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CHAPTER 1

General Introduction




In general, this thesis aims to illuctrate the proposition
that original and detziled information on molecular dynamics and
interactions in the compressed gaseous and liquid state can be
gleancd from observations of their absorptions in the far infra-red

region of the electromagnetic speetrum.

The far irnfra-red is usually accepted asg that region from aboutb
N =2 e (N =5 mn) to about 400 em™! (0,025 mm). It is the high
freguency adduct of the microwave region, extending intoc the conven-
tional infra-red. The absorptions studied for this thesis were )
either high g}“”uCﬁ"V varts of thQse rasonant and non-resonant processes
occurring in the microwave region, or low frequency infra-red resonant
| |

type absorptions such as those arising from rotational movements of

small molecules. These obgservations have been classified below.

(I) Pure Rotabional Moticn of Smoll Polar Molecules,

ds is very well-known, a solution of the Schrodinger equation
for pure rotationsl motion in the simplest case of a digtomic polar
molecule such asiH :jindica e¢s that the rotating molecule inhabits
a series of energy levels given by By = B J(J + 1), where J is the
pure rohtational quantum number and B is the rotetional constant in

)

;=]
wavenumbers {(cm )

« The wave equation predicts that absorptiocns are

allowad from E(J) to B(J + 1) only, resulting in a series of lines at

.
N

~ = 28(J + 1) separated by the constant wavenumber value 2B. The
lines are of wvelative intensity governed by a Bolbtzmann gopulation
digtribution, This Boltomann distribubion of lines is what is observed
in the far infra-red at pressures of 5; 1_m\par, with high resolubtia,
although the gpacinzg is not the constant 28 because of the slight

stretching of the diatomic or linear melecule on rolation. At higher

. . N =7
ressures (up to 1 bar) and/or with decrcased resolution (about 4 em™),

e




the lines merge due to collisional broadeninsg into their Boltzmann
profile, and all that can be observed is the bell-shaped band. In

cme

w
“

special cases, such as those of almost spheriecal small dipolar

molecules (e.g. CC1F,) this basic band shape is still predominant,

W

indicating that there is almost. frec rotation even at the liquid

mol.ecular nuuber density.

~

(IT) Abgorntions bv Pressurised non-dipolar Gases an

[o N
.

[N
ey
=
[N
joR
[}
*

in 1949 (1) in compressed gaseous and liquid oxyzen. The molecular
rotations became infra-red active because of electric dipole moments
induced in colliding pairs of molecules by intermolecular forces.

mi,
Ly

e dilpole @oment depends in magnitude on the intermolecular distances
and in direction on the orientation of the colliding molecules. The
molecular pair can conssquently sbsorb energy from a radiation field
at its freaquency of rotation., he intensity of a given absorption
band depends on the sirength of the induced dipole moment, which

depends on molecular parmmecters such as the polarissbility ond the
multipole moments of each molecular electric field.  In principle,

the lower mements such as the quadrupole can be derived from the inten-

1%ty of the induced band in non-dipolar molecules.

The ecollision-~induced rotational spectrum of hydrogen was

IS S
observed in 1955 (2). It was studied in mors detail by Colpa and
Ketelaar (3), and by Kiss, Gush, and Welsh (4). The bands observed
are very broad because the induced dipole moments exist only for the
duration of the collision. It was remarked (4) that the rotational
spectrim appeared to be superimposed on a conbinuum that decreased

in intensity with increasinz fresuency. It was postulated that this

+
'

)
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continuum arose from pure Iranslabional absorpticn, whereby the

absorption of a photon changes the relative kinstic enersy of the
colliding molecules withouh changing their state of internal motion.

The existence of tranclational absorpiion was denonstrated conclus-~

. ~

ively by Xisg and Welsh (5) who found an abs sorption in mixtures of
compressed rare gases in the region between 350 and 700 cm"1. The
carly measurements (4,6) were linited to anbout 350 em ~1 on the low
frequency side, but those of Bosomworth and Gush (7) on compressed

he 11um—a¢~on and neon-argon mixtures, and on compressed hydrogen,
. . -1
nitrogen and oxygen extended the obgervations dowm to 20 em .

They found that the far infra-red spectra in each case consisted of

rare gas mixtugés, where only the translational component exdsts,

.

The translatlonal branch is otherwise distinsulshable only for

£

hydrozgen and COZ' In the case of oxygen and nitrogen, the spac-

More recently, Ho, Birnbaum and Zosenberz (8) have made
accurate neasurenents of the collision-induced absorption in carbon
dioxide at a muber of temperatur=ss in the ranse 233 - 333K and in

4
the frequenny region 7 - 250 e¢n” . They obtained direct evidence

nnd the rotational-

for the separation of the pure translatior
translational bsnds at all temperatures. Collision-indneced trans-
lational absorption had been obscrved previously from microwave

J

a 14 . Y . L - -
nmeaguremnents of comnr’.s Yl GOQ \9), which 1g a particularly favour—

able case for this kind of study because the gpectrum, vhich arises

from the dipole moment induced in interacting (0, molecules primarily
. 2 :

is particularly intense

N

o

by the quadrunole moments of thelr €ields

beeanse the cuadrupole moment of G0, is large (10), Thepe authors

~




also made a careful study of the pressure dependence of the collig-
ion-induced spectrum in 002 at room *hemperature in the same frequency
rezion. One of the most characteristic features of collision-
induced spectra is the dependence on molecular number dens ]-Qfog

-3\ .. . ’ <
(molecules cm ~) of its integrated absorption intensity 4 = C<(\J)cru

5}

& b4
[~}
-G WY . . s
where A (W) is the absorption coefficient per unit length (cm).
‘o o e -

At low densities A is proportional to N because two molecules are
required for The production of an induced dipole, (The band shape
ig indenendent of densiiy because the induced dipcle persists only for
the duration of cellision, provicded that intercollisional corwelation
effects are negligible)., At higzher Qensitles, however, the intesrated

2
absorption is observed to increase less rapidly than ¥, and, provided
the density is not too great, can be represented by a term which

. ; e i o . . o N2 A amand e
varies ag N7,  Carbon dioxide shows a departure from an ¥ dependence
which can be represeanted by a rabther lv:~m nerative conb rLoutLan vary-

ing ag I

ape changes were alsgo obgerved, énd to explore this

her, they () investigated the far infra-rad spectrum of liquid

502 at 2728, They found that the peak intensit, in‘ the liquid compared

with that obtained in the gas phase alt the same temperature hod shifted
-1 D

by aboub 25 em = 40 a higher frequency. In addition, &/H™ in the

licuid was about 25 times sumsller than that in the low density gas, a

result which was interpreted to re TJ 2ot 2 cancellation of a large part

of the induced dipole momenbt due to the ordered noture of the liquid

state: Doge and Cole (11) having proviously pointed out that collige

Lon-induced ab sorplisn in liquid CO2 would disapwear if each melocule

occupied a site of inversion svmmetry. Desnite the reduction in the

induced dipole mement, the moleccules in the liquid are cubject to




N

powerful intermolecular forces because of the ghift in the peak of
-1

the absorption curve by 25 em .  Treatins their data viao the equation
the induced ccafficients due to binary and ternary interaction
h;
.o .. L . N ~7 . -
respectively, and examining the ratio 5(3("9//U‘2(“)), Birnbaum, Ho,

. . . ; ~ .
and Rosenberg concluded that the high freguency C?l C em )Wing of

A

the CO, ab
~

53]
ot

orption ig due entirely to fwe=body interactions. They

-

tentetively atiributed this absorption to short-ranze int:

ziving rise %o dipole induction by an overlap process or via the

- . ‘ Il - -1
hexadecapole moment (10).  They estimabted that 4/N7 from 150 cm
to higher frequencies in CO2 wags very roughly about 5% of the totalj;

2

and also that A/U° in the liquid was about 4% of the

=2

ow density gas
value, vhich led %o the gpeculation that the part of the dipole mo-

ment due to guadrupolar induction was effectively cancelled in the

(O]

liguid, lesaving essantislly the contribution from schorter-ranse

interactions. In the case of BF, (12), whers the induction is
Yok d 3 - 2 3 -1 Pl 4 1 : ) A ‘.2 *
thouzht to arise predominantly from the hexadecapole moment, AT is

3 o kL mma 3 1 ey et s 1 3 11t A
ssentially the same in the gas and the liquid,

[

Part of the work for this Tthesis was to study the molecular

interactions causing a far iafra-red absorpitlion in compressed gascous

{ m~aT

and liquid cyanogen, \uu>9, a2 non~-dipolar linear melaecule with a very

aAMon (I
Ll SEFLEI N
AL L 3

moment, (13), The absorption was studied in the

up to 33.5 bar, together with a

[}

. -1
region 20 - 1C0 om at pressures o
Tiguid spectral sbudy at 301K in the game region., Trom the integrated
intensity of the zupeous sbsorption, an apparent gquadrupole moment

vags computed. Tor the liquid on apparent molecular gquadrupole moment

reduced efficacy of multi-molecular collisions in geneceating dipoles,




a trend similar to that observed for COG. An interesting feature of

~

this study was the discrepancy found betueen the observed N (max)

the CGompressed gas sgpecbrum and the corresponding theoretical

‘ [o]

Vnax) coleulated usine an equation derived by Colpa and Ketelaar (1

screparncy has be=n observed (7) for oxyzen, anc

3

2
S8

}J-
e

his type of 4 8
probably due to short-range binary interactions similar to, but much

more intense than, those observed in carbon dioxide dezcribed above,

o
=
(%]
o
s
<2
[
O
5
[l
&)
]_J.

nduced dipolar absorptions there is, of
course, a contribution from the permanent dipcle moment, which is
1

predominant excen® in the case of NZO (15). The pure dipolar cont—

ributicn to A can be conveniently estimated using a sum rule due to

Gordon (14), who esbimated the total optical aboorption due to a
system of rizid molecules of arbitra } mass and charge digtribution

For uncharged molecules which have random orientations, the sum Tale

e

reducea to:

/P
f S | i© 2 a > 3
- ”~ A" — b i
A= J(B)AT = M| vl sty e e |
,)l I d / ‘/ -;—4/ 1/f ‘I d
31:., L I_x daw -
) J -
where Ix, Iy and Iz are the principal moments of inertia of ti

- L L] A K - B3 s
molecule, and /:’f\x,/jf“y, and /”\-7, are the components of

alonz these axes. Tor symmelric tops or linear molecules, Ix = Iy =

X 2
A = j%ﬁ;gg&l_ (2)
2oL

wnere/ﬁ\ is the dipole moment in a direction perpendicular to that

about which I is ealculated.

4) .




Induced absorptions are not accounted for in this sum rule,
and the '"'internal field''! effect present in dipolar liquids and

solids must be allowed for by a correction such as that of Polo and

NEA 6 Jl-wo,w o
Wilson (17) which gives the absorption (&) wl en nhe rﬁfrw"+1v index

of theéfgdium is l.97correspondin to the llould integrated intensity
AT

1L

A = An . p\i _ (2)
(n? + Q)a

where n is ideslly the fregquency dopen lent refractive index in the
far infro-red, but which is often anproximated by the D-line index
nD‘

Another part of this thesis was the study of the near-linear,
dipolar molscule propyne (18) in the compressed gaseous, liquid, and

. . -1 .
solution stales in the frequency rance 10 - 200 cm ', The purpose

(D

of this study was to estimate the extent of dipole induction in ihe

compressed gas, snd Lo compare these latter absornition contours with

that of the liquid. Recent studies in the far infra-red have shown

cr

that all polar ligulds have a notable broad absorption extending to
about 100 - 200 ca ' which has been asgsociated with a more or less
hindered rotational mode (see below). In some insbances 1t has been

1

possible to compars the liquid absorption with the correspondi

rotational spectrum of the gassous state and fo evalnate not only the
total effective dipole moment particirvabing but also to estimete the

quadrupole moment which appesrs to contribute. It was found thatb

——

there was a consgiderable shift in W mex, the frcomency of moximum

, . -1 . - _— -1 .
absorption, from 13 ecm = in the gas at 5.1 bar to 8L em  in the

1iquid, This shift was interpreted as being due to the change from

(%}

largely free, to strongly hindered rotation. An esghtimate was also




made of dipole induction in liquid phase propyne-carbon tetrachloride

cecllisions.,

2]

(IV) Absorption in Dinolar Liouids.

