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SUMMARY

The thesis consists of a general díscussion of the

orientation of aromatic molecules dispersed in stretched

polymer filrns, followed by a study of the orÍentational

properties and elect.ronic transition moment dírect.Íons of so¡ne

pyrimidine and purine compounds ín poly(vinylalcohol) films,

as revealed by Èheir infrared and ultraviolet 1Ínear dichroic

specÈra.

An analysis \r/as made of the propertíes of average solute

orÍcntation through which the absorption dichroism is related

to the electronic transíÈÍon moment directions. Then¡ orr the

basis of results for some model compouncls, the dependence of

the average solute orientatíon on thaE of the polyrner itself,

and on the repulsive, elect.rostatíc and dí-spersion interactions

between solute and polymer \{as discussed. rt r4ras concluded

thaË both dÍspersion and repulsive ínteractíons contribute to

orientaËion, but Ëhat the latter are not of significance

unless solute molecules are elongated in shape along a clearly

defined axis. using a London approxímation for the solute-

polymer dispersion potential, a theoretical treatment of the

soluÈe orÍentation hras given, and relatÍonships between the

molecular orientatÍon and polarisabiJ-ity properties rÁrere deríved.

The remainder of the work was concerned v/ith the ínterpïe-

tation of the infrared and ultraviolet dichroic spectra of some

derivaÈives of urací1, cyt.osine and xanthine. Preliminary

studies rüere necessary to establish the assignment of the

infrared carbonyl vibrational bands to specifíc vibrational

modes, and Ëo esÈablish the molecular polarísability properties

so Ëhat the observed and predícted oríentation properties could



be compared . The oríentational propert i.es of the compound.s

rìrere derÍved from the ínfrared dÍchroism of their carbonyl
bands, and the momenË directíons of the lower elecÈronÍc
transitions from the ultravioleË dÍchroism below 45000 "*-1.
The ambiguity 1n the interpretation of dichroÍsm which is an

inherent limitat.Íon Ín the stretched film method hras resol-ved

by çomParison of Èhe results lor the electronic moment dírections
wíth the results of other spectroscopic -techniques, and of
molecular orbital calculat.ions. Discussions vrere given of the
relationship of the molecular polarisabí1ity propertíes to the
observed orientation characterÍstics and of Ëhe efficiency of
molecular orbital carculations of the ppp-cr and cNDo-cr types
ín describíng the electronic ÈrânsitÍon characterístics of
pyrÍmidine and purine molecul_es.
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CHAPTER ONE

INTRODUCT ION

l-.1 l-f olecular Transítíon Moments

The electric dipole

eígenstate" út and tþ 2 of

integral

tTansitíon moment. relating Èhe energy

a molecule ís defined by rhe following

Ðtz =

where the charge and posiËÍon operator of particle

í of the

The measured intensity of an electric dipole lnduced

transitÍon beÈween Èhe thTo states, I and 2, is related to the

transitÍon moment E', n (in esu) as f o11o¡¿s (Kauzmann, L957;

Murrell, L963):

4.3r9 x 10-9

(trolrerrrlvr)
e.

l-
and r. are

mo1ecule.

29 2
L2 urz (9'Trz) (1. 1)

where e(v) is the molar absorptivity aÊ wavenumber i, ftZ is

the oscil-lator strength of the transitíon, i.',, is the energy
L¿

dÍfference between states 1 and 2 (ín reciprocal centÍmetres),

and g is a unít vector in the dírection of the electric field

of the interacting radiation. The numerical factors incorporate

various fundamental constants. In order to derive an expression

for gtZ of practical use in dealing with electronic spectra, it

is necessary to separate the contríbutj-on of electroníc and

nuclear motion. When Èhe states are non-degenerate, this is

achíeved by means of the Herzberg-Tellerexpansion where the

moment of a transítion from the ground state to vÍbrational

1eve1 U of electronÍc stat,e í is represented as a sum of con-

tributions from t'p,rte elecËronÍcI moments (¡atlhausen and

Hansen, L972; Hochstrasser, 1966)

,fedv f. 4.7 03 x 10
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m(irU; 0,0) gr(i,0) I ) +

(r.2)

