to a series of 

similar compounds. 

Waugh and Fedin20) have suggested another treatment to 

deter.mine the hindered-rotation barrler from NMR experiments. Based 

on an assumed relation between 116 and Eo they obtained two equations 
for the energy barrier. 

and 

Eo = 1.8RT
c 

ln [(nit:.) (kTc/2I)1/2 ] 

E = 37T (cal/mole) o c 
where reorientation occurs about an n-fold axis. T is the 

c 

(2-14) 

(2-15) 

ternperature at which line narrowing conunences; t:. is the "excessif 

rlgid lattice line width over the narrowed line width in radian per 

second, and l is the molecular moment of inertia for the re-

orientation.. Equation (2-15) is, in fact, an .. approxi.mate fom 

of equation (2-14) and the resl.ùts obtained differ, for the most 

part, by only 10%. This method is of particular value when the 

B-P-P equation (2-11) gives absurd results20). 
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CHAPTER In 

EXPERIMENTAL 

III-l Nuclear Magnetic Resonace Spectrameter and its Calibration 

Proton and fluorine nuclear magnetic resonance spectra were 

obtained with a Varian Dual Purpose Spectrameter. A block diagram of this 

spectrameter is sho'Wll in Fig. 1. 

In recording the derivative trace of an absorption line, the 

r.f. transmitter was held at a constant frequency (56.4 MHz), while 

the main magnetic field H ws slowly scanned through the resonance and, 

at the sarne time, sinusoidal.J:y modulated wi th a audio-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 

transmi tter was frequency-modulated wi th an audio oscillator, the re­

corded signal c.onsisted of a center peak and a series of side bands. 

By measuring the spacing between a particular set of side bands incenti­

metp.es and by measuring exactly the modulation frequency with an electronic 

counter, the scanning field was calibrated in gauss per cm of the chart paper. 

The calibration of the sweep modulation amplitude, \.~, was performed 
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for each setting by slowly scanning through the signal from a sample 
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 tempe rature work a Dewar assembly shown in 

Fig. 2 was used. The temperature contraI 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 copperjconstantan ther.mo-
couple. For measurements at temperatures below the lower limit of the 
flow system the sample tube was immersed directly in liquid nitrogen 

or axygen inside a simply designed Dewar vessel. This vessel has a 
wide top-portion and a tubular bottom which fits inside the receiver 

coil. 

1II-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 uni~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 dH21). m 
The experimental second moment defined by equation (2-5) 

was computed directly from the derivative trace of the absorption 

signal according to the equation22) 
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(3-1) 00 J, g'(H)(H-Ho) dH 

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 accorQing to Andrew's 
formula23 ). A listing of this program is given in Appendix II. 

111-3 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 O.D. sample tube and then eealed under vacuum. 
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TABLE II 
Preparation and Purification of Reagents and Compounds 

Supplier or Technique of Physical Properties Gom]22und Preparation ~~~i~~tion Found Required Ref. 
(CH3)3N Fisher Scientific 

(highest purity grade) 

BF3 Matheson ( 99.0%) 
(C2H5)20BF3 J. T. Baker Distillation in 

ti1trogen 
atmosphere 001

3 Matheson ( 99.0%) 
BBr

3 Alfa Inorganic 
(99.9%) 

(CH3)3NBH3 Matheson Coleman Vac. Sublimation M.P. 
1-' and Bell 93-95°C 94° 24 f\) 
0\ (CH3)3NBF3 Me

3
N(g) + BF

3
(g) Vac. Sublimation M.P. 

CI in cold 147-149°C 145-146 C 25 and dried C 6H6 I.R. 26 
( CH3 ) 3

NBC13 Me
3
N(g) + BC1

3
(g) Recryst. from M.P. in cold hot ethanol 242-245°C 242-243°C 26 and dried C 6H6 I.R. 27 

(CH3) 3NBBr3 Me
3
N(g) + BBr

3
(1) Recryst. from M.P. 238°c 26 in cold hot ethanol 236-24o~c and dried C 6H6 I.R. 28 

NH3 BF3 ~3(g) + (C2H5)20BF3(1) Recryst. from I.R. 29 J.n cold cold water power x-ray 30 absolute ether 
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CHAPrER IV 

RESULTS AND DISCUSSION 

IV-l Trimethylamine Borontrifluoride 

The experim.ental second moment and line width of proton 

and fluorine resonances are plotted against tempe rature in Fig. 3 
and Fig. 4 respective~. As the temperature is increased from 77°K, 

the proton second moment 2 2 decreases sharply from 18 gauss to ...... 8 gauss 
at l.l0

o
K, which is followed by a slow decrease to 2.2 gauss2 at about 

o 
160 K. It is evident that two dif'ferent but partially overlapping 

o 0 transitions are involved. Over the same temperature range (77 K - 160 K) 
2 2 the fluorine second moment decreases from 7.4 gauss to 3.2 gauss. 

o 
Above 160 K both the proton and fluorine second moments remain constant 

up to the melting point. 

The compound has been show.n3l) to crystallize in a rhombo­

hedral unit cell, (space group C~v- R
3m

),one mole cule per unit cell 

and the crystallographic positions of the nuclei, except hydrogens, 

have been given. There are two 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 gravit y of the molecule. In the first orientation the distance be­
o tween hydrogen atoms attached to adjacent carbon atoms is about 0.4 A 

less than the normal Van der Waals separation and therefore this pos­
sibility has been ruled out31). With the assumption that methyl groups 

adopt the second orientation, the crystallographic positions of hydrogen 
o atoms were found using a C-H bond length of 1.08A and a H-C-H bond angle 
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For the theoretica1 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-

1attice second moment from known crystallographic positions of the 

° nuclei; the contributions over distances greater than 7A 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'formulae15); the intra-group contribution can be easi1y computed 
according to equations (2-9) and (2-10). The third part computes the 
second moment for isotropie rotation16,17). A complete list of this 
pro gram is given in Appendix III· 

With this pro gram the various contributions to the proton 

and fluorine second moments of (CH
3

)3 N BF
3

, in the presence of dif­
ferent molecular motions were ca1culated and the results are listed 
in Table III. 

The theoretical values for the molecular motion where both 

the - BF 3 and -CH
3 groups rotate about their three-fo1d axes and ltlie., NMe

3 
2 2 group rotates about the B-N bond, are 2.5 gauss and 3.4 gauss for 

proton and fluorine respective1y. This is in good agreement with the 
experimenta1 second moments above 160oK, 2.2 gauss

2 
(lH) and 3.2 gauss2 

(19F), therefore, it is coneluded that this type of rotational motion 
oceurs between the melting point and 1500 K in the solid (CH

3
)3N BF3. 

The reorientation process of -NMe
3 

and -BF3 groups at room temperature 
probab1y invo1ves a jump meehanism as no evidenee for the rotational 
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TABLE ID - 2 Caleulated Seeo,nd Moments (gauss ) for (CH3)3 N BF3 

* "* if-CH3 
NMe: BF3 Intl."'amo1eeular Intenno1eeular Total 

3 
0 0 Intra-group Inter-group Total < 7A > 7A 

S S s ~2.50 3.42 25.92 5.96 0.OS5 32.1 R S S 5.63 1.7S 7.41 3.13 10.7 ~ R S R 5.63 1.67 7.29 2.S9 10.4 R R S 0.90 0.41 1.31 1.27 2.6 1 

1-' 
W 

R R R 0.90 0.40 1.30 LIS 2.5 1-' 
Isotropie 

1.1 
S S s 5.00 16.93 21.93 3.92 0.076 20.9 R s s 5.00 11.21 16.21 2.59 18.9 19F R S R 1.25 1.73 2.9S 1.64 4.7 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 Isotropie 

0.7 * . S - - - - - Stat~onary 
R - - - - - Rotating 

........... ---------------
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motions of these groups has been observed by the x-ray stu~l). 
The comparison between the experimental and theoretical 

moments further reveals the nature of the two partially overlapping 

transitions observed below 160oK; the high temperature transition cor-

responds to the reorientation of -NMe
3 

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 al.34) reported the 

results of a wide-line study on this complexe 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 pljenomenon which has been observed at 3900 K by 

Dunell et a1.34) with both the NMR and DSC (differential scanning 

calorimetry) techniques. A DSC study by this author also failed to detect 

a phase transition below the melting point. 

IV-2 Trimethylamine Borontrichloride and Trimethylamine Borontribromide 

The temperature dependence of th~ proton second moment and line 

width of the trimethyJaltl;inq complexes with borontrichloride and borontri­

bromide are shown in Fig. 5 and Fig. 6 respectively. Fig. 7 shows typical 

derivative traces of proton resonance spectra of (CH3)3 N BC1
3

• 

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 gauss2; at still higher 
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o 
350 K 

L-J 0 • 71 gauss 

Fig. 7 Derivative traces of the proton resonance 
in (CH

3)3N BC1
3

• 
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temperature, around 210 0 K for (CH
3

)3 N BC1
3 

and 2300 K for (CH
3

)3 N BBr
3

, 

there appears a second transition which gradually reduces the proton 

2 second moment to 1.25 gauss. The second moment then remains at this 

value for both compounds up to ~ 200°C. At just be10w 200°C the white 

solid samples became slight~ darkened under prolonged heating in the 

N.MR probe and measurements at higher temperature were, therefore, not 

attempted. 

Since the detailed cr.ysta1 structures of these two compounds 

have not been reported, the theoretical second moments were estimated 

based on the values for borontrif1uoride comp1ex. The results are 

compared with experimenta1 values in Table IV. 

The experimenta1 second moments at high temperatures, 

1.25 gauss2, lies between the estimated values for the isotropie rotation, 

0.7 gauss2, and the simultaneous rotation of -GH
3 

group about its C
3 

axis and B-N bond, 1.8 gauss2• However, in view of the conclusions drawn 

for the borontrif1uoride comp1ex, it is reasonab1e to suggest that the 

latter motion is actua!ly responsib1e for the observed low second moments. 

The discrepancy between the experimental and estimated values is ascribed 

partly to the difference between the actua1 and assumed mo1ecular geometr.y, 

and partly to the appraximate method used in the estimation of inter-group 

contribution (see discussion below). 

The second moment plateau between 1000 K and 200 0 K corresponds 

to the methyl group reorientation around its C
3 

axis. The fact that the 

experimental second moments, 7.6gauss2, is 1ess 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 ) 

C~ 

S S 

R S 

R R 

Isotropic 

Ca1culated 
Second Moment 

30.2 

9.52 

1.8 

0.7 

* S - - - - - - Stationary 

R - - - - - - Rotating 

Observed Second 
Moment for 

(CH3)3 N BC13 

26.2 
(77°K) 

7.7 
(1400-200 oK) 

1.25 
(>2BOoK) 

Observed Second 
Moment for 

(CH3)3 N BBr3 

25.5 
(77°K) 

7.5 
(130 0-220oK) 

1.25 
(>300 oK) 
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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 inst~~t will depend on the orientation of 
the neighbouring groups a~ that time. Therefore the rotations of the 
different methyl groupa are correlated. It is possible that the cor-
relation is such as to pre vent the protons on neighbouring groups 

occupying some of the immediately adjacent sites32); this in turn 

reduces the observed second moments. A comparison with the experimental 
and theoretical results for similar compounds: (CH

3
)2 C (N02)24), 

(CH
3

)2 C ClN02
4), (CH

3)4 Si6) etc., indicates the calculated values 
for -CH3 rotation in (CH3)3 N BF3, (CH3)3 N BC13 and (CH3)3 N BBr3 
are probably too high by~l gauss2• (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 
NMe

3 
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 inter-molecular second moment to produce agreement with 
experiment. 

The transition below loooK involves the on-set of methyl 

group reorientation. The proton resonance spectrum at 77°K shows a 
structure similar to that of a stationary three-spin system. However, 
the transition may not be complete at 77°K as the difference between 
the observed second moments (.26 gauss2) and estimated rigid lattice 
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values (30 gauss2) 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 stead~ with increasing t~era-
ture until 358°K. There is no apparent change at 350 0 K where a thermal 
transition has been observed by Douslin et !!. 37). At 358°K there is an 

abrupt increase in line width and second moment. The latter changes from 
1.8 gauss2 to 2.7 gauss 2 • This is a rather unusual behaviour and similar 
phenomena have only been reported ~0r: cyclopentane38) octamethylcyclo­
tetrasiloxane and hexamethylcYClotrisiloxane39). 