1

&

Spectroscopic methods such as those concerned with the near

infra—re%/;egion observe absorptions due to changes within the

quantised energy levels of a molecule, bul dielectric svectro
the region of lower frequency than the far infra-red is conce

1

the motion of the whole molecule, giving us an insizht %o the

scopy in
rned with

immediate

surroundinss and molecular dynamics in the liquid state. In the

dielectric dispérsion region, whalt one can see 1s an absorpti
to the rate at which the molecule can turn around, this being

cooperalbive process, and not one arising from the motion of a

molecule in isolation,
Debye's model (19) of the rate of dipole reorientatio

liquid state was based on the rotation of a rigid wolecule wi

viscous drag leading to a constant angular velocity W, On

-

jde
)

olar:

o
h)
)
«
[ary)
%
C«l-
‘l.l-
o
L]
s
(o)
i
§
o)
cr
ct

1

]
@}
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S
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ion decays wi

e

— L
f’(_“:) - ‘? (,03 Q.‘:l:s(: (“\R *) = P(,O)'/i‘_:ni; (" il (
The Debye relations then follow:

€om ta)ooc /(1 + W) (

A P N S VISR

{0
it
o

These are sufficiently accurate for most polar liquid

on due
a

particular

n in the
th a
removal

¢

th an

4)

(6)

5, and

occur over a rangs of frequencies where the dielectric constant, or




permittivity, falls from its value 60 vhen a static field is applied
to € where the moleculss are no longer able to follow the high

frequency oscillation of the applied field.

After a careful study of the difference betueen hisg €eo

2
the square

s ’
T

values and Cartwrizht and Zrrera's (20) wvalues for n

of the far infra-red refractive indices, for a series of substituted

benzenes, Poley (21

~

predicted an absorption for polar liquids in
the very far infra-red, i.e. there must be a further dispersion
region heyond the Debye range of (€, - £e) due to some very fast
nmovement of the whols z'nolecttle. Examining (5) at fresquencies where

wT P then:

¢ = (&- e,g/w'r (7)

and usinz the well-known relation:

2{9) = Awe (). 5/ (D (8)

then &4 (Debye limit) = {éo- € ) /r\{j{))(_ (9)

o ho

4=

Talking n{™3) as varyinz by not more than - 1C% between the
far infra-red and the visible, then equation (9) predicts a strong

absorption by all polar liquids throughout this frequency range,

The anomaly arises from Debye's equation of motion:

- MK o= o Fain b = (@ (10)

where pA x F 1s the torque on a dipole exerted by an external field
- - - .

"

F. The angular velocity 9 g assumed to be proporitional to The
couple on the dipole throursh '(‘,' which describes the microscopic
viscous drag on the molecule. However, (10) does not include the

term L8 = I w waich arises from the molecular inertia, the neglect

of this term havins serious spectral consequences only ab frequencies

o




~1 .
of about 10 em ' and higher.

A solution of the equation:
i

"'/‘ﬁ""E = <é #I‘\‘) (11)

. . -1
leads (22,23) to spectral transparency typically at about 100 enm
after a period of avproximate constancy in €L (™) lasting from about

-1

10 - 100 em ', known as the Debye absorption plateau level.

Cne of the first liquids to be otLﬂ;ed in the far infra-red
wag the pseuwdo-gpherical 1,1,1 trichlorcethane (Cd CClB). This was
‘ v . A 2 . . .
chosen (24) becsuse it has éiw = 0. and is a zood approximation
geometrically to the modified Debye model treatment of equation 11,
in which the dipole is placed at the centre of a polarisable sphere.
T ‘,(/ : T = - N 1
However, tHe ewperimental A4/W was found to be much zreater than that
predicted by dyrnamics such as those of (11). This ecxcess was sub-
sequently (25, 32) found to be typical of dipolar liquids; a repres—

entative absorption band having the following properties.

: . A = . -1 .
(1 I% is broad, (53“0)1/9 = 50 cm ', and featurless.
. > oy 3 » . I3
(11) SL(N)OO N, as established by dilution with non-dipolar

solvents.

!-’
(1ii) V(max) is usually increased by a decreace in temperature.
(iv) The refroctive index goes through a minimum corwesrondlnﬂ to
a maximum in & J) ‘hus the absorption is assocliated

.

with some process occurring at a specific frequency, or range

of freguencies.
Recently, tﬁo models have been developed (26, 27) which have

attempted to describe this experimental excess, or !'Poley absorption!

in terms of libration, or torsional oscillation, of whole molecules

\



P

constrained by he eneroy barricrs due to the fisld Qf this central
molecule's rather close packed neighbours. This high frequency

process occurs simultanecously with the lower frequency Debye dynamics
described by (11) which represents the cooperative part of the relaxation
process., The overall molezcular motion is' eparated into a Debye part
and a Poley part for convenience. Both models consider the !'!excess!'!
asbsorption in terms of librational mot;on of a dipolar molecule of

inertis I w§+hin a notential well of depth V and gseni-angnlar aperbure

to its nearest neighbours. The well is given the arbitrary form:

u(®) = Vsind (Tr@/&z) (

giving a harmonic ksmull angle) solution of the form:
l/a .
W, = T A (13)

[
N
S~

iw-r
Although a distribution of potential well depths and shapes 1s expected
giving a distribution of fundamental librational frequencies W 02 2

system of identical wells restricts the number of unknown paramelers

inally proposed by Brot et. al. (28)

-

plagtic crystals and liquids with a quasi-crystalline structure,
l1br1,Lon of a dipole within a pavabolic potentialiwoll (or the sym-
metric potential of (12)) being pmr+urbod by "wva“' thermol collisions
of mesn frequency 1/7T., while ''strong'! collisions (of frequency

weighted by a Boltznann fzctor) induce relaxaticnal jumps from one

well to another,

[¢7]

The duration of jump ’tj is taken to be the mean time of jump

(evaluated by numerical integration of the moticn of a molacule) as a




function of energy in excess of the bvarvier hei ht V, weighted by a
Boltzmann distribution: the resulting '1: is only slightly depend-
ent on V, but is a function of well shape, angular aperture, and

moment of inertia of a molecule, I, theliLé'dence of the latter result-

ing in the return to transparency at hiph frequency.

N -

Brot's arbitrary correlation function of the jumping molecule:
/ ‘s + /
H{x) = (1 '?“'L/Tq\)-‘zxgﬁ (-t/%a) (14)

then defines parameter ’C because, when t = tj

Y !_ ) -\\94, 3> (15)
where the ﬂgan angle of jump Gj %& (2 z l)zi for intermediate
values of ’(i, the case where thermal collisionsstabilise the molecule
in the next potential well (29).
The mean time of residence of a librator within a well is
determined by the ratio of the number of molecules within a well to

the number jumping,
3 ] \
e /T = (3= sxp (VAT fanp (/5T
where T, == Tp, the Debye relaxtion bine.

The halfwidth at half maxinmum of the libraticnal absorption

. ~

is represented empirically as:

do= Lo T (17)
T L T
where the first term on the right hand side reflects the anharmonicity

of the potential well function W ( 8), the fact that the actual poten-
tial well will not, in geneval, be of the assumed cylindrical symmetry,

and that a distribution of well shapes and/or depths is exvocted. ‘

Y
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The second term is the result of the uncertainty principle and
collisional perturbation of the librator, vhere Ti = Tj . The
values of l/"(i obtained from fitting observed spectra with (17) are,

of course, merely 'l'apparent''! collision frequencies.

If crosg~correlation terms and internal field are negzlected,

ot
~—

relation obtained is (28):

€t = | ~iw Flie)

(18)
? — € |

where the Laplacd transforms of the librational auto-correlation

function (30)

Q(\‘u...)‘-x- i/’(,f)-_-. fwos /1y 9/":) 19)

{
ot o e /R riw (TR 1/ + R/

(o) = W T ;/,T"’* ' (20)
A VTR diw /T

give the Laplace transform of the combined asutocorrelation function:

Z;?‘éw) %—9?. X Q.fg N m-ﬂ/mi !—"r-j’é‘(;’*;.ﬂ
aw-‘r%/ € Ji_ e ._}

re R? =y R
wher B 1t/ Iwo

i’ ” 7 .
\ / 1 \
Thus, &L =€ W/nc o0 &e{?(l@)ﬁi ~» 0 as W= =P .
The approximate proportionality constant, neglecting internal field
LY

effecty is: (g’.o— (;.'w)/nc.

.L"

An experimen LJJV observed spectrum is fitted by deducing a
value for the aperture angle 'E from the lattice structure of the
rotator phase solid or frem the ''coordination number!', i.e. the
numpber of neo.res‘t neishbours characterising the immediate local order

around a molectile in the liquid (31). Trial values of V and Ti




HEY)

are used in a calculation of the absorption spectrum, these values |
AN

being adjusted to obtain the best fit to coo, ‘Ir = ‘QD, and the

relative amplitude of Librational and relaxstion absorptions. The

prediction (32) that a potential well may become narrower on cooling,

and the decreasing amplitude of motion of the librator's nelghbours,

may be approximated simply by:

where & = 7} :{ j) | (22a)
al

and

used for sase of calculation, the narrower lower portion (22) defining

1

the librational motion (22a) while the aperturs renains conqtqnta
This more complicated well shape is used if the calculated §71&)
and/or (,Jo(calc.) << ‘\Do(obsa), in which case a trial value of ';4 <
i
N

may be used in the calculations, the parameters again being adjusted .

to obtain a good £it to the observed spectrum. For ease of line-

shape comparison, the calculatbed spectra are normalised to the observed

moximum abgsorption,

Model IT; The Ttinerant Oscillator,

This model was originally proposed bx i1l (33) for a librator
of moment of inertia I within a ''temporary cage'! of Z necrest nelgh-
bours of moment of inertia Ic in the liquid state: the damping (r)
of the librator was assumed not to be of a collisional nature, but to
arise from lack of rigidity of the cage. Debye relaxational'absorpv

tion occurs through the cooperative diffusional reorientation of the
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cage molecules aboul their centres of mass

Wyllie (34), using

agoinst a resistence 2:;.

the equations of motion (24) and (25) included the

S
inertial effect of the cage on the relaxational absorption with the

required return to

ing
the inertial and damping terms

7
wvhere & = T exp (iwh) is the

with respect to which ol =
of the dipole/:,a, 0z (g,l>+0()

}?g = (8 -t) T @ exp(iwh) the

response Lo the applied field,

ions of mean zero, which are replaced

appropriate rotary diffusion,

factor(r) of the librator to zero.

transparency at high frequencies, but sget the damp-

Larkin (27) included both

in the model, gliving the equations:

™M (D (24)

3
-‘... !ﬁ) 2 -~

/
# - _./;AE sin€ L'{."}D(%)

applied field defining the pclar axis
+ A exp(iwt) defines the mean position

the instantaneous position, and hence

instantaneous polar deviation and

L{t) end M are astochagtic funct-

! s .
after Debyve

o

and Hill) by an

The equations of motion are solved

. 17 - ‘ 2 . e e e
assuming % anc b kT L glve the Fick diffusio:
(.ﬁwmn:hﬂbb%)dﬁ fA‘ <LL<: L@O) to pgive the Fick diffuglon

i
equation from which a solution
function, £{9), is obtained.

field (and hence

of the dipole moment distribution

The mean dirole moment parszllel to the

tha frequency dependent polarisability) then give the

Before fitting colcwlated to ecxpsrimental spectra, an ostimoabe

of the well apasriure

rotator phase (where

Ph

7 mast be made from X-ray data of the sgolid or

applicable), from molacular symmebry, or coordin-

ation nmumber in the liquid state via (27):

R _ ‘_‘!‘?} ‘
- T al0=-20)/71 /G=2a/2) 9
e § T atlmz] ez

A potential well is then chosen to f£it

. . 1o - > * > 1
maximum excéess absorntion, a value of ZA beinz chosen from:

the obgerved frequency of

6




Ty = C/c;{ RT | (27)

to fit the observed Debye relaxation time'(b %fta (the diffu

[e]
o

)

tinme of the cage). Speetra may then be caleulated with these trial

values of'V,Zy , and r (chosen to fit the width of the librational
- :

b3

J
absorpticn) and these parameters adjusted to give the best overall

fit. If ''narrowed'! wells are used in this model, the librational
requencies would be held constan®t by choosing a new value of V

from (22a), other parameters being unchanged.