ËransÍtion moment.s, evaluated

(normally the ground staËe

are vibratÍona1 ürave

i,U ^0,

m( ,0) i'i
x x À i,ulQn ^0,n

V ( 0>Jfa v v n0j 0i

The Ir ( j , 0) are "p.tre elect.ronícrl

for a fixed nuclear confÍguration

equilibrium confÍguration), Èhe À arU
functions, Q_ is the position operator of the nth vibrational"n
normal mode and the v.^i'i "r" the electrãrric matrix elements

n

of the operator av/aQn, v being Èhe potenÈía1 energy term in

the mclecular Hamíltonian. The crude adiabatic approximat.ion,

Ín which nuclear motion is neglected, gíves only the zeroth
order term Ín eqn L.2. For vibronic transitions where the

zeroth order term vanishes, êíther because the electroníc

transition is forbiddenr or because 
^rru 

Ís non-totally symmetric,

the contribution from the first order terms, if sufficiently

l-arge to be observed in the spectrum, comes f rom Ëerms u(j,0)
having a different polarisation to m(i,0), and as a resulL an

electronic band observed in toto, mây be found to have mixed

po1-arisation. such vibronic coupling effects are not rare,

and an excellent example ís provided by an analysis of the

stretched film dichroic spectrum of dibenzofuran by Bree et

al. (L97 4) .

The molecules whose transitíon polarisations have been

mosÈ thoroughly ínvestigated belong to the czu or Dzn point

groups, and theÍr (**, n) (in-p1ane) transition moments are

eÍther para1le1 to the cz axisr or perpendicular to iÈ. For

these molecules, the electronic transition moment, m(í, O), has

the same polarisatÍon at the observed vibronic origin, g¡(ir0;

0r 0) . On the other handr polarisatÍon of the (no, n)
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transÍtions of aromatic molecul.es \,üiÈh only c" point symmetry,

Ínto which category come the pyrinÍdine and puríne molecul_es

studíed, are symmetry determj-ned only ín Èhat they are parallel
to the plane of the molecule. coupling can occur beEween

gr(i,0) (of eqn L.2) and all orher (n*,n) Èransirions gr(j,0),
through any in-plane vibration of the mo1ecule. In such casesr

therefore, Ëhe observed polarisation of a transitíon can be

t.aken as representing the polarisation of a particular t'pure

electronic" transÍtion onry to Èhe "*a"rra thaÈ víbronÍc
coupling with other staËes can be neglected.

changes in dichroism within electronic bands have

frequentry been adduced as evidence of "hiddenttelectronic
transit ions predicted by calculations, without a suitable
Ínvestigation of vibronic coupling as an alternative explanation.
controversy over the dichroic spectrum of anthracene in the

region 26OOO to 32000 "*-l (fig 1.1) provides a good illusrraríon.
Calculations Predict the presence of a weak electronic transít,ion
- 1 -1(1abe1led -tu) aË about 29000 cm-', wíth Ëhe same polarisatÍon

as the intense tto Èransition, and the large increase in
díchroísm observed in this area has been put forward as evidence

of lts existence (rnoue et ê1., r97L; Davidsson and Norden,

L97 2) . Hor.rever Michl, Thulstrup and Eggers (1g7 4) concluded,

after a thorough analysis of the avaílab1e evidence, that the

effect is due to a vibronic progression arising from coupling
_1'lof the -L and -Bb electronic transitions by a non-tota1lya

symmeËric vÍbratíon.

The importance of experimental determínat.ion of transítÍon
moment polarisations to molecular spectroscopy in general has

been emphasÍsed by Albrechr (1961) and Doerr (L966). Because

they are dírectly connected l¡ith the symmetry or nodal properties
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of transít.íons, they provide

of SCF-LCAO calculations in

a good yardsÈick for the success

giving ualitative descríptions of

and íntens iË ieselectroníc ürave-funcÈions. Transition energies

are not informative in this regard.
'There is additíona1 interest Ín the transÍtion moment

dírectíons of Ëhe pyrimidine and purine bases because of their

import.ance in theoretical ínterpretations of nucleic acid

specÈra, and because of the importance of such inËerpretat.Íons

ín ínvesËigatÍng the structure and f uncl-ion of nucleic .acids.
The hypochromÍsm of absorption, the círcular dichroism (CD)

and optical rotatory dispersion (ORD) spectra of nucleic acids

and simpler oligomers, and the degenerate excíton coupling in

dinucleotídes are all related to molecular conformation. In

theories of hypochromísm (Devoe, 1965; Rhodes and Chase,

L967>, optical actÍvity (tinoco, L967; Johnson and TÍnoco,

1969) and degenerate exciton coupling (Joyce and Kurucsev,

L974), this relationshíp is expressed in equations involvíng

the vect,or propertÍes of the electroníc transition moments of

the constituent pyrirnidine and purÍne bases. Therefore in

order to test Èhe validity of the theoríes by comparison wÍth

experíment, and in order to apply them to interpreting the

spectroscopic measuremenËs, iÈ ís first necessary to elucidate

Èhe transition momenÈ polarísations of the bases.