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

It has been shawn from thermal measurements that three different 
solid phases exist .::eGrc this comple27). Unit celi dimensions and the space 
group of the room temperature phase have been determined by an x-ray dif­
fraction stUdy40). Partial molecular s,tructura data have also been obtained 
by Bauer41) from 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 foliowing bond distances and bond angles: 
C-N = 1. 53tl ) , N-B = 1.641), B-H = 1.194~2), C-H = 1.0~ < HBH = li3 0 42), 

<BNC = 105° 31), < HCH = 109°28'. The values for B-H bond distance and 
<BHB were taken from the reported structure of a slmilar complex BH3 C042). 
The results are listed in Table V. For comparison, the experimental second 
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LJ 

Fig. 9 Derivative traces of the proton resonance in 

(CH3)3N BH3" 
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TABLE V 

Calculated and Observed Second Homents 2 (gauss ) 

for (CH3)3 N BH3 

Ca1culated Observed 

* * * Second Second CH
3 BH3 NMe

3 Moment Moment 

S S S 37.0 35.2 
(77°K) 

R S S 19.3 

R R S li. 8 8.5 
(l20oK) 

R S R 12.2 8.5 
(l20oK) 

R R R 4.0 3.0 
(220 o-320 oK) 

Isotropic 1.4 

* S - - - - - - Stationary 

R - - - - - - 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 0K to room tempe rature the observed value, 3.1 gauss2, is compatible 
with the case that the -CH

3 
and the -BH3 groups rotate about their C

3 
axes and -NMe

3 
rotates about B-N bond. The second moment value, -8.5 

gauss2, at 1100K may be interpreted as corresponding to one of two possible 
molecular rotations: 1. rotation of both the -CH

3 
and -BH3 groups about 

their C
3 

axes, 2. simultaneous rotation of the -CH
3 

group around its C
3 

axis and the B-N bond but with the -BH
3 

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 
gauss 2) and the calculated value (12 gauss 2), the torsional oscillation 
of the -NMe

3 
group about the B-N bond, suggested for (CH3)3N BC1

3 
and 

(CH3)3N BBr
3

, probab~ occurs in this compound as well. 

The decrease in the second moment with increase in temperature 
above 3200 K can be explaL~ed by the gradual onset of isotropic rotational 
motion. .An alternative interpretation of this line narrowing in terms of 
the "wobbl:L.ïg" of the B-N axis about its equilibrium position, would 
require an angle of 30

0 
or more 43) to account for the observed reduction 

in the second moment. Such a motion, although it occurs about a pre-
ferred axis, represents a ~ode of attack upon the barrier to isotropic 
rotation. 

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

coupling, but leaves the intramole.cular coupling unchanged; the situation 
is similar to that observed in the liquid crystal phase. However, as 
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pointed out in the introduction, the 1iquid crystal phase can only 

occur for rod-1ike molecules; the presence of a diffusion process 
without orientation disorder is considered as less likely for the 

spherical (CH)) N BH). 

At the present time, no satisfactory explanation can be 

proposed for the abrupt increase of the second moment and the line 

width observed at )58°K (±2°K). However, since this occurs at the 
temperature at which the thermal transition l has been observed)7), 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 ~ermal Data on (CH)) N BH) 

A complete thermal study of solid trimethylamine-borane was 
made by Douslin et al. )7) They measured the heat capacity fmm Il OK 

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 
tempera~ures, enthalpies and entropies are listed in Table VI. 

It is weIl known that NMR is sensitive to a much lower fre­
quency (104 - 105 cps) as compared with the thermodynamic properties 
(1011 - 1012 cps). H th dyn. . al . t . t th owever, ermo am1CS ~s so sens~ ~ve 0 e 
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 function~; while a similar process 
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TABLE VI 

Transition Temperatures,Enthalpies and Entropies in Solid Trimethylamine Borane36) 

Transition Transition Temperature b. H(cal/mole) b.S(e.u.} 

II 350.1 605.9 ± 1.1 1.73 
l 360.4 1419.5 ± 1.5 3.94 

Melting 368.7 1182.4 ± 0.8 3.21 

Total 8.88 

~ 
VI 
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among several distinguishable orientations, such as the isotropie 

rotation of (CH)) N BH), increases the disordering and, therefore, the 
entropy of the system. Based on these arguments, Darmon and Brot 60) con-
cluded that a thermal transition is, in principle, necessary to liberate 
the ~eorientation process if the molecule has lower aymmetr,y than that 
of ita allowed orientations. According to their theor,y, Darmon and Brot60) 
succeasfully claaaified the known thermal and NMR data of many compounds, 
including thoae of t-butylchloride and t-butylbromide. This theor,y has a 
"a11 or nothing" nature aa it is asaumed that the cr,ystal can only exiat 
in either a perfectly ordered or in a completely disordered atate. 

The x-ray diffraction experimenta on (CH)) N BH) showed 
that in the room temperature phase nitrogen and boron atoms lie on the 
three threefold axis of the rhombohedral unit ce1140). Between lloK 
and )20 0 K the heat-capacity measurements did not reveal any thermal 
tranaition)7~ Theae experimental results indicate that the room temperature 
phase is essentially an ordered state. To interpret the observed line 
narrowing above )20 0 K by an isotropic rotation meana 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 ia neceasary 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 0 K an upward trend 
in the heat-capacity curve (Fig. 8) can be noticed; sinee the contribution 
of the rather slow isotropie rotation (104 - 105 eps) to the thermodynamie 
funetions is negligible, the abnormal inerease of the heat capaeity ia at 
least compatible with a progressive establishment of the disorder. The 
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entropy increase for transition II is 1.73 e.u. This value, even corrected 

for the high heat capacities below the transition tempe rature is still 

much smaller than the minimum requirement, 2.78 e .u. (= R ln4), needed 

for achieving a completely disordered state. A certain degree of 

ordering pers ists even in phase Ir. 

The low entropy of melting, 3.21 e .u. - a value typical of 

a plastic crystal, indicates that orientational disorder exists in the 

crystal phase l of (CH
3
)3 N BH3. On account of the high experimental 

second moment in this phase, the isotropie reorientation process, if it 

occurs, should not be fast enough to effect the NMR spectrum. Usually, 

in the plastic phase, both isotropie rotational motion and self-diffusion 

are found by NMR teChniqUes44). The only exception known to the author 

is the plastic phase of perfluOroCYClOhexane45), in which neither isotropie 

rotation nor self-diffusion can be detected immediately above the transition. 

The present study of solid (CH
3
)3 N BH3 provides a second example of this 

kind. In his dielectric studies of "rotator" phase, Baker and Smyth 46) 

also observed a long relaxation time of 10-4 - 10-5 sec for the rota-

-12 ) tional process in (CH
3
)3 CI as compared with 10 sec in (CH

3 
3 CCI 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-

planation as to why trimethylamine borane and perfluorocyclohexane behave 

differently from other systems. Certainly a careful crystal structure study 

of phase l and phase II" of this complex will be helpful in answering this 

question and possibly would provide an explanation for the observed sudden 

increase in both the second moment and line width at thermal transition 1. 
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IV-5 Barriers to the Rotation in Trimetbylamine-Berontrihalide Complexes 

The line w:iJ:lth data in Fig. 3, Fig. 5, Fig. 6 and Fig. 8 were 
used to calculate the rotational barrier, E , and JI with the modified ·00 

B-P-P equation (2-12) and the Waugh and Fedin equation (2-15). The 
results are listed in Table VII and VIII respectively. 

The l:i.miting line width for stationary -CH
3 

groups required in 
the B-P-P treatment was first estimated from the experimental values of 

~H3)3N3~), (CH
3

)3CCI and (CH3)3CBr4) and computations were subsequently 
carried out with the variation of this value within a reasonable limite 
A similar procedure was used to treat the rotations about the B-N bond 

in (CH3)3NBH3 and (CH3)3N BF3. In the transition region, the theoretical 
line widths from B-P-P treatment were plotted against temperatuœ in 

Fig. 3, Fig. 5, Fig. 6 and Fig. 8. 

For the -CH
3 

rotation the numerical values of the energy 

barriers obtained with two treatments differ by 300/0 - 40%. 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 aIl four complexes. Since aIl of them contain the same group -NMe

3
, 

and the barrier to -CH
3 

rotation will generally be dependent on the 
~ediate environment of the methyl group47,48,49); 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 lmown values of bond length and bond angle for (CH
3

)3N BF3 the 
distance between the methyl groups was calculated te be the same as in 
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TABrE VII 
Energy Barriers (Eo> and Frequency Factors (0.)/0) From B-P-P Treatment 

Line width Line width 
E ayo below transition above transition 0 

(sec-l ) 
Compounds (gauss) (gauss) (Kcal/Mole) 

-CH
3 

rotation 

BH** 
- 3 20.0-22.0 5.4-5.8 1. 7-2.3 2. 0xl09_5.1x10lO 

* •• BF
3 "-20.0 "'-5.6 ",,1.7 l'J 1. OxlOlO 

-BC13 19.5-21.0 5.5 1.6-1.9 8 9 
~ '+e7xlO -2.0xlO 

8 9 
\D 

- BBr3 19.25-20.75 5.25 1. 7-2.0 8.6xlO -3.7xlO 

-NMe
3 

rotation 

- BH3 5.4-5.8 4.3 1.9-2.2 7 7 1.9xl0 -3.2xl0 

- BF3 5.4-5.7 3.75 1.6-1.8 3.2xl07-6.7xl07 

-BC13 5.5 2.7 10.8 6.3xl014 

- BBr3 5.25 2.5 7.7 7.9xlOlO 

* Estimated Values 

** 
Including rotations of both the -CH

3 
group and -BH

3 
group 

about their axes. 
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TABLE vn! 

Energy Barriers (Eo) and Frequenc,y Factors ()Jo) fran the 

Waugh and Fedin Treatment 

b. E 

(Sec-1 ) 
0 

Vo{Sec-1 ) Compounds Tc (Kcal/Mo1e) 

-GH
3 

Rotation 

* 6.3xJ.04 5.00012 
-B~ 77°K 2.8 

- BF3 ~67°K "'6.3xJ.04 
l'V 2. 5 ""7.4x10

12 

-BC1
3 

75°K 6.2:xJ..04 2.8 8.9xlO12 

- BBr3 75°K 6.3xJ.04 2.8 9.lx1012 

-NMe3 Rotation 

- BH3 130 oK 4.3xJ.0
3 4.8 5.7x1011 

- BF3 110 OK 6.4xJ,.03 4.1 7.9x10
11 

-BC1
3 

215 OK 1. 2xJ.04 8.0 1.6x1012 

- BBr3 235°K 1. 2:xJ...04 8.7 1.5x1012 

* Inc1uding rotations,cif'both the -GH3 group and -BH3 group 

about their axes. 
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TABLE IX 

Barriers to the Methyl Group Reorientation 
E 

0 
Compounds (Keal/Mole) Methods Lit. 

(C~)3 N BH3 2.0 (J3...P-P) Line width This work 
2.8 (W-F) 

(CH3 )3 N BF3 1. 7 CB-P-P) Line width This work 
2.5 (W-F) 

(CH
3

)3 N BC13 
1.8 (B-P-P) Line width This work 
2.8 (W-F) 

(CIJ)3 N BBr3 1. 9 (B-P-p) Line width This work 
2.8 (W-F) 

(CH3 )4C 2.8-3.0 Tl measurement (5)(6) 

(CH3 )4Si 1.3 Calorimetrie (47) 
measurement 

(CIJ)4 Ge 0.65 Tl measurenent (6) 

(CH3 )4Sn 0.46 Tl measurement (6) 

(C~)4Pb 0.18 Tl measurement (6) 

(CH3 )3CCI 2.8-3.7 Tl measurem.ent (5) 

(CH3 )2CC12 4.1 Tl measurement (5) 
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o 
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 (C~)4C. This result supports the 

opinion47,4tl,49,6)about the importance of met~l group separation in 

determining the energy barriers to met~l reorientation. 