Another part of this thesis consistﬁdfof interpreting micro-
wave and far infra-red absorption of some dipolar liquids in terms of
librational and relaxational motion using these two models. The
spectra of 1,2-dibromol,l-dichloroethane; 1,2-~dibromo-2-methyloropane;
1-iode-2-methylpropane, and l-iodo-3-methylbutane obtained by Moisan (35)
were fitted usine both models. An acceptable £it (36) to the obs
ved data was obtalned on the assumption of a hexagonal symnetry for
the planar digposition of the potential wells. The barrier heights
to libration sucgested by this phenomenological approach were, as
expected,

greater than resulis for molecules of enhanced symmetry (26)

which form rotator phases.

e

(V)  Absorntion by the lMemetic and Isotronic Phases of Licuid Crystals.

The nematic phase of a liquid crystal offered a particularly
interesting situation in which to test these models further. A
liquid crystal 1s characterised by the tendency of molecules to lie
with their longz axes parallel even when they are separated by long

distances. This conclusion is assoclated with the essentially normal

permittivity of the nematic liquid in relation to the effective result-

ane electric moment of the monomer molzcules of the liquid crystal.

\7




The species studied for this thesis was U-{p-methoxybenzylidene)-

p-n-butylaniline or MBBA (31). Quolitative and quantitative aspects

-1 . . . . . \
showed the 130 cm =~ absorption in this species to arise from the

librational mode about the long exis of the MDBA moleecules. The
contour of the absorption (including that of the microwave region)
is fitted in terms of both these models with closely comparable
apparent energy-well depths (15 to 19 kJ mole"1). This appraisal
was supported by an g nriori calculation of the form and depth of
the energy wells in terms of the pargmeters cstablished for phenyl=
ring interactions in the Rae-Mason evaluations (37) of the lattice

energy of benzene.

2
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The absorption intensity measurements in the rezion 10 -

A -1 . . . ) )
200 cm were carried out with a Grubb-Parsons/N.P.L. cube interfero-

12 _— . . . . . ‘.
neter (38-41) with a amplitude modulation of the radiation from a high-
pressure-mercury broad band source (see below). The first part of
this chapter will deal with tke theory of Michelson intevrfercmetry,

and the second will describe in detail the instrumentation purification

techniqueg, and sample cells used,

Theory of Interferonetry.

e mes a4
Basic Princinle.

The ingtrument is based on the operation of a Michelson two-

beam interferometer ( A parallel beam of radiation from

the source @) is split by a beam divider (B) (which is usually a thin,
transparent sheet of polyethylene terephthalate) into two perpendicular
beams. These are reflected off front-aluminiced mirrors My and M2’
and after recombination at the besm divider the emergent bems is
focused onto a debector., This basic optical instrument is operated

by alterinsg the geometric path length difference between the two arms
of the interferometer, i.e. by moving one mirror backwards or forvards

along the radiption axis.

Conzidering tha interferomceter illuminate d by monociromatic

radiation of frequency ~ then if CM1 = Cu2, vhere O is the mid-point

of the besm divider on the optical axis, the lLwo branches of radiation

from the mirror will reccombine at the beam divider in p

i

hagse, and the
signal at the detector (D) will be a moximum. If the path-length in
one arm 1is 1ncren.,d by moving the mirrvor back, the slgnal al the

detector will decay, and at a certain position of the movable mirror




_ al
will hecome minimal. In this condition, the two beams are inter- .
fering destructively. Thus, for monochromatic radiation, the signal
at the detector will rise and fall periodically:

Io(x) = Io cos (2% x) (1)

here To is the maximum intensity (for Qq = OMZE}, % 1is twice the
mirror displacement, and N is the wavenumber of the monochromatbic
scurce. Io(x) is the interferogram function.

Polychromatic, or broad band radiation (such as that from a )
high—-pressure—mercy{ry arc source) can always be looked upon as an
assemnbly of monochromatic lines, and the corresponding interferograms
will be simply a combination of functions such as '(1) with different
amplitudes and wavelengths, and will have the form:

8
I(x) = G(®)cos{2wI x)dS (2)

- %0
where G is a function of N , and measures intensity, and is thus a
spectral function. By placing a sample (&) between the emergent
beam and the detector, G(¥ ) will be altered in (2) (since A& will
absorb some frequencies from the polychromatic rodiation), and thus
I(x) will also alter. By 'E‘curier."s integral theorem: _

- :

a(V) = I(x)eos(24r ¥ x)dx . (3)

-

Thus, in principle, G{N) may be obbained frem a knowledse of the

interferogram function I(x), (fig.2.2).




-

General Theory of Fourier Transform Spectrometry (42)

Following Chamberlain's treatment (42) the power Io(x) in the
interference pattern produced at the exilt stop of a two-beam (lfichelson)
interferometer (fig. 2.3), within which there is a geometrical path

difference x, is the sum:

To(x) = Io + Folx) 0 (4)
- D =y == el
of a constant term: To = Vo(Maw (= Io(x) (5)
- 0
and an X dependent te byal .
Fo(x) = PO\‘-‘ 2O x — §o(3))d_\3 (6)

—ch
called the interferogram function,

Po(i')/ﬁ = 5«”(1(3):&\») is the (even part of the
spectrum of the detected radlation of wavenumber ™ ; (

(even part of the) power zpectrum of the radiation incident on the

~interferometer, and T1( ) is the transmission factor of the inter-

T
ferometer. 2 (V) is the phase difference due to any residual

asymaetry in the intsrferometer.

When a plane-parallel, isotropic specimen of tnickness d,
transmissivity C (), and refractive index n(™) is olacsd before

the detector of the interfercometer, the expressicn for the cenbre

power becomes:

I(x) = I+ i(x "
() = 1+ 5() (7)
P o= o= VN
where I = V()% = (I(x) (8)
—

(10)
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Applying Fourier's inversion theorem to (6) and (9), we find the

complex spectra:

N A
So(¥) = ?0(_—) p-l§o(v) = ?o(\.i}—i-;lo(‘_‘-’) = | Fo{x) e—&“wx dx
X‘
0 (11)
AN p.
- - ] BL(S (P, = XY
5@ = P®) 200 L P@yam) = | (e R T E0E gy
-
(12)

respectively, where each has been shown split into real and imaginary

parts corresponding to the cosine and sine transforms P(™) and ().

Svnchronous Detection

he complex spectra (11) and (12) can be calculabed when the
(real) interferosrams Fo(x) and F(x) are known. These are usually
aperiodically scannsd at a constant speed v = dx/dt, vhere t is the

obsarvation time, and recorded using

anplitude modulation of the total
detectéd signal followed by synchronous amplification. In this, the
periodically fluctuating detector output is amplified and filtered,
and then mixed with a reference signal derived from the modulation
procass. This procedurs leads to a d.c. output from the amplifier
(fiz. 2.4) that is directly velated to the peak-to-peak detector out-

.

put. The great advantage is separation of the required signal from

~2

unvanted noilse.

In the general case, the radiation J(y) is modulated at a
frocuency £ to give at any instant t a signal J(y,f%t) which can be ,

erie

2
I(y,£8) = 2(y) + Z(K (7)cos2mr 2t + 2 (y)sin 2w Lt
A= | (13)

ui

0

P



where Kl(y) and Zl(y)' are the Fourier coefficients. We can choose

the time origin so that J(y,ft) is either even or odd with respect to

t. Arbitrarily choosing the odd case, then:
O
Y
J(y,ft) = Z (y)sin(2=w —th) (14)

L=n

The output from the detector (assumed linear) is wJ(y,ft), where u is

ja)b} The

the responsivity (signal delivered per unit power output).
detector signal is amplified with a gain g and passed through a filter

tuned to the freaguency f to give:

D(y,ft) = guZ1 (y)sin 27t (15)

(the filter is assumed to offer no attenuation or phase shift at the
frequency £). In a synchronous recording i% is this signal that is
nultiplied and phase-locked with a reference signal, also of frequency

. . . !/ . Y . .
f. A suitable signal is the (odd) square switching function of period

= 1/f, defined by:

ree) =l 1 o {T{(ror2)
— 2 (to/2) {t 1o
R(ft + mfTo) = R(£t); m =
series is: z (an(:(’ﬂz + 1) ‘Tﬂ’__\ /(22 + 1)

'\'Q"

+ +
"1,"'2, 29 00

of which the Fourier

£ the sisnal multiplication iss

The result o onal
22
M(y,ft) = Lom 71(‘7) sin(2-n 7)) | 2/ sin r"("-@ 1) w P_L:l
Lzo 2L+l
4]
o= [k;_-ru_ Z (\f\f"“ 1(’3 4‘“ fb) + z 4"‘11 4 (T* f"1 Y‘r)( 4 ]_)"W' j"‘i&]
2...‘ (‘“‘Q+ —})7{‘—

2 ou z1<_,><1..co (4w Et)) +

I

Hi‘

which eonsists of one nearly d.c. term:




v (16)

that is proportional to ZT(y), and a series of time dependent terms

of frequencies that are multiples of f. A suitable low pass filter
removes these to give V(y) as the synchronously amplified and rect-
ified output signal that is recorded. (It is assumed that the signal
is not subject to distortion on underzoing the convolution V(t)}xR(t)
with the impulse response function of the filter, R(t).) Z1(y) is
the coefficient of the fundamental term in the series expansion (13)
of J(7,ft) and it deperds on the type of modulation employed. % (y)
is called the funcdamental coefficient,.and V(y) the recorded signal

(differing only by the-constant 2gu/r).

Amplitude Modulation (A.M)

In this case, the detected radiation is:

Ta(y,£t) = a(£t)I(y) - (17)
wnere a (££) = 9 agsin(?.m‘zgft) - (18)
2:0

(compare (14))
ig the odd modulating function. The detector output is u Ja(y,ft),

and the filtered signal to be multiplied with R(t) is:

]

i, , .
Da(y,ft) g u Za(\y)sinl\Z'rerft) . (19)
a

()

(compare (15))

\

where Za(y) = a'7(y) = a'J + a'Gy) (20)

I

ig the A.M., fundamental coefficient and a[ is the AM. interferogram.

The recorded signal:

Va(y) = 20 u a1J(y) ‘ (21)

e e

e
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is proportional to the total power J(y) incident on the detector.

qQ

From (20) and (21), Wa(y) being defined as

r 7 1
Vgly) = Vg =2 g, uacdly) (22)
w

orded interferogram, where Vo = (2/7¢ )oa u a1J.

is the A.M. rec
A.lej‘ﬂ" Fouri
4ty

for the calcw d spectrum Da('\f') in terms of th

A .
! ' (24)

A -y
s (N) = a's5(V)

. , ! v \
(compare Za(y) =a J(y)).