A knowl-edge of transiÈion moment polarisations also makes

possÍble the use of linear dichroism as a means of

molecules. Of

s tudying

interestthe anisotropic inËeractions between

Ín this laboraÈory is the binding of

vatives and ttreportertt molecules to

various acridine deri-

DNA. By measuring the

possible to establishlinear dichroism of absorbance it has been
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Èhe relative orienÈatÍons of the nucleic acids and those
acridine molecures whose transiti-on moments are determÍned
by symmetry, and draw conclusions on the nature.of the bÍnding
(xelty and Kurucsev, rg76). rnterpreÈatÍon of results for the
non-symmetri-c molecules is contíngent on the d.evel0pment of a

method of determining their transition moment potarÍsations.

L.2 Methods of D e t erminin g Transit 10n Momen t PolarÍsaËions
rt is seen from eqn 1.1 that, for a sample of molecules of

fixed orientation, the integrated absorptivÍty associated r,¡ith
a víbronic transit.ion gives a measure of the angle betv¡een the
directíon of the transition moment and the polarisaÈion of
the 1Íght beam. rf the orientatÍon of the molecules in relation
Ëo the experimental sys tem is knornrn, the magnitude of the
direction of the transítion moment in relaÈÍon to the morecule
may be derived, although the sign may be ambiguous because the
geometric term in eqn 1.1 Ís quadratíc, and it is usuarly not
possible in experimental situations to adjust the porarÍsation
dírec tion g ín order to max'mÍse the scarar product.

rn general, it Ís not possibre to measure the integrated
absorptivity of a vi-bronic band of an oríented sample of molecules
For practical purposesr êgD 1.1 is put into a form where ratios
of integrated intensities only appear, and Ít i-s assumed that
these may be adequately replaced by ratios of absorbances at a

suit ab 1e rdavenumb er .

The most common, and successful, method of determining
transitíon moment directÍons. involves measurements on si-ng1e
crystal-s (nscs¡ . rn princíp1e, because Ëhe crystals can be

a1ígned wÍth high accuracy relatíve to the optÍcar system, the
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ÈransíÈion moment dírections can be deÈermÍned from absorbance

measurements if Èhe orientation of Èhe molecules in relaËion to

the external f orm of Ëhe crystal is knorvn. lJhere crystals with
a sufficiently sma1l cross-sectíon cannot be prepared, it is the

pracËice to measure ínstead polarised reflecËance spectra,

absorbance being derived either by means of formulae from

cLassÍca1 electron theory (ca11is and simpson, LgTo), or by a

Kramers-Kroenig transform (Chen and Clark, L969) . Another

al-ternative, which has not been applied to pyriuridines or

purínes, involves use of mixed crystals (Bridge and Gianneschi,

r976). The range of compounds which can be studied by pscs is

linited to those whose crystals are sufficiently rarge and

well-formed for spectrophotomeÈry. Furthermore, iÈ has been

emphasised by Devoe (197I), that trânsitj-on moment directions

of the unít cel1 can be considerably dependent upon excit,on

coupling, and it is therefore uncertain to whaÈ deg::ee pscs

measure:nents reflect the properties of isolat.ed molecules which

are desired.

The method of. photoselecti_on (AlbrechÈ, 1961) is also

frequently used in studying transitíon polarisations. The

ttphotoselecÈedrr molecules are excíted by polarised radíation,

and polarisatÍon of emissÍon at a partÍcular \^ravenumber j s

monitored for a spectrum of excítíng radíatíon. The relative

polarisatÍons provide a measure of the relative dírections of

the absorbing and emítting transition moments. The result.s are

qualitative (ca11is and simpson, 1970) because consíderable

randomísatÍon of molecular orientations occurs durÍng the

lifeÈíme of the excited sËaÈes.

Other techniques, wíth the exception of the stretched filn
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method which is discussed in the nexË section, have not had

wide applícation: bíbliographies have been given by Doerr (1966)

and ThulsÊrup, Míeh1 and Eggers (r970). The use of nemaric

1íquid crystals as orienting solvents (Sackmann and Moehwald,

L973) is of interest, owing Èo its similarity to Ëhe stretched

filn method. rn both cases, solute orientaEÍon arises from

anisotropic ínteracÈion with an oriented matríx and as a result,

there is a useful similarity in theoretical treatments of

orientation in the two rnedia.

