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3.1 The NMR Spin-Hamiltonian for oriented moleculess

The most important observable in NMR spectroscopy
is the enorgy of the spin system due to ths applied
magnetic field and the corresponding operator is called
the NMR Spin Hamiltonian r( , the quantum mechanical
operator. In isotropic liguid solvent the contributions
due to nuclear Zeeman interaction causing chsemical shift
and indirect spin-=apin interaction giving sffect of
electron=coupled spin=spin coupling ars only observable,
the anisotropic contributions basing nearly absent. The
isotropic liquid solvent NMR spin Hamiltonian can be
written as the sum of two tarms a time~indepandant

Schr%?inger aquation involving the Hamiltonian

PLm R = g (3.1)

Whare )<, and );& ara respectively, the contributions
from the nuclear Zesman intaraction and the indirect

Spin=8pin intsraction.

The Spin Hamiltonian of oriented molecules differ
from that in isotropic media and has to be modified to
include the anisotropic contributions due to diraect

dipole-dipole interactions. The modified Hamiltonian
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for oriented molecules will be

}){? yiz + }ii + )%d. (3-2)

Whers Jid. is the direct dipole-dipole interaction
contributing Hamiltonian operator. For nuclei with apins
grater than % nuclear quadrupele interactions do contribute
the resultant Hamiltonian but the present work considsrs
only the compounds of nuclear spin %3 hanca and quadrupole
interaction is not considered in eauation (3.2)s These

tarms ars discussed snparaéﬁy in the following sections.
~

3.2 The Direct Dipole-Dipols Interaction ( EME

The direct coupling (Dij) ohservad in a spesctrum is
sum of the anisotropic contribution of the indirect spin=-
ind dir
spin coupling (Dij) and the direct dipolar coupling (Dij)
i.8,

(ipd) (dir)
Dij = Dij + Dij (3.3)

both have the same directional dependance and hsnce
thers?ure,(égg) is sometimes called 'pseudo dipolar coupling',
For pair of prutcnswghis type of coupling is small or
negligible because gf the spharical symmetry of the
predominant Fermi contact term. On the other hand, For

Fluorine compounds, ths electron-nuclear dipole interactions

and the slectron orbital current-nuclear dipole contributions



to the coupling became significante. Thagm anisotropic
interactions give rise to a measurable pssudo dipolar F«F
coupling (35). Present work concerns with protons for
which Dij is set agual tu(gég) as the assumad and observed
geometrias coingide., ience direct dipole=dipole coupling

is given by (3.4

diz i 4 N
u.)ij - Dlj Sl ......._..-...-...‘..i(:w) M—-—l}— \ (a.a)

L) -ij3

Where (ij = angle botwean ths magnetic Pield direction and
ths axie connscting the two nuclei i and j seperated by a
distance 21j. '*jwis the magnetogyric ratio and the average
is taken over the inter-and intra-mclecular motion. If rij
is measured in nnqstrnma (h®) and Dij in HZ, then the
constant Keljkf; i“' =]20067.0 HZ. A°3 for a pair of
pratons. When all possibla valuas of Uij are equally
probable {Which is the case in isotropic golutions) due

to random rapid molecular motions, ths average value of

2

{3cos“qij=1) is zero and hance dipolar couplings are not

observad,.

1f the nuclei i and j belong to the same rigid part
of the molecula and the pptic axias of the liquid crystal
is parallel to the magnetic field, than<< ‘>can be
\iJ

raplacaed by é 3  and (%)‘\\‘3roa uij-1)>> =5ij the degree
of orientation of the axis passing through i and j fnx<
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constant \ij. Sij is also sometimes refered as the

orientation paramster. Hence edq. (3.4) can be writtan as

Dij = -:—K—T 8ij (3.5)
1]
It may be emphasized that the influence of all the types
of molecular vibrations (36=38) and the complications
ariging out of the assumptions of the independance of the

average order parametiar andi4_&13~\>are naglacted in eq.
/‘

\

(3.5) and throughout this work.