Simusoidal Amrlituice Modulation -

In this case a(ft) = 5(1 + sin 2avft)

1
a =%
So, U_ul”l”' (23) and (24),

N\ - n

Ba(ﬁ) =2z . u S,{(\') = 2.gqu.l, S(¥)
wer AT 2
Y N
Bq(\J) == gnu’S(\l) (25)
a two-

In all the work using the Michelson interferometer

led interferogram, as shown in fig (2.2) was measwred, and the comdex

'34

i

L’l

transform (12) evaluated. The tronsmitted power spectrum I(V ) is

calculated from:
1@ = [(PEN?+ (a@)F] (26)

Thence the absorption coefficient (& (¥)) of a sample of thickness

d is given by:

<3




g,f
-

A (D) =1 log, I(G)

3 o
1(S)
o SN2+ (0 (g2 13
= gu 1 log, (?o\v)) + (9, (0))
RS SN d pay — p
8(a,0)% ( PN~ + (A8))2

with a measursd gain ratio g u/c
i *a” =(a,o0

Diital Computation

Truncation and Avodisabtion

In practice, the limits of integration in (11) and (12) are

~r
4
. ~ S -, L3
regtricted to - X &, x -s\(li. This finite movement of the mirror can

be expressed by multiplying F(x) in (9) wi.th a symmetric !'‘'window -

funetion'! G(x) (43). - Taking:

o
n .
Mx) = S(N)exp(2winNx)dAN (28)
—
then: 0
N e
} (x) () expl=2 W i¥x)dx = S(G)*T(_?’) (29)
A=
where T(W) is the Fourior transform of G(x) and is convoluted with

N - ~N - n
3(¥). The convelution of two functions S(¥) and T() is:

3(3)n(8) = /&w&s—umu - (30)

vhich ig a function of ™ ,

Ly

he function G(xz) which can be used for this purnose is:

a(x) = 1, for - X \<.x \(I{ (31)

.0, othervise
The Fourier transform of this function is:

TE) = 2X gine(2wIX)




@
K

(where sine(y) (sin y)/y), therefore:

0 .

n A ~ -
SN)xTR) = S(1) «2X sinc(2WIA(S - n)du, and
F24) - X

I

F(x)G (A\e}:o(-/TiG:f)dx ,/F(x>em;(..zwri:sx>dx

/=%
- _ oy

Ial
3(u) 2% [sinc(?_f‘ﬂ'(g ~w)X)+sine (27w (I+ u))@}

9

(because of the symmetry of the sine function),

Moncchromatic Innub

In this case, F(x) = cos 29N oX and (32):\if S(uw) is a delts
funection, (since cosnst gog mx dx = sin(m - n)x + gin(m + n)x).
2(m - n) 2(m + n)

Therefore the ontput of a monochromatic input for finite path difference

A

is given by S('.‘SO)*T(‘Q - 50), which ig: : .
A, D) = 21(‘1:?1;'10(211(3_ J))1) + sine(@w(T+ T)X) (23)
This function has two peaks (at > = :50, and = -:30). The

eaks at -2 _ and N _ have wings, hence the hypothetical pesk at

p fo) o 2 Jrl I

-\ may reach into the regicn ~ > o. However, if \*0\5}» 1/%,

this influence can be neglected. In the far infra-red, for frequencies

-1 . - - X
as low as 10 ecm , one has to choose A>> 1,0 mm. A(\J, v ) is known

o
as the anparatus function, and neglecting the second term in (33) .
(which is smell if (V+ N A is large): .
) - o .
A = 2X sine [_2’1’\"(\)-- \JO)X:] (24)

(D), for this Tunction is about 1/2X, and therefore depends on X
3

m

inversely. The larger is X, the better the resolution, R, which is

defined as the distance from the mean peak of the speciral window to -

/ 4 .
the first zero. For A, R = 1/2X. However, A has the disadvantage




~

~- -

of negative side lobes (which give physically meaningless negative

'\ .
intensities from S(¥),T(¥)). Removing or suppressing them can be
accomplished by replacing the window function G(x) by other functions.
This process is called !'!'apodisation''. In this work we use the

o~

) 2 . R .
weighted function G(x)ecos”(AYx%/2X) which gives the apparatus function:

l' ~

A9 = sinewr(d- S))/w(T- T)Q - (203~ I NI] (35
for monochromatic input \JO, which has considerably reduced side
lobes. The rsductlon is achleved, however, with a loss of resolutim,
and we now have R = l/X.

Sampling

i anirtalr s ot

I

In order to consider the effsct of sampling, the infinite
Dirac comb \_.U(:c/f.\.x) is used. If the impulses are separated by

D x, then:

1§
3
O
{
>
b
[}
B,
il
-y
“

LU(x/ﬁ\:c) AP ?./ cif(x--nﬁx)

N = = n - =4

(36)
{ 1
where Q is the Dirac delta function. The Fourier transform of

Wi(x/ DX) is (I/FNU(S/F), which is a sequence of impulses

spaced at intervals of F = 1/Nx.
[90 o0
F () Wd( Q/&A)exp(—-ZfW ¥ x)dx = L | W (o/F)P(V = u)du
- OV

? -l
= «S‘(u -~ nF)P(™ - u)du, usinz (36)
..,Q
- _ s _
S PE-mE L B w) =R @)
n = - n=-w

Therefore, transformation of a function sampled at intervals A x leeds

a4




to a periodic function P (V) wvith period T = 1/Qx, P(¥) being the
real part of the interferogram function F(x).

LY

liow, if P(V) is not chosen to be zero for ( 101) >
then the replication of the P(\J) functions leads to their overlapp-
ing, which disturbs the caleculated spectrum. This problea is called
aliasing, and the frequency /2 is called the aliasing, folding
Uyquiet, or ''cub-off"! wavenumber. To avoid aliasing, A_x is
chosen sufficiently small to ensure that P(P) = 0 for 1) > by

and for this the maximum frequency present in the spectmm must be

N e )
known. P_(¥) is completely specified by the range 0, r/2]

&

2] into N

and then define:  2X = 2dx (37)

intervals S . e write this as P_(jD9), §=0,1, ....¥ -1
for the range \-_O, F/ 2]. We take a similar view of the imaginary

part of the transforn, f.c. Q(j89), §=0,1, ... ¥ - 1. We

now define the function:
o0
=\,
» {3 = + m 22
rp(x) > F(x + m 2X)
- n = —w A Y

.

which is periocdic with period 24. Ve consider this function sampled

e

at intervals Q x, i.e. Fp(kﬂsx , k=0, 1, «... 2 - 1, giving rise
to N points for Pp(%) and N pcints for Qp(;") » It can be shown that

if S =P - iQ, then (44): ’
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D(j&ﬁ) =1 . 2 Fp(l—[};-:)e‘:p(-— 1w /9%, (38)
r

i=0,1, « « . (¥ ~1). This is now in discrete Fourier transforn

form, ready for compubation.

In practice, we cannot construct FD(X), since we need to know
F(x) for all x. Therefore F(x) is truncated at - X, introducing the
loss of resolution; P(%) now being the '!reali? P(S) convolved with
a spectral window. &:c is then chosen to avoid aliasinz, thereby
fixing the cut—off wavemmmber, T = 1/Ax =~ The truncated F(x) is
talken as one period of a periodic function, so that Fp(x) = F(x) in
the interval | - X, Xj. The number of points 2N is fixed by the

choice of X axd Q\}:, since, from (37), ¥ = /D x. From (38) we

>

calculate N points of the complex spectrunm Sp(i?), waich is S(8) if we

avoid allasing.

Finally, if we multiply the interferogram F(x) = Fp(x) by a

g function Wix) = C—(:{)cosz("ﬂ‘ x/2X), then (38) becomes:

A _ 210 ~ 1
s(3 B9) =1 S Wle D)F e D ) omp (=1 (W /1) k) (39)
T k=0

This was computed on an Elliot 4130 using a fast Fourier

2

transforn prégramme adopbed by Baise (45). °

The N’.P.L/'Gmtbb-‘?arsons Cube Interferometer

The optical components are shown in fig. 2.3, and the elect-

‘ronic in fig. 2.4. The source (S) is a high-pressure mercury-vapour

lanp run off a choked mains supply, the radiation from the hot quartz



envelope being exceeded by black body emlssion from the plasma of

the lamp below 1CO cm-1. The lamp is fan cooled. The beamn-
divider (B) is a stretched f£ilm of poly(ethylene %terephthalate).
Internal reflection in the film determines the transmission characte-
eristics of the instrument. It can be shown that using a bean-
divider, thickness t and refrsctive index n, the overall transmission

of the interferometer will be a minimum at frequencies defined by:
: 2 . 2
=m / (2t(n"~ - sin"B))

where m is an integer, e=nd © is the angle of incidence of tihe
rediaticn on the tean a1v1der (usuall 1y 45 ). Therefore, various
thicknesses of beam dividers have to be used for different spectral

ranges (39).

The detector used was a Golay prneumatic detector (47, 48)
s L3 LI —1 a ¥l
wvith a quartz window. TRadlation avove 400 em  was cut off with a
black polyl{ethylens) filter. ' The debtector was found to be reliable
o o=t s . . A
down to 15 ecm = with averaging of repeated measurements. The ref-
erence signal was taken Trom the synchronous modulator motor (i)
and was fed, together wiih the signal from the Golay detector to the
e d.ce. signals of the saupled interfer ogra:

functions were displayed on the digital voltmeter, and recorded on

paper tape at sccond intervals in binary coded decimal.

Channel Snectra

These are spurions peaks sometimes arisins on the avscrphtion
spectrum from multiple internal reflections occurring somewhere in
the radiation path, and they appear as a sine wave superimposed on

5

the spectrum. Consider a plance parallel '!plate!! of thickness d,




.

which may be a solid window or a gaseous/liquid sample contained
between two windows. iiltiple internal reflections can occur within
the plate. For almost normal incidence, the emerging beam will inter-
fere constructively when their opliical path difference 2nd is an

integral multiple of any wavelength )\ in the beam:

where n is the refractive index of the material, and m is an integer.

-ty

The wavenumber diffarence between two successive maxima (or minima)

®

1 ther AE = 1/9 Sl IR 4 wat L . 5\3 v e .
is then = 1/2nd with the first maxdmum at L~ , Slizht wedging
of the "'yindow!' can reduce the channél spectrs, althouzh the wedged
tend to act as prisms, and the thicknepss d becomes uncertain,

waich is limiting on the uncertainty in oA ™) for small d.

For gas work, a variable path-lenzth high pressure cell,

showvm in

=2
o)
®
Q
O
r_J
=
l_l-
57

designed oy Baise and Horzelski (45) was used.
fizg. 2.5 and 2.6, It allows a continuous change of sanple thickness
without releasing the pressure, snd has 7mm Z-cut crystalline quarts
windows, thus restricting the spectral ranze to.beléw 130 cmﬂT.
Rotation through 18° corresponds to a change in gample thickness of
C.11 mm, the maximun sawple thickness obtainaple being 13.9 ma.  The
cell is placed in the atmosphere, the radiation entering (3) as a
converging beam from the poly(ethﬁlene) lens in the interferometer.

B 1s a brass mut, and plate P is bolted to the support ' which is
secured to the bench., V is‘an Brmeto stainless-gtesl high~pressure,

fine control needle valve, and G is a Budenberg pressure gauge. G

. . # .
is a stainlessc-steel drying chamber sealed with the gasket T containing

-




pre-baked type 3A zeolite drying agent.