For rotations of the -NMe
3 

group around the B-N bond, the 

energy barriers from the two different treatments show a large dis-

crepancy. Judging from the magnitude of both Eoand Vo' the values in 

Table VIII seem to be more realistic. From values in either of the two 

tables, it can be concluded that rotational motion of the -NMe
3 

group 

is less hindered in (CH
3

)N BH3 and (CH
3
)3N BF3 than in (CH

3
)3N BC1

3 
and (CH3)3N BBr

3
• This trend is consistent with the spatial molecular 

mode ls as shown in Fig. 10. 

The two low tempe rature transitions in -BH3 and -BF 3 complexes 

appear in immediate succession; the similar situation has been observed 

in t-butylchloride and t-butYlbromide
4). These facts suggest that in 

these compounds the rotational motion of the -c~ group facilitates 

the reorientation process of the -NMe
3 

group and thus the two different 

motions are close~ coupled to each other. 

In order to investigate the effect of electrostatic energy on 

the isotropie rotational freedom in these complexes, a calculation based 

on a model of point dipoles was made on (CH3)3N BH3. The interaction 

energy of a central molecule with all its neighbours was computed for 

a series of varying eut-off distances. The energies (in Kcal/mole) are 

plotted against the eut-off distance in Fig. Il, which clear~ shows the 

convergence properties of this calculation. Surprisingl,ytt;he total energy 
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Fig. 10 Molecular models ~or the 

complexes (CH
3

)3N BX3 

• 
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Fig. 10 Molecular models for the 

complexes (CH
3

)3N BX3 
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i5 positive,I\IO.16 Kc"al/mole, and if the result were correct the 

structure as determined 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 ot"this absurd result. An 

analysis of the calculation immediately reveals that the interaction 
o 

with the 14 nearest neighbours (with "distances less than 9A) is, in 

fact, critically dependent on the assumed dimension ot the molecular 
o 

dipole. If the dimension ot the dipole is taken to be 2A, the inter-

action energy with 14 nearest neighbours will be -0.16 Kcal/mole and 

the total dipolar interaction energy becomes negative. 

Although no detinite conclusion can be obtained trom the 

calculation, a comparison of the experimental results ot this series 

with that ot the similar carbon containing compounds suggests that the 

tendency to align the relatively high dipole moments of the complexes 

is an important factor affecting the hindrance of the isotropie 

rotational motion. Those molecular motions which have little or no 

eftects upon the alignment of the molecular dipo1es, such as rotations 

of -CH) groups and -NMe3 groups, are observed in comparable temperature 

range~ for the boron-nitrogen complexes and their carbon anologues4): 

such as neopentane (#=Ü), t-buty1chloride (~2.1450» and t-butyl­

bromide (~2.l75l»; while the isotropie rotation can be detected in 

only one of the four complexes studied and at a much higher temperature 

than tho~e of the hYdro~Qarbons~,52). However, in relation to the effect 

of dipole moments, it should be pointed out that the e1ectrostatic 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 ni trogen atom and the 

Van der Waals surfaces of the substi tuents are gi ven in Table X. 

Fo11owing the suggestion b.r S~th52) the ratio of the two distances, 

N-~/N-C~, is taken as a measure of the asymmetry of the molecular 
shape. The fact that the isotropie rotation or s;m;Jar motion occurs 

only in (CH
3

)3 N B~ 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. FtOm;,dtel.ectric studies 

on several halogenated hydrocarbons, ~h52) concluded that the 

isotropie 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 NH3-BF:3 

The variations in line width and second moment of the I H 

and 19F resonances with temperature are shown in Fig. 12 and Fig. 13. 

Bath the fluorine second moment and line width show a qui te sharp 

transition centred at 2OOoK. 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 fiuorine second moments were computed :tOI' Tarins cases 

based on the crystal structure reported by Hoard, Geller and Cashin54). 

The results are compared with experimental values in Table n. 
The experimental second moments at 77°K, 11.0 gauss

2 
and 20.4 

gauss
2 

for ~ and 19F respective1y; are in good agreement with the 
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TABLE X 

* The Estimated Dimensions of N-C~ and N-~ 

Groups in (CH
3

) 3 N ~ Complexes 

N-CH
3 

N-BH
3 

N-BF
3 

N-BC1
3 

N-BBr
3 

3.53 3.98 4.24 5.21 5.52 

1.12 l.20 l.47 1.56 

* Calculated according to the bond 1engths data and 

Van der Waals radii given in Ref. (53). 
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TABLE XI 

Calculated and Observed Second Moments 
2 (gauss ) of NH3BF3 

* BF* 
Calculated Observed 

~ 3 Second Moments Second Moments 

IH 19F ~ 19F 

S S 38.2 22.3 

S R 11.9 20.6 11.0 20.4 
(77°K) (77°K) 

R R 10.7 5.3 8.9 4.6 
(....,300 oK) ("'300 oK) 

* S - - - - - - Stationary 

R - - - - - ... Rotating 



- 161 -

theoretica1 values for a rotating NB) group and stationar,y BF) group. 

Above the transition, the second moments reduce to values in agreement 

with a molecular motion involving the reorientation of both groups 

around their C
3 

axis. Therefore, the transition centered at 200 0 K 

is associated with the onset of BF) group reorientation. 

It is interesting to note that the observed proton second 

moments, both below and above the t~'ansition, are smaller than the 

calculated values. The crystallographic positions of the protons were 

not obtained by Hoard, Geller and Cashin54). These authors included 
o 

contributions based on an N-H distance of 1.02A and an HNH angle of 

107 0 which seemed "in general to improve slightly the agreement with 

observed amplitudes". 

earlier structure for 
o 

The basis of these 

55) CH)NB2BF) , where 

assumed values were from an 

the N-H distance was assumed 

to be O.OlA longer than in NH). There appear to be ver,y few measured 

(N-H) distances for a four co-ordinate nitrogen atom56 ). From a line 

shape analysis of the proton resonance in CD)NH)Cl at 77°K a value of 

o 57) 1.0)5A has been obtained by Tsau • Using this value for the N-H 

distance in NH)BF3' analysis of the experimental second moment leads 

to an HNH angle of 1040
• 

The fluorin~ line width data in the transition region has 

been used to obtain the energy barrier te rotation with the modified 

B-P-P equation (2-12). This yields values of E = 7.0 Kcal/mole and 
ô 

aJb = 2.3XlOl ) sec-l for the reorientation of the BF3 group. 

Several years ago, the proton and fluorine nuclear magnetic 

resonance spectra of this; complexé: were studied at severaI selected 
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temperatures by Leane and Richards58). However, the second moments re­
ported for 19F at 95°K, 25 gauss2, and for ~ at 293°K, Il gauss2, dis-
agree with our values. At the present time, it is difficult to explain 
the discrepancy. When this work was in progress, Dunell et al. J4 ), Ragle 
and Yeh59), separately reported that similar disagreements with the values 
reported by Leane and Richards were found in their recent wide-line NMR 

studies of NHJBFJ complexe 
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE 

PART l 

The anisotropies of 19F chemical shifts have been measured 

for a series of substituted f1uorobenzenes dissolved in a nematic 

liquid 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 shi ft 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 

ls parallel to the plane and perpendicular to the C-F bond. This result 

disagrees, both in sign and magnitude, with that of the mo1ecular 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 w'lth the suggestion that the "ortho-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 a1l 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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1,),5-trifluorobenzane, ),5-difluorobenzene, ortho-difluorobenzene, 

meta-difluorobenzene and para-difluorobenzene have been deter.mined. The 
reslù ta confirm predictions regarding the sign and magnitude of ~ta. 

The relative molecular geometry obtained for 1,),5-trifluoro-
benzene agrees with the electron diffraction data. It has been found 
that in ail the difluorobenzenes, the hydrogen atoms ortho to fluorine 
are displaced toward the fluorine atome 

PART II 

Wide-liJle proton and fluorine nuclear magnetic resonance studies 

were made on (CH)) N BH), (CH)) N BF), (CH)) N BCI) and (CH)) N BEr) 
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 -CH) groups about their C) axis. 
At higher temperatures, a composite motion occurs which involves both the 
rotation of the -CH) groups about their C) axis and the rotation about the 
molecular three-fold symmetry axis, the B-N bond. Barriers for methyl 
group Deorientation are essentially constant in the series but for the 
rotation about the B-N bond much greater energies are required in 

(CH)) N Bel) and (CH)) N BEr) than in (CEJ») N BH) and (CH)) N BF). 
In the complex (CH)) N BF) the BF) group reorients about 

its C) axis over the entire temperature range. 

Above room temperature there are indications of isotropie 

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

)3 N BF3 below the melting point, and in (CH
3

)3NOOl:3 
and (C~)3 N BBr3 below 470 0 K. This phenomenon is attributed to the 
decrease of the l''symmetry'' of the molecular shape, as the hydrogen atoms 

are replaced by much larger halogen atoms. 

A simi 1 ar study on the ammonia-borontrifiuoride complex showed 

that the -NH
3 

group reorientation occurs at temperatures as low as 77°K. 

Rotation of the -BF3 group commences at 2OO 0 K. 
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THIS PROGRA~ WAS WRITTEN FOR SI~ULATING THE N~R SPECTRUM OF ORIENTED MOLECULES. IT ACCEPTS THE VALUES OF INDIRECT SPIN COUPLI~G CONSTANTS, PSEUDO-DIPOLE COUPLI~G CONSTA~TS AND (~~MICAL SHI~TS, ATO~IC POSITIO~S IN A ~OLECULAR FlXED COORDINATE SYSTE~, AND THE MOTIONAL CO~STANTS AS INPUT. CEPENDING O~ THE CHOICE OF THE USER, THE OUTPUT OF THE PROGRAM ~AY CONSIST OF (A) A LIST OF T~ANSITICN FREQUENCIFS AND RELATIVE INTE~SITIES, (B) A PLCT CF THE CALCULATED SPECTRU~ AND (C) BOTH LIST AND PLOT. TITLE-TITLE OF TrE W~OLE SYSTE~. 
NSVTEM-NO. OF SVSTE~ TC B~ ADDED lCGETHFR. MOD=-OUTPUT INCICATOR (=1 PRINT ONLV, =2 PLOT ONLV, =3 PRINT AND PLOT). 
STITLE-TITLE OF THE SUBSVSTEM. 
SPWGHT-SPECTRU~ WEIGHT OF THE SUBSYSTE~. IZ-NUMBERING OF THE ~UBSVSTEM (=1,2,3,---). NUCLEI-TOTAL NC. OF ~UCLET. 
NUCLEA-TOTAL NO. OF ~UCLEI OF TVPE A (FOR EXAMPLE HVDROGEN). NUCLEM-TOTAL NC. OF ~UCLEI OF TYPE B (FOR EXAMPLE FLUORINE). IFANY-NO. OF EXTRA NuCLEI (n CR l)(FCR EXAMPLE C(13». 
NGEFM-~O. OF DIFFERENT GECMETRICAL FOR~. MOOP-OUTPUT INCICATOR CONCERNING A ANC M (=1 GIVING LIST OR PLOT FOR A AND M TOGETHEP, =2GIVING LIST OR PLOT FOR A AND M SEPARATELY). 
I-NU~BERING S~QUENCE OF NUCLEI. 
NATO(I)-ATO~IC NO. OF NUCLEUS 1. 
CS(I)-CHEMICAL SHIFT(CPS) CF NUCLEUS 1. 
XMAG(I )-NUCLEAR MAGNETIC MOMENT OF NUCLEUS 1. CUP(IO,IP)-INDIRFCT (OUPLING CONSTANT eETWEEN NUCLEI 10 AND IP. PCUP(IO,IP)-PSEUDO-DIPOLE COUPLING CONSTANT 8ETWEEN NUCLEI 10 ANQ IP. 
XA(L),YA(L) AND lA(L)-(OORCINATES OF T~E NUCLEUS L. C1,C2,C3,C4 AND C5-MOTIONAL CONSTANTS. WIDTr-WIDTH OF TrE LINES TC BE PLOTTED. 
HEIGHT-MAXIMUM HEIGHT OF THE PLOTTING. 
NPLGT-~O. OF PLOTS TC BE MADE. 
IPBEN-INDEX FOR STARTING POINT OF THE FLeT (=l STARTING peINT CHOSEN 8v THE USER, =1 STARTING PCINT CETERMINED BV THE PROGRAM). IPEND-JNDEX FOR END FOINT OF THE PLCT (=Q ENC POINT CHOSEN SV THE uSER, =1 END PCI~T DETERMINEe ey THE PRCGRAM). START-FREQUENCY CF STARTING POINT CF THE PLOT. ENC-FREQUENCV OF END POINT OF THE PLCT. 
D[~E~SION TITLE(18),STITLE(15),LIN(2) 
CO~~ON CS(11) ,CUP(1~,lr),DCUP(lr,1~),PCCUP(IC,10),SB(25,25),C(25, 125),S(25,2S),NEG(256),FREQ(1CrC),AMP(lOC0J,IFANV,KORDER(25), 2 LINF.,LI~EA,LI~FB,MCCE,MODP,NUClEI ,NUCLEA,NUCLEM, NUCM1,NUCM2, 3 NGEFM,SPWGHT,STATE,CHé~ST,CHE~ 