Numerous calculations of the SCF-LCAO type (Roothaan,

1951) have been made for aromatic molecules, and the increasing

elaboration of such calculations is a major impetus lor

experimental work. The irnportant types of calculation can

be put ínt.o three categoríes, in increasi-ng order of complexity:

PPP-CI, CNDO-CI and "ab ínítÍo" calculatÍons. The ppp cal-

culaËions (Parr, L964) make use only of the p atomic orbitals

whích contríbute directly to the pÍ-electron systen of the

molecule; Èhe CNDO-CI calculations (Pop1e and Beveridge, Lg70)

use all valence atomic orbitals. The singly excited (v * U)

configurations consist of Slater determínants of the molecular

orbitals as f o11ov/s:

0

C onf igur a t ion

calcula t ions

SE
z-4tloror.... óu óu or-dr.. . .ouov.. ..ôr,õo )0r,0r,

to

interaction (CI) consists of further variational

find optimum r^rave functions whÍch are Iinear

Èhe ÕSn states, and significantly ímproves the

calculations in predicËing electronic spectra

combínatíons of

success of CNDO

(Hug and Tinoco, L973).

Ab ÍniÈío calculatíons make

Gaussían atomic orbitals (Snyder

are more satisfactory ín that all

use of a full

et al., 1970).

set of occupied

Although they

matrÍx elements involved in
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Èhe calculaËion
ttsemi-empiricaltt

are evaluated explicitly rather than by

f. or

the ca1-

means, extensive CI is not possible

complex molecules because of the enormous length of

culations required, and as a result the calculated

energÍes are excessively high.

trans it ion

All three methods of calculation employ a fixed molecular

geomet-llr and as such are at the leve1 of the crude adiabatic

approximation. Recently vibronic calculations for benzene

(Zieg1-er and Albrecht, i_g7 4) and some aza- analogues (Chappell

and Ross, 1-976) have been publíshed, and cal-culations for more

complex molecules are Ín progress (noss et a1., 1'976). The

results indicate Èhat the effects of nuclear motion are

considerable. SÍnce a knowledge of Èhe normal modes of vibration

of the molecule is required for such calculatíons, they are not

aË present applicable Ëo pyrimidines and purines, r¿hose normal

modes are unknown.

EvaluaËion of the performance of calculatíons in predicEing

ËransÍtion momenÈ direcLions has been hampered untí1 recently

by the lack of experímental data. A considerable body of data

has now become available from streËched film dichroism measure-

ments involvíng molecul-es of moderat.e complexÍty consÍsting of

aromatic hydrocarbons (Ko1c and Mich1, 1974; Thulstrup, Case

and MÍ-ch1, 1974; Thulstrup et 41., L975), derivatives having

one or Ëwo amino-substiÈuents (Downing and Miehl, I972; Michl'

Thulstrup and Eggers, L974; Thulstrup et 41., L976) and hetero-

cyclíc analogues contaíning one or two hetero-atoms (Mu11er et

a1., L974; Michl and Eggers, 1974>. Results of PPP-CI calcu-

l-ations in these cases were in satisfactory agreement \,¡ith

experimental results.
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Results of pscs and photoselection determinations of
transition moment directi-ons of pyrimídÍnes and purínes are
summarised ín tabre 1.1. The angles quoted are defined
according to a generally accepted convention (Devoe and Tinoco,
1962) which Ís illustrated in fig L.2. The second observed
transition of uracils ís labe11ed ttrrr" for reasons discussed
in c-trapter síx. Fig r.2 shows also the structures of the
derivaËives of uracil, cytosine and xanthine of interest in this
work. Apart from one exception, discussed in chapter seven,

the tautomeric forms of the compounds are as shown. These

molecules are of greater complexity than those discussed Ín
the paragraph above: double bonded substituents are present on

the aromatic system and in the case of the purines Èhere are
four hetero-atoms. The reliability of calculated transitícn
moment directions in such cases has not been evaluated, and will
be dÍscussed ín chapterssíx and seven in conjunction with the
experímental results.