A liquid in equilibrium with its wvapour could be studisd by
rotating the whole cell in the direction of the arrow (fiz. 2.6) so
that liquid from G raon between the windows. Txecepilng gaseous
cyanogen, both vapour and liquid spectra were obtained by comparing

two thicknesses d1 and d2 (d2 >>d1) so that:

A®) = L Loz, L)

The cells used with the worik on IMBBA were of two &
J

DESe T'

&L

ie
first was a variable path-length VC-01 commercially available R.I.I.C.
produced one with a maximum path length of 5.5 mm, Windows were of

quartz, poly(propylene), or poly(i-methyl pent-l-enc) depending on

spectral and chemical factors. The sscond was a fixed path length

-

2oL I.0. T = Gl cell modified for use with high fields transverse to

optical axis (see below).
the opti xis {see below)

T

Purification Techniques and Bxmerimentsl Conditions

LS
3

The gassous spectra were obtained by taking tle ratio of the

9]

mean of a number of sample interferograms to the mean of several
background (1 atm dry air) interferograms in the case of cyanosen,

using various path lengtihs up to the maxdmum availabls of 13.9 mm.

Cyanogen

The nominal purity of the commercial sample (I

.
o

was 98.6% w/w min., having the following specified impurities, whose’

-~

oments arc asppended: HCW (0.1 %, 2,98 D); GO,

ole 5

di

]

(0.5 %, OD)

T




(0.1%, OD); CHCL (0.85, 2.82D); H,zo'(o.c*,fs, 1.85D); Nz(trace, oD);

HC1 (0.0%, 1.08D),. The HCH could be removed by passaze through

AgHO3 solution, and the CHCL frozea out in glass spirals immersed in
a G 2(3)/acetone bath at 2581, which also acted as preliminary removers
of moisture. The gas was then passed through drying towsrs of pre-
baked type 34 zeoclite, (these were later replaced by a column cooled
to apout 260K with 2 jacket of 002(3)/propan—2—ol), and was condensed

in a dried and nitrogen-filled cold-finger condenser, protected from

&
&
o

G
;3—
3
}_J
)
3
O
iJ »
0

ture by a drying tube of the same zeolite.

The cell was prepared by first purging

by

(SN
H
*D
('D
c('
[¢]
2,
]
&g
d_
(e
[o]]
g

nitrogen up to 50 bar; followed by evacuation to a few m bar, together
with heabing to 373K in order to remove all adsorbed moisture.  The
heating end evacuation were continued for 24 h before admission of the
purified materisl. This was carried out by distillation fram the

iy

cold finger condenger onto a large amount of dry zeolite contained

: ' L)
i

n

l,.h

. 3

the cell sample chamber, which was immersed in a 502(5)/acetone tath

at 247 L ¥

B it L L 28w ron ne ¢ oL LIl O
4 (“ﬂnl‘ole O 915 T8 en Iror t >3 53! ﬁ]o‘]ed no 206 T ‘,\\,l
¥ mass spes tI ne t Y arx 1\:.’,1 1S MO1LS bLLI. e analysls on a sl x

l 1

sample, uging a microtitration technique with Rarl-Fischer reagent

-

(at B.P, Uhemicals (Iat.) Ltd., Baglan Bay) revealed a content of

<

0.05 % w/w: this would contribute only very slightly to the measured
apsorption (13). Any significant absorption by polsar molecule
contanination would itself provide a contribution linesrly dependent
on tne total orenuﬁre. ne departures from the experimental pressure

squared dependence were too small to provide any evidence of this,

\ ~ + 1 3 .
Pressures of up to 33.5 - 0.3 bar were obtained by heating

e




e

wl

the liquid in the drying chamber or the cell up to 373K, the absorption
cell being maintained at least 10K higher with electric heating tape
and asbestos shielding to prevent condensation of cyanogen on the
inside of the windows. It was implicit in the method of obtaining

the vapour spectra that at each different pressure a new sample of
vapour was used, thus givingz a check on the efficiency of the purific-

ation technique, judging from the reproducibility of the liquid spectra.

The scathter due to noige, (electronic, mechanidal; and heat
effects on the Golay detector) in 1nd1v1dua¢ runs caused an uncertainty
(about the plotted mean of many interferogram ratios) of at most 1C%
in the value of each A.{chapter 1); one of the sources of uncertainty

. : . v S -1
is in the extrapolation to ™~ =0 from ™~ =20 cm . The uncertainty

«f

he

)

in ¥ srise in part from the temperature gradient between ront
4o

]

and back windows of the cell, uhich produces an uncertainty of = 1.5%

L

on the mean Kelvin © rpe*at’“ The pressure, as monitored by a

-1

+ .
auge, was congbant %o - 0.3 bar once equilibr

l_h

un of the
cell heating systems was obtained (ca. 4h).  Another uncertainty
arises from the difference in the values of § as obbtained from generak
ised compressibility factors (49) and the Berthelot equation (ca. 2%).
All these factors provide a total uncertainty in Il of z 3.5%. The

dengity of the liquid was estimated from the relation (50)

£ = 0.91506 (1 - 0.00203T) (T in °C; wnits; ezm om™).

Pronme

Pressures of up to 25.3 bar in the gas were obtained by heat-
ing the liquid in #he drying chamber of the cell up to 370K, All
individual spectra in this case were obtained by raticing three trang-

formed interferograms at a long path length to three at a chorter




path length. Tor the liguid, this eliminates effecits arising from .
refractive index chonges inherent in ratioing sample to background (51).
The nominal purity (Hatheson) was 96.0 mole & (min.), a typical anolysis
being: propyne (97.9 mole %),4ethyne (0.1 mole 32); dimethyl ether

(1.2 mole %); dimethyl ethyne (0.1 mole 71), allene (0.5 mole $);
unidentified impurities, including moisture (0.2 mole %). itioisture
content was minimised by passing the gas through a drying tower con-
taining freshly baked 3A zcolite. The dried stream was then condensed
over the gsame zeolite at abecubt 243K in a vessel proiected from atmos
pheric moisture. The condensate was then distilled into the drying
chamber of the cell. Dimethyl ether 1s tle other polar impurity .
present in any signifiecant amounts: as the integrated absorption will
be, to a good approximation, in the ratio of the gﬁuz terms, we can
estimate that the presence of 1.2 mole % of dimethyl ether will increase
the absorpiion by 2.1 % above the value to be found were it replaced by

propyne.

Propyna/0514 soluticns were prepared by bubbling the dried
gas into spectroscople grade carbon tetrachloride over type 34
zealite, snd thence through a drying tube outlet. . Li{propyne) in
caroon tebrachloride was estimated immediately‘before, during, and

after the six interferomelbric runs using the reaction:

G = Mg + KpH I, + 2K0H -5 (ig - U = U - Vs Ho¥ * 4KT + 20,0
An excesz of 0.5M golubtion of the alkali was added to the

sample containing the mercury complex (0.979 mmole) and titrated

immediately with Q.25 sulphuric acid. Three analyses gave the accepted

i

{mean) concentration. Losses by outgassing of propyne during the time




needed to complete six interferograms were negligible. The VU - 01

cell was hermeticelly

The scatter ¢

f\

sealed as a further precaution.

ue to noise in individusl velues of &L (V) was

estimated by taking the standard deviation of several (up to eighteen)

compubtations.  This,
to % {M¥) =0 at higl
+ -

- 106, The uncertal

o

together with uncertainties due to extrapolation

h and low ™  gives an uncertainty in A of about

nty in I arises from the temperature gradient, as

for cyanogen; the uncertainty (X 0.3 var) in reading the Budenberg

gauge; and from the

equation of state snd

v

difference in U as predicted by the Dieterici

generalised compressibility curves. The overall

. . " , + .
uncertainty in U is about - 3% in the compressed gas.

The densities
studied were estimate

the equation (53)

of liquid propyne at the three temperatures

d using a rectilinear diameters plot (52) with

log,n P{torr) = 7.7514 - 1230.7/X (K = temp in x),

10

to estimate the vepour prescure curve up to the critical point

(402.39K, 55.54 = 0.0

propyne densities up

2 bar). Literature (;4, 55) values of liquid

to 273K were used in this estimation.

a

Vematogenic and ILsotronic HMBBA

For pure M3BA, the VG - Ol variable path length cell was used

t

for measurements at room temperature and higher, best discrimination

on (V) beinz obtained by a samples path length difference of O.l4mm.

Direct comparison of

o4 (V) with and without the presence of a d.c.

field was obtained using a variety of very simple fixed path length

cells, based on the T

between two spacers.

.

-~ 01, using wire (0.075 mm o.d.) electrodes

Yo attempt was made to obtain a uniformly oriented




sample of the mesophase by pretreatment of the surfaces of the cell..

The spectra, for samples above room temperature, were taken

in an electrically heated VU - Ol cell, the fluctuations in temperature
(read from a calibrated copper-constantan thermocouple) being tipieally
+ v o L o) L. . . . -
- 2K, Judged from the sharpness of the nematic - isctropic transit-
ion at 320X, the MEEA sample used (from Eastmann-XKodsk) was of an
acceptable purity. It was kept dry under nitrogen at 273K by stand-
ing over type 3A zeolite when not in use. To chsck on decomposition
zramg were run (for up to 3h) in the isotropic phase
at 358K, then the csll was cooled and several further spectra racorded

OLTH m CL =0 - N L + ol .0 1 -
at 296K. The latter (¥) values agre=d within - 5% with those
obtained from fresh, pure, unheated samples. Thin layer chromatography
coudld detect ne difference between these latter and samples held at
358K for-3h, Sclutions were made up by weight in pure, dry solveants.

, - ) . . +
The mean 0k (V) values presented have an uncertainty of -

=’
”o
, -1 - ' « g
or less except at >> 170 em ', due to beam divider characteristics,
. + -1 . . . -

snd occasionally at 13C - 5 em  owing to the intensity of the peak
avbsorptions there. A1l accepted spectra were the weighted mecans of
at least threc sample runs, usually at each of two thicknesses,
rabtioed against three background runs. Zvaluations of A involved
extrapolation of the observed & (V) at both high and low values,
With the aid of microwave measurements (56, 57) the extrapolation to

~Y . . . . = ~1

= 0 leaves relavively 1little uncertainty, but at ™ :} 170 cm

, s -1 . <o .

the absorption centred near 130 ca = 1is overlapped by a neighbouring

feature: the contribution of the latter has been estimated to result

. T . + Caf - » ' . . - - .
in an uncertainty of - 105 in the integrated intensity being determined.







The general theory of pressure induced absorption by symmelric
top molecules has been recently given by Frost (58). The purpose
of this chapter is to use this theory to derive equations for multi-—

pole-induced dipolar absorption in symuetric top and linear molecules

in f

@]
5
[ #9]
16)]

uiteble for digital computation. Some of the resulting

equations are then used to interpret the far infra-red absorption

spectrum of compressed gaseous oxygen (7).

= o D

The dipole induced in a molecule by the field of another in
a bimolscular collision can be evaluated using Frogt's treatment by
expanding the field in terms of point multipoles, assuming the

following.

(1) An eigenstate of the interacting pair is taken as the product

of the elgenstates of the isolated molecule. This is adequately

e

correct only for a purely central intermolecular force field-U(R),
which can then be approximated by a Lennard-Jones potential,
(i1) The centre-of-mass motion of esach molecule in a pairwise
interaction is treated classically, with each molecule at rest, so
translational absorption is ignored.