The 3, values of different molecular axess are
interdopendant. The average orientation of a rigid motscule
i3 describad by a symaotricel and tracelaess matrix "LSE
with five Llndependant slemsnts (39). If X, Y and Z are
the axas of a Cartesian co=srdinate system fixed wbthin
the molecule and iix, Uy and (z as the anglas between the
molecular axes and tha aptic axis of the nematic liquid
crystal (or tho magnatic field diraction which is assumed
parallel to the optic axis which is in general true for
thermotropic nematic liquid crystal solvents. However, for
moat of the lyotropic liquid crystals, the optic axis may
be perpendicular to the magnstic Fiald diraction). In
general, the order parameter should include a factor which
ralates the above S5ij valuass to that with raespact to the

optic axis (i.0. Sig) guch that Sij = % (3 cosg{ -1) sif
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whare A =ig the angle that the optic axis makes with the
magn@tic fisld diraction. However, as suggested in
literaturs (13), the convention of exproséing the order
paramater with respect to the magnetic field direction is
followad through out this work.

. .=(4) < (3cuslp.CoSy = <pa) / (3.6)

pg =

where Py = x,¥.2 and O pgeis the Kronecker delta, having

the property ggpq= fe for ps=q and é:pqﬂﬂ for p * Qe

The matrix slements Spq are related to ¢the § values of
an axis, forming the anglas Ax, Ay, Xz uwith the molecule=

fixed co~ordinate system according to cguation (3.7)

S;;} CosA
Pig

Where p, q = X,¥,2 and <x, <y, Xz are the angles which

p CDBf;<q( Spq ) (307)

the axis connecting nuclei i, j make with the axas of the

Cartaesian co=ordinats system.

A suitabls choice of ths cn-ordinate system may
raduca tha indepandent number of order paramaters nacessary
to describe the molesular crientaticn. If ths molecule has
a threg=fold or hiaohor fold axias of symmetry, tha number
reduces, to 'one' provided that thae symmetry axis is chosen

as ona of the axes of the co-ordinate system, For molacule



with %wo perpendiciular planos of symmetry, with a choice

of the coordinata system where sach thaese planes contain
twn of the axes, the number of independent order parameters
roduce to 'tun', For a molaculae having ons pians of
aymmabry containing fwo of the axes of the co-ordinate

aystem, the number of order paramasters reduce to "thres',

Eguation {J3.%) suggests that the dipolar coupling
conatants always gontain the Wiio of 5ij to 1353,
conssquantly, experimental D=-valuss can provide the
information on ij only when 5ij are known. Since, no
method is yet available to determine Sij precisely without
the knowiedge of an internuclear distance, it follows that
the NMR method would provide only the relative distances
and the bond angles. from the above considerations, it is
clear that the number of independent dipolar couplings
should exceed the number of independant parameters neaded
to describs the molacular orientation, in order to obtain

any infurmation on the molecular geometry.

3.3 Muclear Zeeman Interaction (fjkz)(ChBM£Gal ghift) s

The chemical shift as derived from the spactra of
orientaed moleculss differ Prom\that datermined from those
of isotropic cases (isc. £i=( é%>- 09 )“Qizgéé;il 10*6 ppme
@q. 2.4) in that it contains information about the

anisotropic contribution ( “ia). ( Oia) is related to
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the chemical shift elements of the order matrix given in

terms of tensor cdﬁ%onants as 8. (3.8)

el ¢ : :
¢ ha=y 3 spa( © pgi + O gpi) (3.8)
: i-b,('l.

Where peg = X, ¥,2. the axes of the Cartefion co=ordinate
system. The prasaence of symmeiry in the molecule roduces the
number of indapendent alemonts of the chamical shift tensor
ag discussed in literature (3Y). The total contribution
of nuclear Zesman interacticn along with anisotropy factor

will he

V= = b= Ho __i)ii-@,:(l_ lim Cia) 124 (3.9)

Tha total chemical ghift ( ¢ i+ C ja) in the namatic phase
can be written in terms of elements of the S matrix as

follows:

Siw 64_1au('%)( CXxE O yye O2Z) +(‘§) \;.(Sxx OxxeSyy O yy+Szz $zz)
+ Sxy(C xy+ Cyx)+Syz( Cyze Czy)
+ 3x2( C xz+ Czx) w} | (3.10)
In a moleculs with thres-=fola or higher-fold axis of
symmatry, with Z axis chosen zlong the axis of symmetry,

the number of independent elements in equation (3.10)

reduces te just two ond sguation (3.90) becomes
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¢ i+ c1a=(—})( CXXE CYYE S ZZ)+(-§)5zz § ¢ zz=(%) ( !xxh--_yv)N}
with L 1a=~§ Szz [N 5 (3.11)4M
Where /\07=§“¢"iz-(%)(if§x+<f§y)_7'callad the anisotropy
of chemical shift. Therefors, for the dotarmination of

in 2 melecule with threa fold or highar=fold axis of Ne~
aymmetry, 82z and the chamical shift in tha nenatic phase
with respect to its value in the ieotropic madium should

ba datormineds.