1 REAC(5,1~ry2)TITLE 
WRITE(t,ln~l) 
WRITE(6,\~)3)TITLE 
REAC(5,1~(4)~SVTEM,~CDE 
LINEA=n 
LINEB=0 
LINE=~ 
DO 2 IBC=l,NSVTEM 



REAC(5,lOr,S'STITlE,SPWGHT,IZ 
WRITE(6,lr06'IZ,STITlE,SP~GHT 
REAC(5,lor7'NUCLEI,~LCLEA,NUCLE~,IFA~Y,~GEFM,MODP ITEST=f? 
NUCM2=NUCLEI+IFA~Y 
NUCMl=NUCM2-1 
SPWGHT=lnO.*SPhGHT/2.*.NUC~2 
WRITE(6,lrC8'NUCLFI,~UClEA,NUClEM,IFANY IF(MCDP-';n5,3,5 

3 REAC(5,lrll'CHEMST,C~E~ 
5 CAlL BINPUT 
6 STATE=l. 

IF ANY 1= 1 FANY+ 1 
DO 12 IAB=l,JFANYl 

C CALCUlATION OF THE EIGENVAlUES AND EIGENVECTORS. CAll DJAMAT( ITEST' 
IF(ITEST- 99'7,999,7 

C CAlCUlATION'OF TRANSITICN FREQUENCIES AND INTENSITIES. 7 CAll CAlFRE( ITEST' 
IF(ITEST- 99'9,999,9 

9 IF(ITEST- lOO.12,lnrC,12 
12 STATE=-l. 

2 CONTINUE 
lIN(l)=lINE 
lIN(2'=lINEB+5~f) 
MIN=l 
CALl PlCTON 
DO le IAC=l,~ODP 
,.,AX=lIN(IAC' 

C PRINT lINE FREQUENCIES AND INTENSITIES. 
CAll PRINT( MIN,~AX,IAC' 
GO TO (l~,e,a,,(I.ICDE 

8 CAlL APlC(~IN,~AX' 
10 MIt\=tlIN+5;l'J 

C PlCTTING THE SIMULATING SPECTRUM. 
CAlL PlOT(a.c,n.o,99~' 
GO TO 1 

l~QO WRITE(6,l009, 
GO TO 11 

999 WRITE(6,lù11' 
lr01 FORMAT(lHl,4rx,27HA~ALYSIS OF ~tlR SPECTRUM OF' 10"2 FORMAT(18A4' 
InC3 FORM~T(lH ,4~x,leA4' 
1<.ï',;4 FORM~T(2I5) 
!n05 FORM~T(15A4,FIC.4,I2' 
10f6 FOQ~AT(tHO,51X,6HSYSTEM,12/1rX,15A4,16HSFECTRUM W~IGHT=,2pr9.2' l'l/)7 FOR~ I\T (615) 
J. ') ~1 A 1= C R MAT n 1) l( , 2 (' H TOT A L ~ 0 • 0 F NU C lEI = ,r 2 , 2 ex,! 5 H seL V f A S AB - - - ( ,I 2 , IlH),6HMN---(,I2,~.H),2Hl(,I2,1.H)/52X,2LIHNC X TRANSIT!ON It\ClUDE:D) 100Q FCR~AT(1H0,l'.~)(,19HINPUT DATA IS WRCNG' 
111~ FORM~T(lH~,lrx,4JHTHE SYSTEM IS TOC lARGE FOR THIS PROGRA~) 1011 FORMAT(2F10.5) 

11 STOP 
END 



SUBRCUTINE BINPUT 
OUo'ENSION NATOUD) ,X~AGCl1),XA(lr.J ,V.4UO, ,lAClC' 
COMMON CSC10"CUP(lC,lO),OCUPCIO,lO),PDCUPCIO,lO.,BB(25,2S',CC2S, 

12S) ,SC 2S,2S) ,NEG(25fd ,FREQUCC'(.i) ,AtlPCltC.C) ,IFANy,KOROER(2S), 
2 lINE,lINEA,lrNEB,MOCE,MCOP,NUClEI,NUClEA,NUCLE~, NUCMl,NUCM2, 
3 NGEFM,SPWGHT,STATE,CHEMST,CHE~ 

WRITE(6,2011. 
RE .4 0 , 5 , 2 ~ C 9 • ( l , NAT 0 ( 1 ) ,C S ( 1 , , X ~ AG' 1 , ,J = l ,N UC M 2 ) 
WRITE'6,2~15'(J,NATO'J"CSCJ"XMAGCJ),J=1,NUC~2) 
DO 1 I=l,NUCtll 
IPPl=I+l 
DO 1 J=IPPl,NUC~2 . 
REAO(S,2Dl1'IO,IP,CUP(IO,IPJ,POCUPCIO;IP) 

1 DCUPCI,J)=1). 
DO 2 I=l,NGEFM 
REAC(5,2C13'GWEGHT 
REACC5,2014)'l,XA(l),YA(l'tZA(l),K=I,NUC~2' 
REAC(5,2012JCl,C2,C3,C4,CS 
WRITE'é,2022'I,GWEGHl 
WRITE'6,2,)25' 
WRITEC6,2~23)Cl,XA(L"YA(l.,lA(l) ,L=1,N~CM2' 

WRITE'6,2024JC1,C2,C3,C4,C5 
COE=2./2.23606e*153~ç.14*GWEGHT 
DO 3 J=I,NUCtAl 
COEF:X~AG'J'*CCE 
IPP1=J+l 
DO 3 K=IPP1,NUCM2 
OX=XA(J;-XA(K) 
OV=YA'J'-VA'K' 
Ol=ZA(J)-ZA(K' 
R=(SQRT(CX**2+CV**2+CZ**2))**5 
SUMA=Cl*(DZ**2-0.5*(CY**2+0X**2,)/R+(C2*O.5*COX**2-0Y**2'+C3*DX*Ol 

1+C4*OV*OZ+C5*OX*OY)*1.ï32J5/R 
3 OCUP'J,K)=-COEF*SU~A*XMAG'K)+CCUP'J,K' 
? CONTINUE 

WRITE(l:,21J26) 
DO 6 I=l,NUCMl 
JPP1=I+l 
DO 6 J=JPP1,NUCM? 

6 W RIT E ( é, 2':. 27' l , J ,C UP (J ,J ) , PD CU P ( 1 , J) ,OC U P ( l , J ) 
2~09 FORMAT(215,2FIO.4. 
2QJC FORM.4TC215,2FIC.4' 
2011 FOR~AT(lH~,5nx,lOHINPUT DATAII14X,éH~UClEI,2CX,7HAT. NO.,20X,14HCH 

lEMICAL SHIFT,2~X,15H~AGNETIC MCMENT) 
2a12 FCRM.4T(5FIO.S) 
2~13 FOR~AT(Fl~.4) 

2014 FCRM.4TCI10,3Fl".4' 
201.5 FORMAT(lH ,15X,I2,2~X,I7.,25X,Fl('.2,25X,FlO.5) 

2122 FORMAT(lHO,15X,16HGEC~ETRICAl FORM,I3,3GX,16HSPECTRUM WEIGHT=, 
12PE9.2) 

2023 FOR "'1 AT (H· ,22 X , 1 2 , 12 )c , F 1 ~ • 4 , ~. 2 X , F~. 0 • 4 , 12 x , F 1 (1. 'i • 
2r24 ~ORMAT(lH(,30X,39HCO~STANT TO OESCRIHE ANISOTROPIC MOTIONI 

116Xt2HC1,15X,2HC~,15X,2HC~,15X,2HC4,15X,2HC5/ 
213X,F8.4,9X,F8.4,9X,F8.4,9X,F8.4,9X,F8.4) 

2025 FORMAT(lH ,20X,6rNUCLEI,15X,lHX,21X,lhY,21X,lHl) 



2026 FORM~T(lH~,3~X,41HCOlPLING CONSTANTS BETwEEN NUCLEI 1 AND J/léX, 11HI,1~X,lHJ,2~X,8HINDIRfCT,22X,6HPSEUDC,21X,7HOIPOLARt 2027 FCRMAT(15X,I2,9X,12,16~,Flfj.3,laXiFlC.3,lex,FlO.3' RETURN 
ENC 

SUBRQUTINE DIA~AT(ITEST' 
OI~ENSION NS(256),SW(256"SA(256"K8(5~"C~E(50) 
COM~ON CS(1~"CUP(10,lG),DCUP(ln,10),PDCUP(lO,lO"BB(25,25',C(2S, 12S.,S(~S,25),NEG(2S6),FREQ(10nO"AMP(lOOr),IFA~y,KORDER(25', 2 LINE,LINEA,LINEB,MCCE,MODF,NUCLEI,NUCLEA,NUCLEM, NUCMl,NUCM2, 3 NGEFM,SPWGHT,STATE,CHE~ST,CHE~ 

C CALCULATION OF DIAGO~AL ELEMENTS 
REWINO 1 
SA(l.=I). 
SA(Z'=':'. 
NEG(l)=l 
NEG(2'=O 
IF(IFANY'l,17,1 

1 DO 16 l=l,NUCLEI 
16 CS(I'=CSCI'+STATE*O.~O*(CUP(I,NUC~2}+FCClP(I,NUC~2'+DCUP(I,NUCM2)i 17 SW n , =-CS ( l' 

Sw(Z'=CSC1) 
DO 33 f\=Z, ~WCLEI 
N~=Z**(N-l' 
DO 33 J=1,N3 
I=N3-J+l 
IT2=2*1 
IT2Ml=IT2-1 
SW(IT2'=SW(!'+CS(N' 
SW(IT2Ml'~SW(!'-CS(N' 
NEG( IT2 '=NEG( 1 , 
NEG(IT2~1'=NEG(I'+1 
COUP-=O. 
NMl=N-l 
DO 31 ~=l,NMl 
SO~=2*MOO«(I-l)/2**(N-M-l",2'-1 

31 COUP=COUP+SOM*(CUP(M,N'+DCUP(M,N'+PDCUP(M,N') SA(IT2'=SA(I'+COUP 
33 SA(IT2Ml)=SA(I'-COUP 

N4=2**NUCLEI 
C(1,1)=O.S*SW(N4'+O.25*SA(~4' 
lA=l.O 
KORDER(l'=l 
WR J TE (U C ( l ,1' 
WRITE(l' lA 

C CALCULATION OF OFF OIAGCNAL ~ATRIX ELEMENTS 
NNEG=l 
Nl=N4-l 
N2=N~ClE 1-1 
N7=Nl-l 
IF(NUCLE~)!9,34,19 

34 1)0 Sç K=',N2 
FLAG=n. 
KOlNT=O 



11=1 
J1=2 
DO 57 1= 2, N7 
IF(NEG(I'-NNEG' ~7,3E,57 

38 IPl=l+l 
DA 54 J=IPl,Nl 
IF(NEGCI)-NEGCJ') 54,3Ç,54 

3q INVER=O 
DO 50 N=l,NUClEI 
MXCTH1=Z*MOO«((I-l'/2**(NUClEI-Nt"Z)-1 
~XCTHZ=2*MOO(((J-l'/2**(NUClEI-N)',Z'-1 
Kl=I-MXOTHl*MXCTHZ 
IF(KU 50,5G,41 

41 INVER=INVER+Kl 
IF(INVER-2' 5~,44,43 

43 IF(INVER-4' 5~,4~,5û 
44 MA=N 

GO Ta 50 
46 M8=N 
50 CONTINUE 

IFCINVER-4'. 52,51,52 

.. 