1.3 The Stretched Film Me thod

rn stretched film experiments, a sample of the compound to
be studied is dispersed in a rectangurar strip of polymer
material, eiËher by soaking Ëhe strip Ín a solution of the
compound in a suitable solvenË or by casÈÍng the,strip from a

sclutÍon containing both polymer and solute. polyeËhylene (pE)

and poly(vÍnyla1cohol) (pvA) are Èhe polymers most commonly

used. The film is clamped at opposite ends and stretched to
three or four Èimes the origína1 length, whích induces an

anisotropic orierttatíon distributíon of both polymer and solute
molecuLes. The stretched film is mounted in a spectrophotometer
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TABLE 1.1

TRANSITION MOMENT DIRECTIONS OF PYRIMIDINES AND PURINES

AS DETBRMINED BY PSCS AND PHOTOSELECTION

*
Conp ound MeÈhod 0 I or 0 III Reference

(degrees)

1-Me thy 1 Éhymine -L9!2 _70

uit

A

R

A

-L9!2

0!2
or 7!2

9

14r1

L2!3

4B

-28

- 313

4 4!5
or -L4!5

StewarË and David-
son (1963)

Ca1lis and Símpson
(1e70)

Eaton and LewÍs
(1e70)

a1. (t97 4)

Ea ton

1-Methyl-uracil

6-Azauracil

Cy to s ine

Cytosine +
l--Me t hyl cy to s ine

(average)

**
Pur ine

**
Adeníne. HC1

9-Methyl-adenine

9-Ethy1-guanine R P

Caf.f e Íne

* A: absorbance;

** resulËs quoted

R

A

- 90

-35

-51 3

R

Brown et

LewÍs and
( 19 71)

-11 10 CaLlis and Simpson
(1e70)

4 0115 Ca11is and Sinpson
(r.970)

51 Chen and Clark
(1e6e)

-70 Chen and Clark (1973)

- 90 S t. ewar t and Jens en
(re 6 4)

-65r1_0
-85110

5-Methylcytosine P lOr-Or-l
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equipped \,üith

travels along

fil-m (fig 1.3).

of measurements

are usually no more

orientaËions, which

f orm of the crystal-,

stretched films are

according to

be shown in

11.

polariser, Ín such a tray that the

an axis (X) perpendicular ro the

The dichroic specÈrum consists

of absorbance as a function of

lighÈ beam

plane of the

of tv/o sets

hravenumb er ( )v ,

denoted A-(v) and
L

Ay(v). For the first, the polarisatÍon of

the light beam is such thar Èhe electric field is paral1e1

to Ë-he axis of stretch (z) of the fílm, whÍ1st for the second,

polarisaËion is Ín a perpendicular direction (Y). The stretched

film method ís superior to Pscs in thaË it ís experÍmentalty

nuch simpler, and as Ehe solute is unimolecularly díspersed,

degenerate exciton coupling is absent. on the other hand it

is disadvantaged by the fact that the solute orÍentation Ís not

well defined, with the result that accurate information on

transiti-en momenÈ dj-rections cannot normally be extracted from

the measured dichroic absorbances. I{hilst in crystals there

than

have

the

ÈI{ro optically distinct molecular

a knor¿n relatíonship to the exEernal

ori-entaËions of sol-ute molecules in

dístributed over

symmetric

in order

Asa

second rank tensor K of order three musÈ be det.ermined

a distribution function

section 2.L the principal

to completely analyse the

result of the orientation

all possible values

of unknown form. As wíll
*axes and values of a

dichroism data.

prob 1em, mo s t s tud j-e s have

DZr, poinÈ symmerry (e.g.

â1., L972; Yogev et aL.,

been confined to molecules of C2u or

Thulstrup eË a1., 7975; Hiratsuka et

+* only Ër^ro of which are independent since K 11
+ K 22 K

33 1
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L974; Popov and Smirnov, 1971,; Norden and Davidsson, L976).

The principal axes and the transitíon momenÈ directíons of

such molecules are defined by symmetry and transiÈions of the

same polarisation are segregated by virtue of having Êhe same

díchroism. rn order to associate the transitions with Ëhe

correct axes, íL is necessary only Èo establish the relative

magnítudes of the princípal values, Kll, Kzz and *33, which can

usually be achieved on Èhe basis of molecular shape (c.f.

sectÍon 2.2). A1Èernatively, assignments may be made by

comparison with SCF-LCAO calculations.

Little conclusive work has been published on molecules of

lower symnetry. Gangakhedlcar et al. (I974) have used the

dichroism of ínfrared (IR) absorption to determine solute

orientation. In some cases ít is possíble to j-dentify IR bands

wÍËh vibrations of a specific group of atoms within a molecule,

for example a carbonyl group, âDd to assign the rR transiÈion

moment direction on the basis of the local symmetry of the group.