The basic equation for the intensity of the bimolecular

collision induced abpsorpbtion is as follows:

fe ¥
3.2 AA L AL 2 _
r,, = 4T3 27 _ T 4" exp(-T,, (R)/KT)
E . 'F‘ y\ A
th 1,4 dii_.ﬂ. deA
Ee-Bijzhw °

o]

L | Cam | e ey |7 e (1)

m, ,m
57
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where /\’._A("’) is the induced dipole moment of a pair of molecules
separated by a distance R, and where \imi>, \ fmf> denote in
general rotation-vibration eigenstates ‘for the pair, with m;, Mo a8
degenerate magnetic quantum numbars. The. summations over the
quantum numbers i,f are restricted to those transitions i - £ for
N v . o . ,.-rz -1 ™ i 1 : 3 Fha - el
which the absorbed fr equency|h (uf - ‘hi).j lies in the absorption
band of (approximate) frequeney N, The quantities di, df. are the
degeneracies of the quantun numbers i,f respectivaly. - UAA(R) is

the intermolecular potential energy. F. is given by the Maxwell-

KR
Boltzmann expression:
B = o - B 1 .
B, o= dgexp(- 5/ue)/Z (2)
=
where the partition function 2 = - }_, diexp(-—Ei/kT) (3)

tne summation being carried ocutb over all allowed energy levels.

1,

Hence it can be shown that:

b hnl AA w AA —_— k) m —
> /ri - T, \= 1 exp(=E, /K1) (1-exp(~he 3 p/kT)) (4)
i,f \dgA 1 A4 4
I f
Lf-&j = hw
4 O . o oo 2 ’ A-A-'-r \ £, ‘l 2
The matrix elements _Lmil /\A (®) \me> i are e?cpanded

by Frost (his equation 24) as:

- 2 ~ / ks r/ Y, 4 2
E ., ( 212:{\1 )(2314-1).’9(31, 1,J1 3 1{1,h1 - ;{1,1{1 )
>\1, >\2 2}.14-‘1

/)2

. e\ A / 7
X (23,+1) u(32,>\2,32 R S0 SR 1

2%2+1




where 2‘ Fm\2 is ‘listed in Table 3.1 for various >\1 and /\2.

The C( ) denote some relevant Clebsch-Gordan ccefficients. In

Table 3.1, M, Q , <% and -ﬁ denote the permanent dipole, gnad-

rupole, octupole and hexadecazpole moments respectively of each

molecule. Q(O = {74+ 264)) is the mean molecular polarisability,
S -

and 2 = (oy- &{2) is the anisotropy of polarisapility.

Svmmetric Top Molecules

Selection Rules in the Summation (5)

1) One of )\1 or )\2 rust be O or 2.,

2) Any AJ1, AJZ is allowed, provided one of \ A_J1 ‘ R

\ ﬁSJZ \ 5; 2s [S‘K1 =2 myny, A K, = X myn,, provided ons of m,,
m, = C; my = 0 ir \ £5J5 i 2, m, = C ir \£§J1\ t> 2. Here,
My OT M, ig a positive int;ger, or zero, while n, or n, denotes the
rotational symmetry class of molecule 1 or molscule 2 respectively.
qu symnetric tops, o, = n, = 3.

3) Ir K1 = K; =0; K
)\2 + [&Jz must be even for contfibution.

J \
o =) =0, then A+ D3, ana

The allowed transiticns, neglecting multipole terms greater

than the cchupole, are ticked in Table 3.2, tozether with the
Iud b J & Y

corresponding ()\1, }\2) factors allowed by the selection rules, and
by general limitations on Clebsch-Gordan coefficients (59). Summing
the different ( )\1, )\.2) factors gives the relevant Clebsch-~Gordan
coefficients to be used in equation (5), and these are shown in
Table 3.3. Tor convenieace, the summation (5) can be split into

. . . ~=b . . -3
the dipole-induced dipole (R ), quadrupole-induced dipole (R™°) and

¥

octupole-induced dipole terms:?




Tahlell.

The Ccefficients Z \T“m\ 2 for various (>\1, /\J)

M1 e 7 lle 2
o} 1 6 5‘2/,,\2 R ©
[>) 2 2 -8
(0] 2 150(0 Q* R
20c2,, 2 3
1 2 =67 M2 R
3y - -
2 2 _;39_52 Q2 R 8
o) 3 ZSC,("‘:‘)_Q_Z R™O
2 3 280 ¢2 2 gT1o0
9
0 4 452 @ * R 2
2 4 150 2 -§ 2 gT12
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Dinole-~-Induced Dinole Intensity

The intensity of a single dipole-induced (J—=»J + 1) trans-
ition resulting from the bimolecular ccllision of symmetric top

molecules is given from equation (5) and Taple 3.3 as:

-~
M [
Aryy 1= 4X 3/#3:2_._2_ // 4rrr2"r?. Aem( (u)/k';d’%
: 3he 4 o
’:‘E_\ - Tom oy bt
x Y L 1 N, (3)/6T))exp(~Ey, he/kT) S(J)
K= -J '
- R 2.2 ..
x (4L f1‘d,u) + é% J’ 11 (J,K)K ):] (6)
J(J+2)
wnere N, (7) = 230+ 1), £, = (T =K+ 1T +K+1)/(T +1),

In this equation, EJK = A1(J + 1) + (A - B)KZ, where A and B are the
robational constants of a symmetric top molecule. The guantum
numbers J and K can be defined through the facts that the total
angular momentun is equal to (h/2/W ). /\/ (J(J + 1)), and that the
component of angular momentum along the symmetry axis is equal to

(/2% )K.

Luadrunole—Induced Divole Intengsi by

Similarly, from 5 and ’laole 3.3:

Q 2. -
e L <l i / 4R 20z (T, (R)/KT) AR
3hes o
x 2 [(7—-oxo(—hc\|2 J)/KT))e.kp(-un,hc/‘cT)‘\\ (7)
Tf — —J
x {18603 £2(3,5) + 43 ngzu,x))] (7)
5
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where QSZ(J) 2D(27 + 3)

fZ(J,K) = (J2) (T D) (T2 (T+E+1)
(T+1)(J+2) (2T+3)

Octunole-Indiced Dipole Intensity

From (5) and Tapnle 3.3:

oo
I's
n' 2~ 2 : "8 ™ 118
AJ_A,J‘ + 3 = w;j_:‘.._*j. 4"728- eXp(—Urm(ru)/kl)dR
3he 4 °
&
T o = . VoM o -E. N
xKéﬂJ Bl&m\mwgbvunam(J@qm)wéﬂ
’ 7 -
x ((24}{ + 8“‘}7')0(3 + (176:{ /9 + 16:)"'//3)\,; 32)] (8
where
/ — — 5 - -
x = 5(J+E+3) ( TR+ T+E+L) (T3 (T=K+2) (T=K+1)
(T+2)(J+2) (2T+2)(27+3) (2T+5)
y = (J+E+3) (J+E+2) (T+E+1) (T=K+3) (T—E+2) (J-E+1)

(23+2) (27+3) (2T+4) (2T+5) (2T+6)

wo= 3(T=Ke2) (T L) (T+E+L) (T+E+2)
(27+2)(27+3)(T+2)

=33(J) = 6B(J+2) '

Linear Holecules

Selection Rules

1) K, =K =K.=XK. =0
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e

2) One of }\1 or >\p must be O or 2.

3) >\1 + [}.J1 and )\21- L\Jz must be even.

4) Moaibnls X, >/}£\‘_T2!’r

The allowed- AJ1 and AJ2 are restricted by what are taken
to be the important multipole moments.- If thehexadecapole \§) is
the last important moment, the sumnation in (5) is over ,>\ < by

>\ < 4. In tihis case, the allowed &J, D.\ J

and the associated allowed (/\1, ,\ ) factors, are shown in Taole 3.4.

5 transitions,

The number and type of Glebsch-Gordan coefficients thus contribuling

e

to (5) are shown in Taple 3.5. Using this tavle with equation (5),
tien the eguation for the various multipole~induced dipole absorption

intensitiess in linear molecules come oub as below:

Dinclo~Induced Divole Absorntion

(Ayy 4 q = LAl [ 4R exp(-u,, (R)/KT)AR

) -’ . Ny
x (l-exp(=hc ‘\)1 (J)/xT) )exp(—-EJhc/kT) Ny (J3)

x (42 (3+1) + g § PUeDP0rR)) SNC)
3 N
(2J+3)
o/ '
with B(J) = BI(J+1), ), (7) = 28(J+1).




-

-
o
Table Z. 4
Allowed (%11‘>\2) up to the llexadecapole term in Linear Molecules. (\0\‘
rd
-~ (i, A2)
J > o Y70 !r
J1 2 Yo, i, 02, 1)(2,2)](0,2)](2,0){(x,2) (3, 0)](3,2){(0,3)(2,3)|(4, 0) (4, 2)}(2,4)](0,4
. 0 x|l x x| x| x|V x| x] x| x| x|x
0 1 SISl xpx x| x| x| /x| x| X
pe———
2 0 X | x| x| x L/l x x| x| x|x |1/ /)=
WS,
0 2 X X x |/ S| X X X X X | X X VAN IV
1 1 X X X X X X X X X X X X X |'X X
2 1 x| x| 2y x| x| xpxpxlx |/l xyx|x|x
1 2 x| x| x| x| x| x|, x|/l x| x| x|x{x|x
2 2 x| x| x|/l x| x|lx|x|x|x|x|x|/|J/|x
3 0 | x| x| x| x|zl x| 1/ x}lx|{x|x|x |X
3 1 x ! ox] x4 x! xtbx i x}x! g xx{x|x |x |X
3 2 x| x| x| x| x| =] x| x| x | x | x |x | x |x
3 3 ] x| x| x| x{ x| x| x| xj;x|x}|x|x | {x
0 3 x| x| x 1 x| = x| x| x| x|, . x | x | x |x
1 3 x| x| x| x| x| x| x| x| x| x| x|x |x|x |X
2 3 x| x| x| =] <! x| x| x| x| x{/|x |x |x |x
L
4 0 x| X X X x| x{x|] x| x| x|x |/ X | X
4 1 X X X X X X X X X X X X X X X
S are.
4 2 x| x| x| x| x| x| x| x| x| x|x|x |/ |x |x
\-‘»
4 3 X X X X X X X Xl X X X X X X X
\5____0
4 4 x| x| x| x| x| x| x| x| x| x| x|x |x |x |X
N—— . ’
3 4 x| x| x| x| x| x| x| x| x| x{|{x |x |x | x |X
\«‘
2 4 x| x| x| x| x| x| x| x| x| x| x |{x |x |3/c«x
N .
1 4 x| x| x| x| zx{ x| x| x| x| x| x|x |x |X |X
0 4 x| x| x| x| x| x| x| x| x| x|x|x|x |l
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Quadrunole-Induced Dipole Absorntion

o0

XA?__,J 2: 4.,_-1\—3-@32112 z,rrzP exp(-~U, (’?)ﬁ:")&ﬂ
+
3he 2 /o

- -7
x (1_e@<_hw2(5>;m))e}:p(-thc/kTwz(J)

| | x (90 (J+1)@+2) + 18 §° K(J«»nu@)\z) (10)
(27+3) 5 (23+3) /
—/ o
where "‘\’2 (J) = 2B(27+3).

Oetmnole-Induced Divole Absorption

L
2hror 4+ 5 = AT | 4w Cem(-Uy, (R)/KT) AR
3he 4 .
N 7
x (l~e}:p(-hc“n33(J)/kT)?e:cp(—EJhc/kT)'\JB (1) .
x (400Z(I+1)(3+2) (3+3) + 80 (7 (}d+l*(JT°)\(J+3) )
(27+3) (27+5) 3 (25+3) / (27+5)
(11)
y .

where ~¢3 (J) = 6B(J+2).

Hexzdecapole-Indueced Dipole Absorption

z | ‘
Ahysg , , = AROEAE / 1m0, (R)/KT)AR
3he 2/,

x  (l-explhc :;:’Z.,, (J)/kT))e}qo(-EJhc/kT) TJ{ (T)

!