51 C(Il,Jl,=n.5*CUP(MA,~B'-O.25*(DCUP(~A,~e)+PDCUP(MA,MB" 
GO Ta 53 

52 C(Il,J!'=O. 
53 C(Jl,Il'=C(Il,Jl' 

KOUNT=KOUNT+l 
Jl=Jl+l 
J2=J 

54 CONTINUE 
C(I19Ilt=O.5*SWCI'+~.2~*SA(I) 
IF(FlAG' 5t,55,56 

55 NCRDER=KOUNT+l 
FlAG=l.C 

56 11=11+1 
Jl=Il+1 

57 CONTINUE 
C(ll,Il'=0.5*SW(JZ)+(..2S*SA(J2) 
IF(NCRDER-25'5~,~8,7{ 

58 KCRDER(K+l'=NORDER 
CAll EVALUECC,25,25,S,25,2~,NORDER,".OO(1,1' 
WRITE(l' (C(J,J',J=l,NCRDER) 
WRITE(l) CCSCI,J),I=l,~CRDER"J=I,~ORDER) 

59 Nt\EG=NNEG+l 
GO TO 72 

19 00 2ry lA=1,N4 
2(' NSClA)=:) 

DO 21 LA=1,N4 
DO 21 lB=l,NUCLEA 
Mxa=2*wOD(CClA-l'/2~*(~UClEI-lB,),2'-1 

21 NSClA'=NSCLA)+~XC 
ll{'=~*NUClEA+1. 
lI1=t\UClEA+l 
DO 159 K=1,N2 
KOUNTB=O 
KCUNTC =1 



00 130 LB=1,LIO,2 
LI2=LB-Ll1 
11=1 
Jl=2 
KOUNT=O 
KOLNTA=O 
DO 151 1=2,Nl 
iF(NEGilt-NNEG' 157,13E,157 

138 KOLNT=KOUNT+t 
KB(KCUNT)=Q 
N SAB=N S ( 1 ) 
IF(NSAB- L12'157,14C,157 

140 KOUNTA=KOUNTA+l 
KCUNTB=KOUNTB+l 
KBCKCUNT)=KB(KCU~T'+l 
IPl=I+l 
00 154 J=IP1,N4 
IF(NEGCI)-NEG(J» 154,139,154 

139 NSAB=NS(J) 
IF(NSA8- L12'154,23Ç,154 

23 Ç 1 NVER=ll 
00 15ry N=l,NUCLEI 
MXCTHl=Z*MOD((I-l'/2**(NUCLEI-N»,2)-1 
MXOTH2=2*MOO«(J-l'/2**(NUCLEI-N,',2'-1 
Kl=1-MXOTHl*MXCTH2 
1 F ( KU 1 ~O , 15",141 

141 INVER=INVER+Kl 
IF(INVER-2' 150,144,143 

143 IF( INVER-4' 15~'!,146,15C 
144 MA=N 

GO TO 150 
146 MB=N 
150 CONTINUE 

IF(INVER-4) 152,151,152 
151 C(Il,Jl'=0.5*CUP(MA,~8'-O.25*(DCUP(MA,~B)+POCUP(MA,MB») 

GO Ta 153 
152 C(Il,Jl'=O. 
153 C(Jl,lll=C(Il,Jl' 

Jl=Jl+l 
154 CONTINUE 

CC Il,11,=ry.5*SW(I,+t.2S*SACI) 
11=11+1 
Jl=I1+1 

157 CONTINUE 
IF(KGUNTA)158,13r:,15€ 

158 IF(KOUNTA- l'lé0,24,16n 
16L' 1 F (K olJNT A- 25) 1 é l ,161 ,7C 
161 CALL EVALUE(C,25,25,S,25,25,KCUNTA,O.OOOl,I' 

GO TG 25 
24 S( 1, 1)=1. 
25 L13= 1) 

DO 26 l2=KCUNTC,KOUN1B 
KC=O 
L13=L13+1 
DME(L2'=C(LI3,L13' 



DO 22 L3=1,KOUNT 
KKP.=KBCL3) 
IFCKKB'21,23,27 

21 KC=KC+l 
BBCL3,L2'=SCKC,L13) 
GO TO 22 

23 BBlL3,L2J=O. 
22 CONTINUE 
26 CONT INUE 

13~ KCUNTC=KCUNTC+KOUNTA 
KOROER(K+l)=KOUNT 
WRITE(l' (CME(J),J=l,KCUNT) . 
WRITE(I' «BB(I,J),I=I,KOUNT),J=l,KGLNT) 

159 NNEG=NNEG+l 
12 C(1,1)=Q.5*SW(1)+~.2~*SA(1) 

N5=NUCLEI+I 
KCROER(NS)=l 
w RIT E C 1) C ( l , 1 ) 
WR 1 T E ( 1) Z A 
END FILE 1 
GO TO 11 

70 tTEST=~9 
71 RETURN 

END 

SUBROUTINE CALFRE(ITEST) 
DIMENSICN FREQe(~OO,2),FMULT(25,25),MULT(25,25),EIGENA(25), lEIGE~B(25),AMPeC50C,2) 
COMMON CSC1~),CUP(I~,10),DCUF(lO,10),PCCUP(lO,10),BB(25,25),C(25, 125),S(25,25"NEG(256),FREQ(lOOO),AMP(lOOO),IFANY,KORDER(25), 2 LINE,LI~EA,LINE8,MC[E,MODP,NUCLEI,NUCLEA,NUClEM, NUCMl,NUCM2, 3 NGEFM,SPWGHT,STATE,CHE~ST,CHEM 
EQUIVALE~CE (FREQ(l),FREQB(l,l)),(FMUlT(l,l),eB(l,l",(AMP(l"AMPB Ul,I» 
REWIND 1 
NEGA=O 
NEGB=1 
DO 31r. K=] ,NUCLEI 
KORORA=KCRCER(K) 
KCRDRR=KORCER(K+l) 
Nl=2**f\UClEI 
1] =1 
JI=l 
DO 3'11 I=l,Nl 
IF(NEG(I)-NEGA) ~~),~r,2,311 

302 DO 3C3 J=l,Nl 
IF(NEG(J)-NEGB) ~03,~r4,3'3 

314 K2=O 
DO 3C6 N=l,NUClEI 
MXOTHl=2*MOO«((I-l)/2**(NUCLEI-N",2'-1 MXOTH2=?*MOO«(J-!'/2**(NUCLEI-N»,2'-1 
IF(~l(OTHl*MXOTH2' 3iJe,?52,3C6 

31.38 K2=K 2+ 1 
306 CONTINUE 

IF ( K 2-1) 312,311,312 



311 FMULT(I1,Jl'=l. 
GO TO 313 

312 FMULT(ll,J!J='. 
313 Jl=Jl+l 
31'3 CONTINUE 

Jl=l 
11=11+1 

301 CONTINUE 
REAC(l' (EIGENA(Kl',Kl=l,KCRORA) 
REAO(l' «C(I2,J2J,J2=l,KORORA),12=I,KCRCRA) REAC(!' (EIGENB(Kl),Kl=!,KCRORBJ 
RE~C(l) «S( I2,J2',J2=],KORORB"I2=1,KCRORB) IF(MOOP- 2'301,4cn,3nO 

3~~ DO 3e5 I=J,KORDRA 
DO 305 J=I,KORORB 
SUM=". 
DO 324 I3=1,KORDRA 
DO 324 J3=I,KORORB 

324 SUM=C(I,I3'*S(J,J3'.FMUlT(13,J3'+SUM 
LINEA=LINEA+l 
SU\1QR=SIJ~*SUM 
IF(SUMQR- ~.O~Cl'305,325,325 

325 LINE=LINE+l 
AMP(LINE'=SUMQR*SPWG~T 
FREQ(LINE'=EIGENA( I)-EIGENB(J) 

305 CONTINUE 
IF(LINE- 4~~fJ3Q~,3rç,351 

400 DO 405 I=l,KORDRA 
DO 405 J=l,KORCRB 
SUM=O. 
DO 424 I3=1,KORDRA 
DO 424 J3=1,KORORB 

424 SUM=C(I,I3'*S(J,J3'*FMLLT(I3,J3)+SUM 
LINEA=LINEA+l 
SUMQR=SUf.C*SUM 
IF(SUMQR- a.~~Ol'4r.5,425,425 

425 SFREQ=EIGENA( 1 )-EIGFf\B(J. 
IF(SFREQ- CHEMST)426,426,402 

426 LINE=LINF.+1 
FREQ8(LINE,1)=SFRFQ 
AMPB(lINE,l'=SUMCR*SPWGHT 
GO TD 405 

40~ LI~E8=lINE8+1 
FREQB(LINEB,2)=SFREQ-CHEM 
AMPB(lINEB,2)=SU~QR*SP~GHT 

405 CONTINUF. 
44' IF(LINE- 25~Çj44l,441,351 
441 IF(LINEB- 25~)3~9,3(9,351 
3i)9 NEGA=NEGA+' 

NEGB=NEGB+l 
P.ACK SPAC E 1 

31!) P-ACKSPACE t 
GO TC 353 

351 ITEST:C;9 
GO TC 353 



352ITEST=1')O 
353 PETURN 

END 

- 18-

SUBRCUTINE PRINT(~IN,M~X,IAC' 
C OMM ON CS ( 10 ) , CUP ( l,", ,1 r ) , DCU P ( le, 11) , POC UP (1 D ,1 ,') ) , BA ( 25,25 ) ,C ( 25 , 
125),S(25,25"NEG(256"FREQ(lotO),A~p(10nO),IFANV,KORDfR(25', 
2 LINE,LI~EA,LINEB,~CCE,MCDP,NUCLEI,NUCLEA,NUCLE~, NUCMl,NUCM2, 
3 ~GEFM,SPWGHT,STATE,CHEMST,C~EM 

MAXR=MAX-MIN+l 
J LIN E= M A X + 1 
KLINE=f.4AX+4 
DO 81 I=JLINE,KLINE 
F REQ (1 )=0. 

81 AMP(I'={). 
DO 7C L=tll~,MAX 
POS=FREQ(L) 
VAl=AtlP( L) 

K=L 
DO 71 P/=L,MAX 
IF(PCS-FREQ(M» 71,71,72 

72 POS=FREQ(M' 
VAl=AMP(M, 
K=M 

71 CONTINUE 
FREQ(K'=FREC(L' 
FREQ(l)=POS 
AMP(K'=AMP(l' 

70 AMP(L'=VAL 
GO Ta (SO,90,8"J,MDDE 

80 IF(IAC- 1)82,73,82 
82 IFCNUCLEM,76,83,16 
8~ WRITE(6,30'5)M~XR 

GO TD 74 
76 WRITE(é,30C6'MAXR 

GO TD 74 
73 WRITE(t,3~CJ'LIN~A,M~XR 
74 GO TO (IC1,lnl,lrl,lC4,1~4,104,1~4,lr4,,~UCLEI 

lai WRITE(6t~OQl) 
WR 1 TE ( 6,3002 ) ( l, FR E Q ( 1 , t A ~ P ( 1 , ,I =,., 1 Nt tI A X) 
GO TO ÇO 

104 IJ=MAXR/4+1 
IM=MIN-l 
II=IJ+IM 
IK=IJ*2 
IL=IJ*? 
W RITE ( é, 3(") 3 ) 
DO 18'" I=MIN,II 
JK=I+IJ 
KK=I+IK 
LK=I+IL 

18n WRITE(6,301&) I,FREQ(I),A~P(J),JK,FREQ(JK"A"'P(JK),KK,FREQ(KK), 
1 AMP(KK),LK,FREQ(LK),AMP(LK' 

3000 FCRMAT(lHl,2X,lRHTCTAL ~c. CF LI~ES,I1r/3X 
153HTOTAl NO. OF A-TRANSITION WITH INTE~SITIES GT. ü.':ll'Ol,Ili» 



- 1 

3001 FOR~AT(lHU,1~X,4HLI~E,lOX,4HFREQ,lOX,5~INTENJ 
3002 FORMAT(lH ,12X,I2,6X,Fl~.2,6X,F9.4) 
30~~ FORMAT(lH0,4HLINE,4x,4HFREC,6X,5HINTEN,7x,4HlINE,4X,4HFREC,6X, 