The measured IR dichroism of the solute may then be used to

provide informatíon on orientation. Thís approach has not

found wider use because of considerable experimental difficul-

ties which will be discussed in Chapter Three. These are rather

inadequately dealt with by Gangakhedkar et a1. whose analysis

of solute orientation Í-s also faulty (c. f. section 2.2). MÍch1

and collaborators (Michl, Thulstrup and Eggers, L974; Thulstrup

et a1., L976) have developed a correlatj-on approach applícable

to molecules which shornr a high degree of oríentaÈion and have

a symmetric parent structure. In such cases the presence of an

asymmetric substituent or a hetero-atom in the ring of the

parent molecule represents a sma11 "perturbationrr whose effect on
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orientatíon may be esËimated wíth a fair degree of confidence.

ThÍs study of sEretched films is in two parts. The first,

cont,ained in the nexÈ chapter, consists of an investigation of

solute orÍentation mechanisms. Although the ready avaí1abtlity

of orientatíon information for symmetric molecules expedites

such investigaËi.ons, there has been little efforE expended in

this directionr âDd the mechanism of solute orientation is

completel-y unknovrn. Apart from its intr.insÍc Ínterest, a theory

of orientation could prove of great practícal value by defining

a relatÍonship between orientation and other molecular prop-

erties easier to evaluate. If it could be shown that orien-

tation resulted predominantly from repulsÍve interactions, one

would expect to be able to deduce orientation propert,ies from

the shape of the mo1ecule, if from dispersion interacÈion, from

Íts polarísability propertíes, and íf from polar interactions,

from its dÍpole moment, or from the díspositÍon of polar groups

within the mo1ecule. The oËher part of the work is concerued

with the orÍentatíon and transÍtion moments of derivatives of

uracil, cytosine and xanÈhÍne in PVA fÍlms. These molecules

form a difficult subject for study, because the degree of

orientation is srna11, and there is no obvious correlation

between molecular st.ructure and orientation. Informatíon

on orientation ü/as obtained from the IR dichroÍsm of the carbonyl

vibration bands. As will be discussed in Chapter Three only

these IR bands of pyrimidines and purínes are suitable for

dichroism studies in PVA fílns. The assignment of the carbonyl

vibrational modeb, which is controversía1 for uracil and its

derivaËÍves, ís discussed in Chapter Four. Chapter Five. is

concerned wiËh evaluaÈing the anisoÈropic polarisabilities
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which are needed co assess the role of dispersion forces Ín
oríentatj-on. rn chapÈers six and seven, the rR and ultraviolet
(uv) dichroism measurements al-e used to determine t,he molecular
orientation properties aDd the transition moment directions.
The orÍentation information obtai-ned from rR dÍchroísm measure-
ments is not suffi-cient to enable precíse or unique solutions,
but Þy making use of a generalised correlatÍon approach, and by
comparison of results with pscs measurements, iË Ís possible
to assÍgn orÍentation and transition moment directions r¿ithin
acceptable 1Ímits of accuracy.
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CHAPTER TI^lO

DICHROISM AND ORIENTATION

2.I Dichroism and Molecular Orientation

The dichroism Rz i-s formally defined, for the purposes of

this work, by the following ratios of integrated molar

absorptivíÈies:

R le ðv/.f (e + )¿+e e n

SummaËion over the indices j and k is

as defÍned above

directions in a

is thus related to

st.raightf orward rataY.

L.2, it is customary

absorptivíties bY a

number, as follows:

Ëo approximate the

x

transÍtion moment

ment.Íoned Ín sec Ëíon

ratio of Íntegrated

at a particular \rrave-

z Z Z Y

From eqn 1.1

*z=<
Angled brackeÈs will be used to denote the average value

of Èhe enclosed quantity for all molecules in the sample. The

direction of T rtrÍÈhin the molecule can be defíned by direction

cosine" (ml , rfr2, ,m3 r ) relative to a convenient set of molecul-e-

fixed Cartesian âxes (L' ,2 t,3t). For Èhe pyrimídíne and purine

molecules studied the axes (1t,2t) have been chosen as in fig

L.2. The orientat.ion of a molecule relative to the film axes

(XrY,Z), can be def Íned by directíon cosines (1LrZ,L1ryr...r13rX)