175 (3+1)(7+2) (7+3) (3+4) of°
2 (27+3)(20+5)(27+7) °©

(12)

+ J/“Sg ((J+1)(T+° (J+3)(~7+4:
2d+3 (2T+5) (27~




Cing

where :34f(J) = 4B(2T+5)

In the above derivations, the Clebsch-Gordan coefficients
not available in the literature (59) can be calculated from the

general formula:

L
C(j1’j2’j;m1 ’mz,m): g(m:m1+m2) (j‘]-rj?"'j)‘-(j+j1"52):(j+j2-j]):\Zj"'l) =

(3+3,+3o* 1)

L
X ? "‘1) (\31+m1)“(j1—m )|(j2+m2)'(j?_mﬁ)lkj-{-m)l(j_m)l)z
k

kL (3 +dpmd=k) L gy k) L grmy=le) LG phny #e) LG =g g —mptk) L

1l

.
where 9 (i,3) O if i =j

1 if 1 A3 .

Thus:
- 1
G(j1;3’j;m170:m) = {-5(j1+m+3>(j1+m+2)(.]'1+m+1)(j1"m+3)(31"‘31"'2)(5!1"-’3"'1) =
(j1+2) (g J/(23{1)(931+2)(2J1+3)k~J1+5)
1
C(34,3,35my,3,m) = [ 4+m+3)(31+m+/)(31+r1+1)(31—m*3)\3,—ﬂ+9) (Jq-mr1) | @

G(j1}4—9j5m1’oym) =

A
3505 +mrd) (3 +m3) (3 +m#2) (5 4m#1) (3= 4) (34 = 3) (5 =m+2) (G -me 1) 2

(27, +1) 3+ 1) (234%3)(51+2)(23,+5) (§4+3)(R3+7) (§ +4)
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Avoplication to tha Cage of Oxyzen (Gas

In this section, some of the above equations are used to
simulate the observed (7) far infra-red (20 - 400) cm"1 spectrum of
compressed gaseous oxygen. It is found that the overall experimental
profile is reproduced fairly well by Phe uce of profiles calculated
on the basis of gquadrupole and hexadecapole-induced dipolar absorp-
tion in the event of bimolecular collision. ¥Values of | Q| and l}§.l
are obtained from the best fit to the experimental intensity and band
shape. A justification for the use of the very short range

(R-12

dependent) hexadecapole field is based on the evaluation of the
approximate range of the corresponding field and its ability to

induce a significant dipole.

The far infra-red spectrum (fig. 3.l) of compressed oxygen
gas has been observed by Bosomworth and Gush (7) to be of exceptional
breadth (160 cm—1 at half peak height). By comparison, the corres—
ponding absorption (7) in nitrogen is much narrower, and is fairly
well simulated -by the frsquencies and relative intensities of the
unbroadened {\J = 2 rotational transitions calculated with an
equation similar to (10). Bosomworth and Gush attributed the high
frequency part of the oxygen spectrum to a short range overlap cont-
ribution to the dipole moment, but made no quantitative anaiysis of
this phenomenon. However, with equations (10) and (12), it is
possible to gimulate the oxygen band with two contributions to the
bimolecular collision induced dipole moments, assumed to arise from
the quadrupole and hexadecapole moments of the field of the second
oxygen molecule at the first and vice-versa. (Oxygen has no dipole

or octupole moment by symmetry).




It is obvious that the hexadecapole field, being g~ 12

dependent, is important only at very short separations R. Just-
ification for its use in the present case comes from a simple
analysis given by Bosomworth and Gush involving a rough measurement
of p, tile range of the induced dipole moment, which may be obtained
from the width of the spectrum. Classically, the spectrum is prop-
orticnal to the Fourler transfora of the autocorrelation function of
the dipole mement, the width being inversely proportiocnal to that of

the autocorrelation function, which is roughly squal to the duration

of the collision. Thus:

T = 1/(2% %c)

where ~; is the width of the spectrum at half peak height. TFor
P

oxygen at 30CK, <3 = 160 cm 1, thus T = 1.0 x 10712 sec.  Then

(\JIH

p can be estimated by multiplying the duration oi collision (T) by

).

L]
the average rate of change of the intermolescular distance (Rﬁv

How~%&mﬁA2 = (%P}, where m is the reduced mass of the
colliding molecules, Thus p = T =0.553 at 500K, The
Lennard—Jones diameter (¥ ) of an oxygen-oxygen pair is 7 9~R thus
the range of the induced dipole is abeut ¢°/16. " The conclusion is
the same as that of Dosomworti and Gush for neon-argon palrs - the
induced dipole moment is essentially zero untdl the collidir 02
molecules enter the repulsive region of the intermolecular potential,
and rises rapidly as the molecules interpenetrate. Thus only collis-
ions in which the impact diameter is less than ¢ contribute to the

absorption, i.e. very chort range fields such as the hexadecapole

are expected, on this plcture, to contribute significantly to the

i




dipole inducing process in that short interval of time when the two .
molecules are approaching and coming awsy from their point of

greatest overlap.

Estimetion of 1ol and \5\

Approximate values of \Q\ and V\&| for oxygen can be
estimated (fig. 3.1) by resolving the overall oxygen profile into a

quadrupole-induced and hexadecapole-induced dipocle absorption band.

!

These are based on the line specira calculated from the even J
values in equations (10) and (12) (oxygen having no odd J contributions
due to nuclear spin statistics). The considerable broadening of ‘each
line expected in practice might lead to a different overall profile
from that suggested by the line spectrum alone; nevertheless, the

agreenent between the experimental and overall profiles is cuite

good, bearing in mind the experimental uncertainty.

3y summing (10) and (12) over even J, and by comparison with
£ : 5 lal amd VB sermi ‘
the resolved areas, valuss of Q an 21 can be determined for
best fit. The integrals in (10) and (12) were evaluated using the

1

tables of Buckingham and Pople (60) with Lennard—Jones parameters
= 1 ; : N : -1
€ /k =118k, T = 3.463. The otier constants used are B = 1.5 em ,

-2 )
o =1.60 x 107 e & = 1.14 x 102,

Thus ( 2 Qx' > = 3,61 x lO"5 HZQZ cm"2 &“agat_z (13)
Rpd T I=J + 2
23‘ L J-yJ N 4) = 4.51 x 10_51'12§2 cm"2 amagat_2 (14)
2
A
o (N )g~w = 8.65 x 107 o™ amagat—z
2

o N experimental

ol
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Ficure Caption

Experimental (Bosomworth and Gush, 1965),

s2eerveee Profiles of the J~>J + 2 {quadrupole induced) and

\
J —J + 4 ({}¢gxadecapole induced) dipole transitiouns.

Overall theoretical profile.

Crdinate

fNd _ .
a‘\—\.)délzqz (neper cm 1 amaga-t 2)

Abscissa

_~ {cm f)
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Sunming the L.H.S5's of (13) and (14) it is found that the values of

lQ‘ and \Egl which give the best agreement with the experimental
lineshape and intensity are:

2l

P
=25 €eSeUe= 1.Ox10"400m2

0,3 x 10

~60y;, 4

S

/2
1.1 x 1074 a.s.u.= 3.7:00

i

The wvalue of \Q\ found compares favourably with that of
-26 - T s - s . s
=044 x 10 e.s.u, Tound by the induced birefringence technique (62)
and \EE\ is of the correct order of magnitude, which is all that can
be expected of a rough estimate sucihi as this. Insofar as the value
of NQ‘ is acceptable 1t is justifiable to conclude that no '‘charge-
transfer!' or quasi-chemical bonding (e.z. O/ formation) is needed to
£

account for the pronouncsad difference between the absorptions of

compressed 02 and H2 in the far infra-red.

@l
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Discussion

The general aim of this thesis has been to study the molecular
interactions and motions in dense media such as those of the compress-
ed gaseous, the liquid and the nematic phases. The complex interact-
jong and molecular dynomics of the liquid phase are simplified a
tle in studies of the corresponding compressed gas, where the
dynamical circumstances are chonsed from collislon interrunted librat-
ion/diffusion to collision interrupted free rotation. The absorptions

arising from the latier type of dynamics have been quantitatively

treated in terms of dipoles induced in collisions involving not more

has been approximated by a Lennard-Jones function, even though a recent

review'<$3) has indicated that this represantation is quantitatively

L3
f
)
ot
()
l—].
3
o]
l—.}
l—.}
o
=t
ol
I

inace the very simplest cases. It has been found that
the uncertainties in the Lennard-Jones paramcters impose the limits
subsequent values of molescular parameters (such as the quadrupole

neme nt) dednced from the pressure induced ebsorptions studied in this

U}

thesis.

It must be indiecated, as well, thabt the use of an angle depend-
enb potential in the Colpa-Ketelaar or Frost equations would be incon-

sistent with the assuantion that an sigensbtabte of the interacting pair

ig gimply a product of elzenstates of the isolated molecules. This

PR !

result 1s exact only if the molecules interact throush a purely central
tential, 1.e. one independent of the Dulsr angles 55 &%
noLenula, Ly LT one lnacpenasnt o th angles I }J /J;_—}_,

9,” ?(q. This is, then, at once a major restriction on the theory,
£ E

even in the sag phase, for highly anisotropic molecules such as

cyanogen, where the quadrupole~quadrupole interaction is important




and angle dependent. The furtiier use of this theory in the liquid
phase is justifiable only on the basis that some kind of approximation
is better than none.

The

=

act that in cyanogen liquid, for example, the computed

quadrunole moment is presumably of the correct order of magnitude is

all that can be expected of the theory. This gives some small indica-~

tion that ecxpangion of the electrostatic molecular field in terms of
point multipoles is at least valid as a quantitative sbariing point
for investigations of non-dipolar liguids., A reasconsble conclusion

that can be drawn from the work on cyanogen is that the molecule has

a very large quadrupole momeat, possibly the lar

< ES

yest yet encountered.
The numerical value needed to explain the gas phase absorptions with
the Colpa-Ketelaar theory is much reduced in the liquid phase, an

obsorvad«on which may indicate thait the interactions of more than two

et

latter phase lead to a smaller nett dipole induced

ooy

olscules in the
in any one molecule. In retrospect, thevefore, it is not surprising

that the J=»J + 2 transitions neak at a lower frequency than the

experimental band; but rather how well this simple medel suffices,

.

A pogsible improvemsnt would be the ealculation of the hexadecapcle~
induced dipole (J=J + 4) line spectrum, hub this would still be
working in the shadow of a badly known intsrmolecular neohential - a

storm thatch on clay walls.,

These shorteonines anply also to the study of propynz, but

there, whalt is apparent is the considerable shift in ™ o from
~1 ~1.

18 em

to 78 em”on going from dilubte gas bo liquid. (Unfortunately,
intermedinte pressure daba are difficult to come by without possible
decomposzition by overheating). The qualitative explanatisn of this

ghif't is based on the transition from collision interrupted rotaticn

CE




to libration-diffusion, there beins quantitative theories for both

pro

O

o
<

i

cs which are fairly adequate. However, there is at present

“
[62]

no satisfactory description of the effect of induced dipoles on the
Tar infra-red absorptions of elther dipolar’or non-dipolar liquids.