15HINTEN,7X,4HLINE,4X,4HFR~Q,6X,5HINTtN,7X,4HLINE,4X,4HFREQ,6X, 

25HINTEN} 
3nn4 FOR~AT(lH ,I4,FIO.2,Flr.4,3(Ilû,FlC.2,FlC.4J' 
3Q05 FORMAT(lHO,2X, 

153HTOTAL NO. OF B-TRA~SITION WITH I~TE~SITJES GT. O.OOOl,Il~) 
3006 FOR~AT(lHO,2X, 

153HTOTAL NO. OF ~-TRA~SITION WITH INTE~SITIES GT. O.CC01,IIO' 
q" RETURN 

ENC 

SUBROUTINE APLO(~tN,~AX) 
DIMENSION X(1600"Y(16~C' 
COMMON CS(lJ),CUP(I~,10"DCUP(lO,lO),PCCUP(lO,!0"BB(25,25),C(25, 

125J,S(25,25"NEG(256J,FREQ!lOOO"AMP(1000"IFANY,KORDER(25', 
2 LINEE,LINEA,LINEB,~CDE,MOOP,~UClEI,NUCLEA,NUCLEM,NUCMl,NUC~2, 
3 NGEFM,SPWGHT,STATE,CHE~ST,CHE~ 

101 REAO 4001,WIDT~,~EIG~T,NAPlOT,IPBE~,IPE~D 
B=FREQ(MIN' 
CAB=FREQ(MAX' 
IF(MOOE.NE.2' GO TO t14 
PRINT 4C04,B,CAB 

614 DO 626 JK=t,~APLCT 
IF(IPBEN.EQ.l' GO TO 601 
READ 4Cf')2,START 
GO TO 61)2 

601 IST=(INT(B"/IC.lr-3C 
START=FLOAT( IST' 

602 IF(IPE~O.EC.l' Ge TO 6C3 
REAC 4C'03,ENO 
GO TO 6')4 

603 ENC=CAB 
604 O=ENO-STAR T 

IF(D.GT.155.' GO TO 625 
DIF=i.'.l 
GO TO 641 

625 IF(O.GT.310.) GO TO ~05 
OIF=O.2 
GO TO 641 

605 IF(D.GT.62C.' GO Ta f~6 
DIF=".4 
GO TC 641 

606 IF(D.GT.155~.) GO TO 0~7 
DIF=1.0 
GO Ta é41 

6~7 IF(D.GT.3l~C-.) Ge TO 0\'8 
DI F= 2. n 
GO TC 641 

6~~ If(D.GT.62~~.) GO TO 6CS 
DIF=4.~ 

641. ICM=l"".*OTF 
F=l./OIF 
GFU=I./(3.1415926*WIDTH) 



- 180 -

SQh=)./WIOTH 
KRANGf=INT(WIOT~/OIF·lr.+l.t 
KCOMF=KRANGE*2-1 
DO 644 1=1,J.550 

644 Y(I'=C. 
DO 645 I=MIN,MAX 
V=DIF*FLOAT(INT(F*FRfQ(It,t 
W=FREQ(I'-V 
L=(V-STA~T'*F 
L=L-KRANGE 
IF(L.LT.~' GO Ta 645 
IF(L.GT.1550) GO Ta é45 
DO 645 K=I,KCC~P 
LL=L+K 
Y(LL'=Y(LL)+A~P(I'*GFU/(l.+( «FLOAT(K-KPANGEt'*OIF-W'*SQW'**2' 645 CONTINUE 
IF(JK.~E.l) GO Ta 653 
SIZE=V(l' 
KBIG=1 
DO 651 I=1,155~ 
IF(Y(I'-SIZE) 651,651,652 

652 SIZE=Y(I' 
KBIG=I 

65] CONTINUE 
PROP=HEIGHT/V(KBIG' 

653 no 661 1=1,1550 
X(I'=FLOAT(I'*0.~1 

661 V(I'=V(I,*PROP 
CALL PLOT(1.O,n.o,-3) 
CALL AXIS(C.O,~.O,9HFREQUE~CV,9,16.Q,O.O,START,ZOM) CALL A~IS(~.c,r.1,9HINTENSITy,9,lù.O,9C.O,ü.O,1.0) CALL LINE(X,V,155V,-1) 
CALL PLOT(18.,,~.~,-3) 

626 CONTINUE 
6~Ç PRfNT 4~r5,0 

40Ql FORMAT(2F1~.2,3I5' 
40r2 FORMAT(F10.2' 
4~03 FORMAT(FIO.2) 
4004 FCRMAT(lHl,11H~INIMlJ~ FPEQUENCy,Fl~.2,2~X,17H~AXl~UM FREOUENCY, lFlO.2) 
4n 05 FCRMAT(1~O,19HTHE FRfOUENCY RANGE,F1C.2,13H IS TOO LARGE' 61) RETURN 

ENC 
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CALCULATION OF EXP. SECOND ~OMENT ev ~U~ERICAl INTERGRATION OF 
El;UT ION c:~-u. 
AN~E-TITlE CF THE SYSTE~~ 
T-TEMTERATUR~. 

N-~O. OF TR~CES TO BE AVERAGEC. 
ITRA-NUMBERING OF THE TRACE. 
K-TCTAL NO. OF DATA IN A PARTICUlAR TRACE C=5,1~,15,2D,25---t. 
H~-MCDULATION AMPLITLDF. 
SCA-(GAUSS/CM, OF THE X-AXIS. 
SC(-LE~TH OF THE UNIT (CM' TAKEN TC ~E~SURE THE X-AXIS. 
Y-~EIG~T OF THE ABSCRPTICN CURVf. 
DIMENSION Y(2,4~"AN~EC9',SAC3~,2' 
RE.AC(S,l-G8' ANME 
REAC(S,I'11' T,N 
IF (T - ~., 31,8,31 
WRITE(f,lCC;,ANr<lE 
WRITEU:,lC2'T 
READC5,lC3)ITRA,K,HM,SCA,SCX,«YCI,J',J=1,K',I=l,2) 
WRITE(6,104' ITRA,HM,SCA,SCX 
OC 1 I=l,K 
WRITE(ê,lC5' I,VC1,I',I,Y(2,I' 
B=SCA*SCX 
DO 7 1= 1,2 
SB=O 
Sc=o 
C=~ 
DO 2 J=I,K 
C=C+B 
IF(Y(I,J' - o.ont, 2,33,33 

33 SB=SB+C**3*VCI,J' 
SC=Sc+c*V( l, J) 

2 CONTINLE 
7 SA(ITRA,I)=SB/C3.*SC'-~M**2/4. 

WRITEC6,106, ITRA,CSA(ITRA,I',I=1,2' 
IF(ITR.A - N' 3,32,32 

32 su~=n. 
D=2*t\ 
DO 5 I=l,N 
DO 5 J=I,2 

5 SLr<I=SU~+SA(I,J' 
S=SUflID 
ST=() 
DO é l=l,N 
DO 6 J=1,2 

(, ST=ST+CS-SA( l,JI '**2 
STC=SQRT(ST/CO-l." 
WRITE(6,ln7' ~,S,STO 

GO TC 4 
lf'l FORMAT (Flt:.5, I1C' 
102 FOR"1AT (lHJ, t5HTE~PERATUR[(I<)=,Fé.1)· 

103 FORMAT (2Ilj,3Fl~.3/C5F10.4" 
104 FCRMATCIHL,5HT~ACF.,I~,~X,14H~CD. FIElDCG,=,F6.3,5X,16HSCALECGAUSSI 

lCM,=,Fé.3,5X,8HX-SCAlE=,F6.3/10X,4~XCl),lUX,4HV(1',1"X,4HX(2,',10X, 
24HV C 2' , 



105 FORM~T(11X,I2,1~x,F6.2,9X,I2,lOX,F6.2' 106 FCRMAT(lHO,5HTRACE,I2,lCX,18HSECGND MOMENT Sl=,F7e2,lOX,3HS2=,F7. 12/' 
107 FORMAT(IHl,lrHAV~RAGE CF,I2,22H TR~CE, SECC~D ~C~fNT=,F7.2,5X,2CH IST4NCARD DEVIATICN=,F7.31I' 
lOB ~ORM~T (15~4' 
lC9 FORM~T (lHl,22~EXP. SECOND MOMENT CF , 15A4J 100 STOP 

ENC 



APPENDIX III 



C THIS PROGRA~ CCNSISTS OF THREE INDEPENDENT PARTS. PART 1 C CALCULATF.S THE RIGID LATTICE SECOND ~OMENT, PART 2 COMPUTES THE C INTER-GROUP CONTRIBUTICN TO THE SECC~D MCMENT IN THE PRESENCE C OF MOLECULAP ROTATIO~, PART 3 CAlCULATES THE SECOND MO~E~T FOR C ISOTROPIC ROTATION. 

C PART 1--- CALCULATION OF RIGID LATTICE SECOND MOMENT ACCORDING TO C VAN VLECK. 
C ANME-TITLE OF THE SYSTEM. 
e NTA-ATCMIC NO. OF THE NUCLEUS INTERESTED. C ATME-THE NUCLEUS FOR WHICH THE SECCNO MCMENT IS CALCULATED. C N-TOTAL NO. OF THE CENTRAL ATOMS INCLUDED IN THE CALCULATICN. CM-TOTAL NO. OF ATO~S I~ A MOLECULE. C NC-NO. OF UNIT CELL INCLUDED IN THE CALCULAlION. C ONM-~O. OF EQUIVALENT MOLECULES IN AN UNIT CELL. C XA,XB,XC AND ANGLE-LATTICE CONSTANTS. C IND-INPUT INDEX FOR ATOMIC POSITIONS (=0 INPUT COCRDINATES IN C TERMS OF LATTICE COORDINAlES, ~l INPUT COORDINATES IN TERMS OF C A~GSTR aM'. 
C KA-ATC~IC NO. 
C AX,AV,AZ AND BX,BV,BZ-COORDINATES OF ATCMS. C AW-FACTORS FOR CALCULATING SECOND MOMENT. C AXIM,BYIM AND BZIM-MLLTIPLYING FACTORS I~ TRANSFORMATION OF C CRYSTALLCGRAPHIC POSITIONS 
C BXI,BYI AND BZI-ACDING FACTORS IN TRANSFCRMATION CF CRYSTALLO-C GRAPHIC POSITIONS. 
C IO,IP AND IQ-UNIT CELL INDEX. 

DIMENSION ANME(8"ATME(S) 
COMMON AX(30),AY(30),AZ(30J,BX(30J,BY(30J,BZ(3C',AW(30,2"KA(30), lRC30,30J,B,S,M,N,XA,XB,XC,F(30),O,P" 

15 READ lCl,ANME,NTA,AT~E,N,M,NC,N~EA,O~M,XA,XB,XC,ANGLE,IND,CKACI), 1 A X (1 ), A Y CI) , A Z ( 1 ) , ( Ah ( 1 , J ) ,J= l ,2 ) , 1 = l , M , 
PRINT 102,ANME,ATME,XA,XB,XC,A~GLE,(KACI),AX(I),AY(I),AZ(I),(A~CI, IJ',J=1,2J,I=1,M' 
NEEM=ONM 
PRINT 103 

C CONVERT THE UNIT OF eOORDINATES AND OEFINE B IFCIND.EQ.1' GO TO 1 
DO 2 1=1,M 
AX( 1 ,=,AXC 1 '*XA 
AV (1 '=AY( 1 '*XA 

2 AZ(I,=AZ(I'*XC 
1 DO 6 1 =1, M 

BX(J)=AX(I, 
BY (l '=AY (1 ) 

6 BZ(I )=AZ( l' 
C ASSIGN CALCULATICN FACTORS 

DO 2'.) I=l,M 
IF (KA( 1 ).EC.NTA, GO TO 13 
FlI)=AWCI,2) 
Ge TO 2n 

J. 3 F ( 1 , = A W ( l , 1 ) 1 2 • 



20 CONT INUE 
B=CO$(3.1416*(1.-ANGlE/la~ •• ) $=0 
CAlCULATION OF INTRA-GROUPE SECOND MCMENT 00 3 1 =1, N 
DO 3 J=l,N 
IFCI.EC.J' GO TO 4 IF(I.GT.J) GO TO 5 
RCI,J'=$QRT(CBX(J)-AX( I).**2+(BZ(J,-AZ(I)'**2-2.*B*(BX(J'-AXCI"* 1(Bl(J'-AZ(I))+(BY(J'-AYfI')~*2' S=$+2.*F(J'/RCI,J'**6 GO TO 3 

4 R(I,J)=D 
GO TO 3 

5 RCI,JI=R(J,II 
3 CONTINUE 

D=N 
SAA=S/D 

C CALCULATION OF INTRA~OlECUlAR CONTRIBUTION READ :1.t:'4,CBXI( I),BXIfJ( {),BYI (1 ),BYIM( Il,BlIeI t ,BZIM(I ),I=l,NEMIUC) s=o 
KOB=N+ 1 
CALL CMOMEN(NNEA,KOB) SAB:::S/O 
IF(NC .EQ.O' GO TO J4 C CALCULATION OF INTER~OlECULAR CONTRIBUTION s=o 
KB=l 
0=0. 
P=n.. 
Q=O. 