3.4 Indirect Spin=Spin Interaction ( _ 1)3

The indirect spinespin coupling constants Ji]
derived Prom the spectra of oriented molecules are the

game as those obtained from isotropic systema. The
ind
anisotropic contribution (Dij) which is contained in the

symmatrically determined direct dipolas=dipole couplings
dirp
(Di§) is related to the elaments of Lhe s=matrix given hy

equation (3.12) as

ind <

Dij - Spqg <i3pq+3qpij>»ij- : (3.12)

Dt
Fiq

Whora Py, q = XpY92e
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For pair of protons (Dij) is usually neglected since

the major contribution to indirect Spin=Spin coupling comes

from the spherically symmetric Fermi contact term. This
ind

(Pij) the anisctropic, interacktion term ia considercbly
large for fluorine compounds and can not be neglected. The
presant wark desele only with protons hence nagleecting the
anisotropic intarzction or Pseudo-dipolar coupling constant,

the actual indirect spinegpin interaction can be wepiiten as

=

. 5 < L] = —
Fim Sa1g | 1zi Tzged (41§ + 14013) |

i /4 y
4 Jija( 2121Tz3-5(12%247 1T 1) j

=
= Jij + 3i3j®

ind
w Jij ~ DL} ~~ noglect. (3.13)
= Jijo
3.5 Analysis of the Spsctra @

Tha nuecloear spin Hamiltonian describing the NMR
spectra of apin % nuelei in diamagnatic molecules orianted
in nematic liquid srystal solvents can be written on the
basis of squation (3.2) with the conaidaration of equations

(%.9).(3.13) and (3.4) as
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with the symbols having their usual weaning.

Unce the spactrum has baean proporly rocorded, the
line positisns detarmined, the Lline intensities obsezvad,
the spectrum is intarpreted Ln tazms of chemical shifts,
indirect couplings and direct diposle~dipsla couplings,

The spectrum of orientsd moleculess ars dominantly influsnced
by direct dipolar couplinge, spscifisally for nrotonse.
Therefore, for obtaining an gstimate of the direct dipole-
dipole couplings, the chemical shifts and the indirect
apin=gspin coupiings are usually taken from the literature

on the spucsra in isotropic media for tho same or similar

compounds,

The diraect dipole=dipole couplings are written in
terms of the molecular gaswmetry and ozder paramatars, A
rough astimate of the molocular goometry on tha same or
almilar compounds is then introduced into thess relations,
In the next step, one of tha S~valuss Ls Pixed and several

trial spectra are calculated by vazying other S-valyaa

using computor programme.



Many compubor programmas are nowu avallabla for the
spactral anglysis. The one most commonly used is "LACGCOONODR®
(40) which ie the modification of the "LAOCUON PART 1I"(41)
and "LAGCN IIIY¥ for isotropic systems. The recent and
commonly used computor programme "LEUUOR® (42) considers
magnetic enquivalance factorisation dipelar couplings
along with chemical shifis and indirzect spin-spin couplings.
1t reguires short running time. For ths presont work

HLADCLUNSRY computor programme ls used.

Tha programma in the first part computas the
spactrum from the guossad values of the chemical shift,
indirsct spin-spin couplings and direct dipola-dipole
couplings. The pazt I of YLAGCUDNGR' programma is carried
on till a visuel regsemblance between calculated and the
abserved spactra is obteined, Some of the lines in this
gpsctrum can than be identifiad with the corresponding
lines in the ohserved spectrum and they can be used to
compute the paranetere using part II of the "LADCOONOR™
programme. In the spsctium thuys computad, meny mora lines
can usually be identified with %thosae in ths nbservad ones.
This now assigrment is than used to obtain 'botterfit!
paramatars, The procedure is vepetbed by assigning more
and more linas, £ill a satisfactory agreemant batwsen tha