Then sínce
L

r3, z^3, ) (g.T)'',

jrk = L'r?tr3t.

assumed. The dichroism

e-

= (r,,
m (11t2m1 t + LZrZ^2t +

tur) *j tk = Kj k*3 *¡;R
Z

the

As

rat.io of absorbances

Az

z + +AR Av

AY

Z
A

This expressÍon ís exacÈ if AZ, and

X

A* are in the same rat.io
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throughout, the spectral band observed.

measurabl-e, a further approxímation

Ax=Ay

Ís made. This approxímation r¿i11 be shown,

Ëo be quite accurate. RZ, as evaluated from

measuremenËs, ís Lhen given by

R- = , lz=,z Az + 2A"

The orientatíon tensor *rj, being symmetríc, has princípa1

(1,2 , 3) wíth assocíated principal values, abbreviated to

KZ and K¡ (Temp1e, 1960), and urhen molecular propertíes are

axe s

referred to the axes

Since is noËAx

in sectÍon 2.3,

experÍmental

Kr-'

(2.1)

(2 .2)

(1,2,3),

= K1*12 * r 2 + frrnr2
2

mR
Z 2

Kwith *1 * KZ +

The axis labels may be made unique

K >KI 2

a plane or

axes, like

3

by

Kg

l_

specifying that

and it is not difficult to prove (see Appendix 4.4) that

lKr
The príncipal values, or oríentation parameters K ir are a

measure of the degree of correlation of molecular axis i

with the sËretching directíon z. rf these axes are paralIel

for al-1 nolecules in the sample, Ki Ís equal to one, Íf

perpendicular, to zeto. For a randomly orienËed sample, all

K-ts are equal- to L/1. Because axis t has the greaËest
l--

correl-atíon with Z, lt ís referred to as the orientation axis.

In the general case, the

are unknown. Most molecules

direction of the príncipal axes

of

K¡SRz

arÌ axis of symmetry,

interest, however, have

and in these cases the

e i ther

principal

to orthe transit.íon moments, are either paralleI
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PerpendÍcular to the symmetry elements present. This is shovrn

by writl-ng an expression for the orÍentatíon parameter 
"rj

using Boltzmann statist.ics.

*rj = N/l.zrjrnexp(-ulkT)dr (2.3)

where U is the energy assocíaËed rnrith orientation (Irrrrjr),

CI is a dístributj-on functíon such that adL.z|rj, ís pïoportional

to the number of sËates having energy u, t is Ëhe domain of

integration, and N ís a normalising factor. rt is clear that

CI and U are ínvariant under symmetry operationg of the molecular

poínt group. suppose that axis i Ís either para11e1 to a

symmetry axis or perpendicular to a mírror plane. Then sÍnce

,j, and Ly, are associated with dífferenË irreducible represen-

taËÍon of the molecular poínt group to Lrr, *rj and *it vanish,

making axis Í a principal axis. In the case of a molecule having

a plane of symmetry, ín particular,

Rz = K3

for an out-of-p1ane Ëransit.ion and

Rz

,T) transi-Eion,

section) to be

m
2

I
*

K + *r^r'I
for a

(see

(n

next

sínce axis 3 is Ínvariably observed

out-of-plane.

2,2 Orientati-on of Symmetric Molecules

Molecules having C2u or

the study of the orienËation

DZt point symmetry

of solutes because

are ideal for

the system of

axes (r12r3) is completely determined by symmetry and for an

i-axÍs polarised transition

Ki = P.z'

As discussed ín the previous chapter, the ídentity of the axes i

may be established by comparison of dichroic spectra with
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calculations, Èhus enabling evaluatÍon of the parameters K 1t
K and K

2

The results presented here are for naphthalene, quinolíne,

anthracene and acridine whích !üere studied ín both PE and PVA

films, âDd 9-aminoacridine, which was studied in PVA on1y.

Quinoline, although strictly only of C" symmetry, Ís símilar

to Daphthalene in both Íts electronic and orÍentational character

istics, as will be seen. Shown ín table- 2.1 are the results of

SCF-PPP-CI calculations of the (n*, n) transitions in the range

of interest; the meÈhod of calculation is described in the next

chapter. The polarisation direcËÍons (It ,2 t ,3 t ) correspond to

the long, short, and out-of-p1ane molecular symmetry axes

respectively; in the case of quinoline the calculated deviations

of the transítion moments from colinearity with these axes are

shor¿n in parenthese s in the t ab 1e . 9 -ami-noacrídine has a pK"

of 10, the proton being atÈached at the ring nitrogen atom

(Albert, f966). The cationíc form Ís discernible by an

absorptíon band at 31000 cm-1 ubsent in Ëhe neutral species,

and from this criterion ís readily seen (fig 2.L) to be the

predominant species in PVA films. The calcul-ations for the

neutral 9-amínoacridÍne molecule are included also in table 2.L:

3

the intensity of

for Ëhis case.

band II ís correctly predicted to

The calculations r^rere in all cases

with photoselection

references to which are given in the Éab1e.