10 PRINT l06,KB,IO,IP,IC 
DO 40 I=l,NEE'" 
IF(KB.GT.IJ GO Ta 41 IF CI .EQ.1) GO Ta 40 41 CALL TRAN(BXIM(I ),BYIMII),BlIMfI',BXI(I),BYI(I),BlIfl') CALL C~O~EN(NNEA,l' 4n CONTINUE 
IF(KB.GE.NC) GO TO 30 
IF(KB/2*2-KB.EQ.O' GO TO e REAC 1~5,IQ,IP,IQ 
GO TO 9 

B 10=-10 
IP=- 1 P 
IQ=-IQ 

9 0=10 
P=IP 
Q=IQ 
DO 7 I=l,M 
BX (1 )=AX( 1 '+O*XA 
BV (J )=AY( 1) +P*XB 

7 Bl(I)=AZ(I)+Q*XC 
KB=KB+l 
GO TO 10 
CAL. OF THE CONTRIBUTION FROM THE ATOM$ ~ITH A DISTANCES GT. 7 



30 SOB=O. 
DO 12 1=I,N 

1 2 SO 8= SO B + F ( I) 
SIB=ONM*4.0*3.1416*SCB/(3.0*7.**3*XA*Xe*XC*SIN(3.1416*(l.-ANGLE/ 

11SQ.,,) 
C PRINT THE RESULT 

SA=SAA+SAB 
SIA=S/D 
S=SIA+StB 
ST=SA+S 
PRINT 107,ST,SA,SAA.SAB,S,SIA,SIB 
GO TO 15 

14 SA=SAA'}SAB 
PRINT lQS,SA,SAA,SAB 
GO TO 15 

10\ FORMAT(SA6/I5,SA6/4110,FIO.5/4FI0.5,IIC/CII0,5FI0.5" 
102 FORMAT(lHl,30HRIGlD LATTICE SECOND MOMENT OF,lx,SA6/22X,1HElEMENT, 

12X,8A6/18H LATTICE CONSTANT,5X,2HA=,F1.3,5X,2HB=,F1.3,5X,2HC=,F1. 
23,5X,6HANGLE=,F1.2/2X,1HAT. NO.,10X,14HAT. COORDINATE,14X,25HFACTO 
3RS FOR SECOND ~OMENT/CI5,5X,3F10.4,IQX,2FI0.3J' 

103 FORMAT(IHl,21HINTERATOMIC OISTANCES//2X,3HNO.,10X,lHX,10X,IHY,10X, 
11HZ,15X,5HR1,R6,1X,5HR2,R1.1X,SHR3,RS,1X,5HR4,R9,1X,6HR5,R10' 

104 FORM~TC6FI0.5) 
105 FORM~TC312' 
106 FORMAT(IHO,4HCELL,13.1H(,12,lH,,12.1H,,12,IH" 
101 FORMAT(IHl,13HSECOND MOMENT,FI0.3//28H INTRAMOlECULAR CONTRIBUTION 

1,Fl~.3/21X,6HPART I,FI0.3/21X,6HPART 2,FI0.3/2SH INTERMOLECULAR CO 
2NTRIBUTION,F10.3/21X,6HPART l,FI0.3/21X,6HPART 2,FI0.3. 

lOS FORMAT( IHO,2SHINTRA~OLECULAR SECOND MOMENT,FI0.3/22X,6HPART 1,FIO 
1.3/22X,6HPART 2,FI0.3J 

100 SlOP 
END 

SUBROUTINE CMOMENeL,~, . 
COMMON AX(30',AY(30J,AZC30J,BX(30J,BY(30J,BZ(30J,AWC30,2"KAC30', 
1RC3~,3C"B,S,M,N,XA,XB,XC,F(30"O.P,Q 

DO 1 I=l,L 
DO 1 J=K,M 
R(I,J'=SQRTe(BXeJ'-AXCI')**2+CBZCJ'-AZCI')**2-2.*B*CBX(J'-AX(I"* 

leBZeJ'-AZ(I,,+eBY(J'-AYCI.'**2' 
IF(K.GT.l' GO Ta 2 
IFCRCI,J'.GT.1 •• GO TO 1 

2 S=S+F(J'/RCI,J.**6 
1 CONTINUE 

00 10 J=l,fI 
IFeK.GT.l' GO Ta S 
IDAN=O 
DO 9 l=l,L 
IFe~(I,J'.GT.7.' GO TO 9 
IDAPt.I=IDAN+l 

9 CONTINUE 
IF(IDAN.EQ.~J GO Ta 10 

SPRINT l04,J,BX(J),ByeJ"BZeJ),(RiI,J.,1=1,N' 
It:' CONTINUE 

104 FORMAT(lH ,2X,12,5X,3FIO.4,5X,5F12.4/45X,5F12.4' 



RETURN 
END 

SUBROUTINE TRAN(TI,UI,VI,T,U,V) 
COMMCN AX(30),AY(30),Al(30),BX(30J,BY(30i,Bl(301,AW(30,2"KA(30), 

lR(30,30),B,S,M,N,XA,XB,XC,F(30),0,P,Q 
DO lI=l,M 
BX(I)=TI*AXCII+(T+O'*XA 
BYCI'=UI*AY(I'+CU+P'*XB 

l Bl(II~VI*Al(I)+(V+Q).XC 

RETURN 
END 

C PART 2 --- CALCUlATICN OF INTERGROUP SECOND MOMENT BY ANOREW-
e EADES FORMULAE---MOLEeULAR REORIENTATION. 
C ANME-TITLE OF THE SYSTEM. 
C SORTE-TYPE OF THE· MOlECULAR MOTION. 
e NTA-ATOMIC NO. OF THE NUCLEUS INTERESTEO. 
C ATME-THE NUCLEUS FOR WHICH THE SECOND MOMENT IS CALCULATED. 
C LA-TOTAL NO. OF ATO~S IN A MOLECULE. 
e MA-NO. OF GROUPS IN A MOLECULE (EQUIVALENT POSITIONS IN A ROTATUON 
e TREATED AS A GROUP). 
e NA-NO. OF CENTRAL GROUPS INCLUDEO IN T~E CALCULATION. 
e NEMIUC-NO. OF EQUIVALENT MOLECULES IN AN UNIT CELl. 
e IND-INPUT INDEX FOR ATOMIC POSITIONS (=0 INPUT CbORDINATES IN 
C TERMS OF LATTICE COORDINATES, =1 INPUT COORDINATES IN TERMS OF 
C ANGSTROM'. 
C XA,XB,XC AND ANGLE-LATTICE CONSTANTS. 
C MB(I'-NO. OF ATCMS I~ GROUP 1. 
C KA(I,J,-ATOMIC NO. OF JTH ATOM IN ITH GROUP. 
e AX,AY,Al AND BX,BY,Bl-COORDINATES OF ATOMS. 
e AWA AND AWB-FACTORS FOR CAlCULATING SECOND MOMENT. 
C SINTRA-INTRAMOlECUlAR-INTERGRCUP CONTRIBUTION TO THE SECOND 
C MOMENT. 
C SINTER-INTERMOlECULAR CONTRIBUTION TO THE SECOND MOMENT. 
C BXIM,BYIM AND BlIM-MUlTIPLYING FACTORS IN TRANSFORMATION OF 
C CRYSTAllOGRAPHIC POSITIONS 
e BXI,BYI AND BlI-ADOING FACTORS IN TRANSFORMATION OF CRYSTAlLO-
C GRAPHIC POSITIONS. 
C IO,IP AND IQ-UNIT CElL INDEX. 

DIMENSION ANME(12J,ATMEC8',SROTEC12',SINTRA(40),SINTER(40),BXI(10' 
1,BYI(lO"BlI(lC),BXI~(10J,BYIM(lC"BlI~(10J 

COMMON MB(40',KA(40,10),AX(40,lOI,AY(40,10),Al(40,lO"BX(40,10), 
IBY(4C,1~liBl(40,lO),AWA(40fl0"AWB(4C,10),F(40,lO),KB,KC,XA,XB, 
2XC,BA,eB,BC,O,P,Q,NCI,MA 

C INPUT OF DATA 
99 READ lOl,ANME,SROTE,NTA,ATME,LA,MA,NA,NEMIUC,IND,XA,XB,XC,ANGLE 

PRINT 2C-1,ANME,SROTE,ATME,XA,XB,XC,ANGLE 
PRINT 202 
DO 1 I=l,MA 
REAC 102,MB(I) 
KB=MB(I' 
READ l03,(KA(I,J),AXCI,JJ,AY(I,J),Al(I,J.,AWA(I,J),AWB(I,J),J=l,KB 



l' 
1 PRINT 2~3,CI,(KA(I,J"~X(I,J"AYCI,J"~Z(I,J,,AWA(I,J,,AWB(1,J', 

IJ=I,KB" 
CCNVERSION OF UNIT CF COCRDINATES, DEFI~E ANGLE FACTORS AND ~SSIGN 

C CALCULATION FACTORS 
IFCINO.EQ.I' GO TO 2 
DO 3 1=I,MA 
KB=MBC l' 
00 3 J=l,KB 
AXCI,J)=AXCI,J'*XA 
AY(I,J'=AY(I,J~*XB 

3 AZCI,J)=AZ(I,J'*xC 
2 BA=COSC3.1416*(1.-ANGLE/180." 

BB=COS(3.1416*ANGLE/180.' 
BC=SINC3.1416*ANGLE/180.) 
DO 4 1=I,MA 
KB=MBCI' 
DO 4 J=l,KB 
BX(I,J,=AxeI,J) 
BY(I,J'=AY(I,J' 
BZ(I,J'=AZCI,J' 
IFCKACI,J'.EQ.NTA' GO TO 6 
FCI,J'=1.25*AWBCI,J' 
GO TO 4 

6 FCI,J'=O.62S*AWAfI,J' 
4 CONTINUE 

C CALfUlATION OF INTRA~OLECUlAR-INTERGROUP CONTRiBUTION 
TSRA=O 
TSER=O 
DO 2e; I=I,MA 
SINTRAU'=O 

2e; SINTERCI'=('. 
PRINT 211 
FNA=NA 
NAI=NA+l 
DO 8 J=NAI,MA 
KC=MBeJ) 
DO 9 I=l,NA 
NCI=! 
KB=P.1BC 1) 

9 CALL CMOMENCSINTRACJ),O,J,I' 
8 SI~TRA(J'=SINTRA(J)/FNA 

READ l04,(BXI(I"BXJ~(I"BYI(I"BYIM(I"BZl(I"BZIM(I),I=ltNEMIUC' 
0=0. 
P=C. 
Q=t:l. 
KD=l 
GO TO 11 

10 KD=KD+l 
PRI~T 204,KD,10,IP,IC 
0=10 
P=IP 
Q=IQ 

11 DO 13 l=l,NEMIUC 
IF(KC.GT.1' GO TO 14 



IF(I.EQ.l) GO TO 13/<" 
\4 CAll TPANS(BXIM(I"BYIM(I),BZI~(I"BXI(I"BYI(I"BZI(I" 