observed and the calculated spectrum is obtained which
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makes use of ths pra=stored output of part I, The root
mean squars erzor (RIS errnr) betweun tha expsrimental
and the calculated? line positions usually corresponds to
tha statistical arzor of the line pasitisn mesasuremsnts
ginca in most cases the numbasr of observed liness is muSt-
iapger than the number of parametars to bs dorived. Ths
indirect gpin-spin couplings ara usually assumad to be
the same as in the isotropic media and the iterations

are carried out only on the chamical shifts and direct
dipola=dipole couplings. The "maximum error” between the
exparimental and calculated line positions in the spectra

of the molecules should be less than 3Hzse.

The MMR spectra of oriented molecules do not
nrovide the absolute signs aof D's and J¥%s. I the sign
of 3 is assumocd ffam the work in isotropic madia, those
of B's can bs obtained from the *best fit? iterations,
For tha sstimaiion of ths srrors in the parametera the
following procedures are followed {40, 43). In one of
the methods, the line positions are changed randomly by
amnd% of statistical srror in the line position measuremants.
These lino positions are then used for ecalculating the
paramaters iteratively. Many such calculations ars
carricd out. The largest difference bultusen the paramsters

s0 obtainad are taken as srror in the respective parameters
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(40). 1In the other method (43) only one such calculation
is carried sut and that is to changs the experimantal
line positions by the amount of the statistical error

of the lins position measuremsnts such that it produces

a larger deviation between the aexperimental and the
calculated line positions., The paramaters ara then
obtained iteratively using these line positions and the
difference batween these and the eorrsct parameters giveg
the error. The errors obtained by these two methods are
then compared with the most probabls error of the

parameters obtained from the "LAODCOGONORY programme.

3a6 Interpretation of Dipolar couplings and=

molecular Geometry of Solute 3

If the number of independant dipolar complings is
agqual to the sum of number of independent orientation
parameters and the distance ratios necaessary to describe
the geomatry, the explicit relations betwsen the D=values,
internuclear distance ratios and order parameters can
be used to derive the molecular geometry depending on
the symmetry of molecule (39). Howsver, if the numbher
of independent D=values exceeds the sum of the number
of imdmperHart parameters necessary to specify the

orientation and molecular geometry, a "leaat square"
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method is usade Foe this purposc, the computor programme
"GHAPEY (44) was uvsed. In this programms, the dipolar
counlings may be given differant weights and a welghted
least square PIL? can he obiained Lteratively. In the
nresoni worl equel wusights Lo 2ll the dipolar coupling

aenstants weve plven.

367 influsnes of molecular vibrations &

In gesneral, the mclesules are not pesrfectly rigid
and when solute is dissolved in nametic liquid crystal
solvent the molecules have random mation along with
moleculsr vibrations. In MM we gst ths averaged result
of mnlecular random nasion andg ibrations within the
solution., Ceomatrlcal data thus derived with NMR is
not dirsctly comparaible unlasza corrections for the

influence of moleocular vibrations are applied.

The problem =f applying vibrational corrections
to geometries derivad from NMR experinents was first
discussed as garly as 1967(45) and has since attracted
congiderables attengicn, A very simple model for such
a purpcse is one in uwhich only the vibrations of hydrogan
are taken into aceount and those of the heavy atoms are
naglected (46). Ths direct dipolaz coupling is expandad

in a Taylor series about tha aquilibrium geomatry and

MAB. Dalaoe . ORANT
B IVAL] Unive o ‘M
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Whaze Dﬁwﬂa i1a tho diract dipnlar coupling measured by

NiMR:  e-is equilibsium configusabtion

. /.- _;r\_\.‘ o i z e
'<zi\nyi3 avaraga vibrational ampiitude aléng the direction

af ths ecavsasion soondinate systams

ALY fala gorragpondinng msan guanna averagt.

1t is Pound that thae corrsctions ars small for He=H couplings.
Howsveg, it has now bean shoun that for comparision of
geomatrics obtalined from different techniquas, an évarage
atructurs U< darived by applylng purely thae hermonic
corgections is sufficlient (47=49), computor programmes

ars now available that allpw the caleulations of the avarage

structurs provided mean squers amplitudes are knoun (50).

In %ha prasent work, nnly HeH distances are studied;

auch influysnces hava therafora been neglacted.