This is indicated by the divergence between the prediction of A/N by

ot-Larkin or Wyllie-~Larkin mcdels (which agree with Gordon's

o
5
o
Jus]
8]

estimate of the integrated absorption intensity per molecule arising
vy i) 7 L2 e 3 7 L M
from libration/relaxation of the permanent dipole) and the observed

&/, which in propyne liquid is nmuch greaber. This excess over the

e 1 1 9. N ER) o e
zatimate has baen known since the Tirst

=

results of Pardoe.
The only way at nresent of treating these induced dipoles is via the

IS

multipole expansion uged in Colpa and Ketelaar's theory, i.e. by

This excess 1s probably very large in HBBA, allowing for the
uncertainties in the estimated mements of inertia, bub this is only
to be expceted (in retrospect), the motion of the molecule being any-
thing but free rotatlon or libration of mersly the permanent dipole
alone,  Prchably, gquite a large dipole is induced in a central
melecule by bhe fluctuating fields of its nearest neighbours in the
quite closely packed nematic phase. The sharp peak observed atl the

model of

&)
I"J'
"
)
:,.__I
0]
.
cr
s
0

relatively hish Traguency of 130 cn“1 is comp
libration/relaxation of the permanent dipole only if the motion is

taken as that about ths lonz axis of themolecule, where the moment of
inertia is not impossibly largs for this high frequency process.  The

Brot-Larkin and Wyllie-Larkin models of libration-relaxaticn or itin-

erant oscillation produce a band shape similar to ©the experimental

£

e

. . . . . . - -1
vith a value of the barrier height to libration (V) of sbout 17 &J mole



This value was roushly motched by one calculated from a model

ceonetry of the MBEBA nematic phree (usinz low angle X-ray scattering

E

data to determine the mean intermolecular separation), estimating all

combinations and permutations of bond-bond attractions and atom-atom

repulsions in two sels of benzene rings hexagonally arranged around

two central ones which approximated the MEBA skeleton. The subsequent
3

-1 =1 .
mole = to 260 kJ mole ', the latbier

s

estimates of V waried from 9

being unrealistically high because the surrounding rings wers held

i
-

rigidly parallel as the centre one was rotabted from one energy well to

the next. In reality, the rings woulﬂ be in a state of thermal flux

. . N \ . . .

(with translationsl freedom also), a crude approximaticn to which

; X . -1 ,

brouzht V down to aboulb 9 iJ mole . The hydrogen-hydrogen repulsiocn
interaction was found fto be predominant in the relevant part of ths

intermolecular potential,
‘he application of the Brot-Larkin and Wyllie-Larkin medels to
the flexible, substituted ethanes was an attempt te study the effech

symmebry on the predicted barrier heights to

‘—1
o
o
e
!_J
o
9
5
o
o
r
o
%
IJ
A
1
ﬁ
A
w
)
-3
2
&

acessarily meant a drop in theoretical

validity, since the models were originally adopted for work with the

spherical. molccules whose gecometry with respect Lo each other

|
A 2 <

in a rotator phase, for instance, is well-knoun., There is also a

A
e
¢ D
pus
=

large uncertainty in the e ilve mean monments of inertia, and tuds

together vith the nexlect of induced dipole abgorption common to every

& &
application of models conforming to Gordon's equation, mokes the final
valucs of ¥V a poorer approximabtion than usvel. Hevertholess, they

~

seem to be gignificantly higher than those typical of !''votator-

[0

phase molecules'!, which may indicate tihat these models are at least

@uh¢1bwt1volf adequate in describing the intultive expecbation of

mw
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Wa

increasing barrier heights to libration with increasing molecular

asymmetry .

.D

Future studies of the compressed gas-liquid kind may perhaps

be most fruitful with molecules of roushly spherical gecmetry to which

\:1"

a purecly central poten

IS

ial is a fairver sprroximation. (Preferably

the critical properties should be such that the gas can be compressed

!._J-

to liguid-like densities without danszer of decomposition due-to over-
heating)., Pseudo-spherical molecules may be expected to behave in
the licuid just above the criticol point ag more or less collision
interrupted almest-free rotors, and thereafter as progressively
hindered robors during the approach to the dense liguid state., The

Frost equations could be applied (somewhat less rigorously) to non-

dipolar symmetric tops of lower symmetry, such as cyclopropane or

A theory of induced dipolar absorption arising from libration/

. 7 . - . PR . .
rotation/diffusion of non-dipolar molecules is needed, possibly using
a tensorial corralation functlon as the starting peint. An expansion

of the molecular field in terms of charge distributicn instead of point
miltipoleg would be an improvement on the existing methods, especinlly

for thz 1

Casns, However, the incorporation of such

a field renressentation into equations such as those of Frogt might

. 1: 15, 1
Comparison of fLechnicues cuch as g, 17 “H {

Ly 0, ¥, H Pourier
transform .M., relaxation, clow neutron scatbering, laser Lisht

scatterinsz, Ramon

, and dielectric deota with the far infra-rod data
nicht he instrumental in producing a more balanced overall picture

of molecnlar dynamnics in liquids, nemabics, and rotator phasc solids,




w3

Far infra-red studies of licuid crystalline compounds,

complemented by correspondin~ dilution, orienting field, and temper-

ature studies are capable of yielding quite significant information

< Lol
on the local structure of these phases. These studies would be

Tuitful in conjunction with dielectric, high-field, and Kerr effect

L

studies embracing the scale ocutside the nearest nelghbouring resion

> )

ECI R da3 aly ) 3 ey s . 3 At o Ton 5 41
with which the far infra-red is agsoclated. Towever, thore

H.

3 a
i

need for a definitive theory of swarm formation, leading eventually to

a guantitative explanation of the sxtended cooperative process inheorent

in, for instance, the sharp isotropic-nematic transition point, a
vhenomenon as typical of the compound as the usual phase changog.




W

REFERTHGES

Chapter 1

ME,Cmm%ﬂLELL.Pl@zde&.Lmﬁ%
Phys. Rev., 1949, 75, 1607.

J.A.A. Eetelaar, J.P. Colpa, and F.N. looge,
J. Chem, Thvg., 1955, 23, 413.

J.P. Colpa and J.A, Kotelaar,
Mol, Phys., 1958, 1, 14.

Z.J. Kiss, H.P. Gush ornd H.L, Welsh,
Can., J. Phys., 1959, 37, 362

Ze J. Kiseg and H.L. Welsh,
Phys. Rev. Lett., 1959, 2, 166.

Z.J. Kigs and H.L. Welsh,
Can. J. Phys., 1959 37, 1249.

Boscmworth and H,P. Gush,
an, J. rnys., 1965, 43, 751.

W, Ho, G. Birnbaum wvd A, Rosenbers,
. Chem. Phys., 1971, 55(3), 102 8

J
¢. Birnbsum, W. Ho and A, Rogenberg,

J. Chem. Phys., 1971, 35(3), 1039. .
G, Bir nbwum, AL, Maryott and P.F
Js Chem, Phys., 1954, 22, 178

¢, Wacker,
2.

S. Kiclich,

""Dielectric and Felated Doluoll ocesges'!, Chem. Scc.,
Spenialist Pericdical Report, 97@, 1, 230,

T.K. Bose and R.H. Cole,
J. Ghen. Pays., 1970, 52, 140,

A, Rosenberg and G. Birnbaum, .
J. Chen, Phys., 1970, 52, 683,

M. Zvans,
J o'\.l oSQ Q.rdd .Lj ll- 19’74'\4, (/?__Q', ’763:

J.P. Colpa and J.).A, Xetelaar,

lol. Phys., 1958, 1, 343.

AI. Balse, . _ ‘
J.J.Sa FCLI’{]U.‘).V IL, l()l*-’ ,‘8 lgC/f-




1’5n

17:

18.

7.

2
o
*

33.

3/+ »

R.Z. Gordon,
J. Chem. Phys., 1943, 33, 1724.

S.R. Polo and MK, vilson,
J. Chem. Phys., 1955, 23, 2376.

Uz
s
[
o
C{« I
3
O
9
!.J'

m. Acta, 1974, 20A, 79.

=,

P. Debye,
1'Polar Molecules't', Chemical Catalog Co., 1929,

C.H. Cartwrisht ar b :
Proc. Roy. Soc., &, 1923, 154, 138,

,J
o
—
.
%3]
21
N @
3
&

J. Ph., Poley,
'I. A'X.E)pl: SCi. B’ 1955, ';/hg 337'

Y. Rocard,
J. Phys. Rad., 1933, 4, 247.

J. G. Poules,

Trans. Faraday oSoc., 1948, 44, €02.
M. Davies, G.W.F, Pardoe, J.30. Chamberlain and H.A
Trans. Faraday Soc., 1963, 54, 847.

flmans and T.W. Larkin,
J.C.53. Faraday 1I, 1972, &8, 1729.

I.W. Larkin,
0.8, Faraday II, 1973, 62, 1278.

L r and C. Brot,
Chem. Phys. Lebbt., 1968, 1, 581.

. Lasgier and G, Brot,
Disec. Faraday Soc., 1969, 48, 39.

C. Brot,
J. de Phys., 1957, 28, 789. .

M. Evang, M. Davies anmd I. Larkin,
J.0.5. Faraday II, 1973, 69, 1011.

ol s Ik CLI‘UO
Thc is (Unlv, of Wales, 1969).

. Phys. Soc., 1963, 82, 723.

J. Phvs. G, 1971, 4, 554.

Ge

bboie

b




Il

Liolsan,
Thesis (Univ. of Rennes, 1949).
36, I. Larkin and M. Evans,
J.Uasv -JI‘c..O.El"’ Ll 1974, Z_Q, /—}-’770
37. A L.0i, Rae and R. Mason,

Proc. Loy. Soc. A, 1968

304, 487,

Chanter 2

38. H.A. Gebbie and R.Q. Twiss,
Rep. Frog. Phys., 1966, 29, 729,
39. G.J . Davies,
. 4 H
Thesis (Univ. of Wales, 1971)
£Q. W.J . Hurley,
J. Chem, Ed., 1966, 43, 236.
41 R. Hagwell,
Sir Howard Grubb-rfarsons and Co., publication.
L2 J» Chamberlain,
1"’]_]{__-_1-—1" QL t)n"y'S., 1971, -LL.’ 2"50
L3 X.D, toller and W.G. Rothschild
ViFar Infra~rod Spe Ure copy'', Wiley-Interscience,
liew fork, 1971, Chapt. 4, p.131.
by s J.W, Cooley, P.AJ. Lewis and P.D. Welch,
L.5.3.3. Trans. Audio and Zlectroaccustics, 1967,
AU - 15, 79,
45 AT, Bajse,
Thasis (Univ. of Wales, 1971)
46 . 8.K. Plyler, DJ.0. Yates and H.A. Gebbie,
J. Opt. Soc. Amer., 1962, 52, 859.
/+70 li-J oEn (Joll:‘y,
Rev. Sci

49

50.

5L

° LS tr_,,lgl;.r/, ;L&, 357 .
M.JE, Golay,
1\.&;\7 a

.

Sed. Instr., 1949, 20, &lo.
0.H, Hougen, X.,M, Watson ¢

'13henical ‘rocess Pri

and R.A, Ragatz,

nciples Chnarhs!)
R.P, Cook and P.L, Rebhinson
. b

fel

Wiley, i. fork,
Ja bil\u lJOCa, 1935’ II, 100_0
J« Chanberlain,

Infra-red Phys,, 1971

» 12, 145.

Ve



==

57

. Hirgehfelder, C.f. Curtiss axd R.B. Bird,
1iloleculor Theory of Gases and Liquids 'y, Chapt. 5,
p.362, J. Wiley, Hew York, 1954,

J.0

e

VtHandboole of Chemistry and Physics'?,

3. .3, Yeast), The Chemical Rubber Co., 197

al

AV, Grosge ard C.3. Linn,
J. 4m. Chem. Soc., 1939, 61, 752.

A6, Price,

raday 11, 1973, 49, 1485.

J .3, 0

V.K. Azarual and A.d.frice,

J.0.S,. Faraday I, 1974, 70, 188,

Chapter 3.

4
Faraday II, 1973, 42, 1142.

I, Abramowltz and J.A. Stegun,
tandhook of Malhematb
Inc., lew York, 1855, p.1C006.
A.D. Buckinghem and J. A, Pople,
Trans. Faraday Soce, 1955, 51, 1173.

TOA Q4
H.4. Stuart,

Violelulstrakburt (Springer, Berlin, 1947) shapt. 8,

A,D. Suckingham, 7.L. Disch ond D.A. Dumur,
. o~ VA ~
J. Amer. uhen. Soc., 1968, 350, 31C4.

o]

ical Tunctions', Dover Publications

.4_16 .