00 12 K=l,tlA 
KC=MB(K, 
00 12 J=l,NA 
NCI=J 
KB=MB(J' 
CAll C~OMEN(SINTER(K"l,K,J' 

12 CONTINUE 
13 CONTINUE 

REAO 105,IO,IP,IQ 
IF(IO.NE.O'GO TO 10 
IF(IP.NE.~) GO Ta 10 
IFCIQ.NE.O' GO TO 10 
PRINT 206 
DO 15 l=l,MA 
SINTER(I'=SINTERCIJ/FNA 
TSRA=TSRA+SINTRA(I' 
TSER=TSER+SINTERCI' 

15 PRINT 205,I,SINTRACIJ,SINTER(I' 
PRINT 212,TSRA,TSER 
GO TO C39 

101 FORMATC12A6/12A6/I5,8A6/5IIO/4F10.5' 
102 FORMAT( 12' 
103 FORMATCIIO,5F10.5' 
104 FORMAT(6FIO.5' 
10'5 FORMAT(3I2' 
201 FORM~T(1H1,16HSECOND MOMENT OF,lX,12A6/16X,12A6/8X,7HElEMENT,2X, 

18A6/18H lATTICE CONST~NT,5X,2HA=,F7.3,5X,2HB=,F7.3,5X,2HC:,F7.3, 
25X,6HANGlE=,F7.2' 

202 FORMAT(lHO,2X,9HGROUP NO.,10X,7HAT. NO.,lOX,14HAT. COORDINATE,16X, 
125HFACTORS FOR SECOND ~OMENTJ 

203 FORMAT(1H ,5X,I2,15X,I2,5X,3FIO.4,10X,2FIO.3/C23X,I2,5X.3FIO.4, 
110X,2FlO.3' ) 

204 FORMAT(lHO,4HCEll,I3,IH(,12,lH,,12,lH.,I2,lHJ' 
2ns FORMAT(lH .8X,I~,18X,FI0.4,18X,FI0.4' 
206 FORMAT(lHl,13HSECOND MCMENl/4X,9HGROUP NO.,lOX,25HINTRAMOlECUlAR-I 

INTfRGROUP,lOX,14HINTER~OlECUlAR' 
211 FORMAT(lHl,9HGROUP NO.,1~X,3HNO.,20X,lHX,20X,lHV,20X,lHZ' 
212 FORMAT(lHO,3X,5HTOTAl,30X,FI0.4,18X,FIC.4' 

98 STOP 
END 

SUBROUTINE CMC~ENCS,ICAl,K,J' 
DIMENSION R(20,2~' 
COMMON MB(40"KA(4~,1~"AXC40,10"AY(40,lôj,AZ(40,10"BX(4Û,10', 
IBV(40,1~),BZ(4~,ln"AWA(40,lC"AWB(40,10"F(40,10"KB,KC,XA,XB, 
2XC,eA,eB,BC,O,P,Q,NCI,~A 

DO 1 l=l,KB 
DO 1 M=l,KC 

1 R(l,M'=SQRT( (BX(K,M'-AX(J,l')**2+(BY(K,~'-AY(J,l)'**2-2.*BA* 
l(BX(K,M'-AX(J,l"*(BV(K,M,-AVeJ,L,'+(BZ(K,M'-AZ(J,l')**2' 

IF(ICAl.EQ.O' GO TO 5 
RS=RU,l' 
DO 2 l=l,KB 



00 2 M=l,KC 
IFCRS.LE.R(L,M'J GO TO 2 
RS=RCL,M' 

2 CONTINUE 
IFCRS.GT.7.J GO TO 4 
GO TO 7 

5 IFCNCI.GT.l. GO TO 6 
7 PRINT 210,K,CM,BXCK,~),BVCK,M),BZCK,M),M=1,KC) 
6 A=O. 

B=". 
C=<'. 
0=0. 
E=O. 
FZ=O. 
G=I). 
00 3 L=l,KB 
00 3 M=l,KC 
RZ=BZCK,M'-AZCJ,L) 
RX=CBX(K,M)-AXCJ,L').(BV(K,M)-~Y(J,lJ)*BB 

RY=(BYCK,M)-AY(J,l"*BC 
RXY=SQRT(R(L,M)**2-RZ**2' 
ACOSA=RZ/R C L, ~ J 
ASINA=RXY/R(L,M' . 
ACOSB=RX/R XY 
AS INB=RY IR XY 
RISP=1./R(L,M.**3 
A=A.ACOSA**2*RISP 
B=B.ASINA*ACOSA*ACOSa*RISP 
C=C+ASINA*ACOSA*ASINB*RISP 
D=D+ASINA**2*ACOSe**2*RISP 
E=E+ASINA**2*ASINB*ACOSB*RISP 
FZ=F!+~SINA**2*ASINB**2*RISP 

3 G=G+RI SP 
H=l./FLOATCKB*KB*KC' 
S=S+H*FCK,1'*(1.8*(A*A+D*D+FZ*FZ,+G*G+2.4*CS*B+C*C+E*E, 

1+1.2*(A*C+A*FZ+0*FZJ-2.C*G*CA+D+FZJJ 
210 FORMATCIH ,4X,12,14X,I2,13X,FIO.4,llX,FIO.4,11X,FIO.41 

1(21X,I2,13X,FIO.4,llX,FIO.4,11x,FIC.4)' 
4 RETURN 

END 

SUBROUTINE TRANSnI ,UI ,VI ,T,U,V' 
COMMON MB(40),KAC4~,10),AX(40,10J,AYC40,lO"AZ(40,lO),BX'4C,10), 

lRV(40,lC),BZC40,lO"AWAC40,lO',AWB(4C,lO),F(40,10',KB,KC,XA,XB, 
2XC,8~,eB,BC,0,P,Q,NCI,~A 

00 1 1 L=l, MA 
KBI=MB(IL) 
DO 1 JK=l,KBI 
BX(IL,JK)=TI*AxeIL,JK)+(T+C,*XA 
BV(IL,JK'=UI*AV(IL,JK'+(U+P,*XB 

1 BZeIL,JK'=VI*AZeIL,JK'+(V+C,*xC 
RETURN 
END 



C PART 3--- CALCULATIO~ OF SECONt MOMENT FOR ISOTROPIC ROTATION. C ANME-TITLE OF THE SYSTEM. 
C NTA-ATOMIC NO. OF THE NUCLEUS INTERESTED. C ATME-THE NUCLEUS FOR WHICH THE SECOND ~CMENT IS CALCULATEO. C LA-TOTAL NO. OF ATO~S IN A MOLECULE. C NEMIUC-~O. OF EQUIVALENT MOLECULES IN AN UNIT CElL. C IND-INPUT INDEX FOR ATOMIC POSITIONS (=0 INPUT COORDINATES IN C TERMS OF LATTICE COORDINATES, =1 INPUT COORDINATES IN TERMS OF C ANGSTROM). 
C XA,XB,XC ANC ANGlE-LATTICE CONSTANTS. 
C KA-ATO~IC NO. 
C AK-ATOMIC WEIGHT. 
C AX·,Ay,AZ AND BX,BY,BZ-(OORDINATES OF ATOMS. C AWA AND AWB-FACTORS FOR CAlCULATING SECOND MOMENT. C BXIM!BYI~ AND BZIM-MULTIPlYING FACTORS IN TRANSFORMATION OF C CRYSTALLOGRAPHIC POSITIONS 
C BXI,BYI AND BlI-ADDING FACTORS IN TRANSFOR~ATION CF CRYSTALLC-C GRAPHIC POSITIONS. 
C IO,IP AND IO-UNIT CELL INDEX. 

DIMENSION ANME(12),ATME(SJ,KA(20J,AK(20J,AX(20),AY(ZOJ,AZ(ZOJ, lAWA(20J,AWB(20),BXI(lO),BXIM(lOJ,BYI(lOJ,BYIM(lOJ,BZI(10),BlIM(lOJ C INPUT OF DATA 
20 REAC(5,lOl'AN~E,NTA,AT~E,LA,NE~IUC,INC,XA,XB,XC,ANGlE WRITEe6,201JANME,ATME,XA,XB,XC,ANGLE 

WRITE(6,202' 
READ(5,103,(KA(I),AKeIJ,AXCI"AY(I"AZ(IJ,AWA(I.,AWBCI',I=l,LA) WRITE(6,Z03'CKA(I',AK(I),AX(IJ,AY(I)·,AZeIJ,AWA(IJ,AWB(IJ,I=I,lAJ C OEFINE ANGLE FACTORS AND ASSIGN CALCULATION FACTORS F=O. 
BA=cose3.1416*(I.-ANGLE/180.J) 
00 1 l=l,lA 
IF(KA(I).EQ.NTA' GO TO Z 
F=AWB(I'+F 
GO TO 1 

Z F=AWAC l'/Z.+F 
1 CONTINUE 

C CAlCULATION OF CENTER OF MASS 
CM=O. 
C101)(=O. 
CMY=O. 
CMl=O. 
00 4 l=l,lA 
CM=AK(I'+CM 
CMX=AK(I'*Axel)+CMX 
CMY=AKeIJ*AYCI'+CMY 

4 CMZ=AK(IJ*AZ(IJ+CMI 
IF(IND.EQ.IJ GO TO 3 
cx=c tJx ICM*XA 
CY=CtJY ICM*XB 
CZ=C~Z/CM*XC 

.GO TO 8 
3 CX=CflX/Cr-1 
CY=C~Y/CM 
Cl=CflZ/CM 



8 READ(5,104J(BXI(I"BXI~(IJ,BYI(IJ,BYIMCIJ,BZICIJ,BlIMCIJ,i=l, 
INEtv'IUC' 

WRITEC6,2t::1, 
KC=l 
S=O. 
O=~. 
P='l. 
Q=I). 
GO TO 11 

ln KC=KC+l 
WRITEC6,2n5,KC,IO,IP,IQ 
0=10 
P=IP 
C=IQ 

11 DO S I=l,NEMIUC 
IFCKC.NE.IJ GO TO 6 
IFCI.EQ.l' GO TO S 

6 BXC=BXIMCI'*CX+(BXI( I)+O,*XA 
BYC=BYIMCI '*CY+(BYIC I)+PJ*XB 
BlC=BZIMCIJ*Cl+CBZI(I,+QJ*XC 
R=SQRT«eXC-CXJ**2+(BYC-CYJ**2-2.*BA*(BXC-CXJ*(BYC-CY)+'BZC-CZ' 

1**2) 
WRITEC6,2~4'BXC,BYC,eZC,R 

IFCR.GT.8.' GO TO S 
S=S+F/P**6 

S CONTINUE 
READCS,105JIO,IP,IQ 
IFCIO.NE.O' GO TO l~ 
IFCIP.NE.O' GO TO If, 
IFCIQ.NE.OJ GO TO 10 
WRITE(~,2(,6)S 

GO TO 20 
101 FORMAT'J2A6/I5,8A6/3IIO/4FIO.SJ 
103 FORMAT(IIO,6F1C.5J 
1~4 FORMAT(6FIO.5' 
105 FORMAT(3I2' 
201 FORMAT(lHl,16HSECOND ~CMENT OF,IX,12A~/ex,7HELEMENT,2X,8A6/18H LA 

ITTICE CONSTANT,5X,2HA=,F7.3,5X,2HB=,Fl.3,5X,2HC=,F7.3,5X,6HANGLE=, 
2Fl.2' 

202 FORMAT(lHO,2X,7HAT. ~O.,lOX,7HAT. kT.,10X,14HAT. COORDINATE,16X, 
125HFACTORS FOR SECONC ~OMENT' 

2~~ FORMAT(\H ,6X,I2,7X,FIO.3,8X,3FIO.3,1~x,2Fln.3) 
204 FOR~AT(lH ,5X,3Flû.4,5X,Fl~.4' 
2" 5 FOR MAT n HO , 4 H CEL L, 1 3 , l H ( , 1 2 , 1 H , , 1 2 ,J. H , , 1 2 , 1 H , ) 
2~6 FORMAT(\Hl,23HSECOND ~OMENT-ISOTROPIC,FIC.4J 
2~7 FORMAT(lHl,21HINTERATO~IC DISTANCES/IICX,IHX,lOX,lHy,lnX,IHZ,15X, 

, IHR, 
Clq STOP 

END 