The dichroíc spectrum of each compound showed distinct

region of 1r - and 2 t -axis polarisation, as f o11o¡.ss:

(í) naphthalene. Transítion I was not observed owing to its

low intensity, although híghly sensitive linear dichroism

and PSCS measurements of band

be very low

consistent

polar isatíons ,
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TABLE 2.L
CALCULATED ENERGIES INTENSITIES AND POL ARISATIONS OF 1T 1l TRANS IT IONS OF NAPHTHALENE UINOL INE

ANTHRACENE ACRIDINE AND 9-AMINOACRIDINE

Compound

Naph thalene

Quinol ine

An thracene

Acr Íd ine

Energy of (0,0) Band
. -1Ln cm

I
II

III

I
II

III

I
II

III
IV

V

VI

I
II

III
IV
v

VI

32500

35400

46100

32900

35 600

45200

26900

28800

367 00

37700

39700

40200

27 L00
28800

34400

40000

40400

4110 0

f

.002

.08

.98

.03

.07

.51

.05

.005
0

0

0

L.43

.05

.08

.01
_0

1.10

.20

1r

2t
1l

(3.a'¡
(0.3')
(1.5")

2t
1r

Polarisation Experímental Verification
DirectÍon

1r

2t
1f

Davideson and Norden (J97 4)

Zimmerman and Joop (1961)

UMichl, Thul-strup and Eggers lo
(re7 4)

llittr¡er and Zanker (1959)
Zanker and Preuss (1969)

( 11,
a)

b)

{lno)

(11

1r

2t
1t

1r

1t

1t ( contd. )



TABLE 2.1 (contd.)

Conpound

9-Aninoacridine
Cat ion

(9-Aminoacridine)

Energy of (0,0) Band
-1incm¡

f ?olarisation Experimental VerÍfication

I
II

III
IV
v

VI
VII

26200

287 00

30400

37000

41900

42600

(26200)
(29100)
(36200)

(37ooo)
( 38100)
( 3eloo)
(41100)

.043

.435

.035

,108
.058
.015

(.085)
(. oo¡)
(.01e)
(.001)
(.008)
(1.18s)
(.003)

(2', )
(1')
(1')
(1')
(2',)
(1')
(2')

2t
1r

1t

2t
1r

2t

Zanker and lüittwer (1960)

l\)
o
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techniques have shown iË to be present (Oavidsson and

Norden, L972; 1974). The dichroism of Ëhe-1ow wave-

number edge of Ëhe spectrum üras assigned entíre1y to

transíËion II, and that of the high wavenumber limit to

transition IlI.

(ii) quinoline. TransitÍons I, II and III \^7ere suf f iciently

' well separated to enable the assignmenË of a dichroism

to all three ÈransiËions. As exp-ecËed the 1r-axis

polarised transitions I and III showed Ídentical dichroism¡

(iÍi) anthracene and acridine. The dichroic spectrum of

anthracene has been di-scussed ín sectíon l-.1. The

dichroisms of LransÍtions I and VI can be determined

from Èhe spectrum (fig 1.1). Both the calculated

transitions, and the dichroic spectrum (Inoue et al.,

I971) of acrídine are similar Èo those of anthracene.

The (0 r 0) cornponent of transitÍon I and the very intense

transj.tion V gíve the dichroism assocÍated with axes 2l

and 1t, respectively.

(iv) 9-aminoacridine. In fíg 2.I is shown the dichroic

spectrum of 9-aminoacridíne, resolved Ínto 1r- and 2t-

axis polarised component.s according to a procedure given

in Appendix 4.1. Although the spectrum ís complex, bands

II and V are well resolved and give regÍons of pure

polarisatíon.

From the dichroisms of the 1r- and 2t- polarised regions

of Èhe specEra the values of the parameters Klt and K2, hlere

found, the value of K3t beíng derived from eqn 2,2. Depicted

in fígs 2.2 and 2.3 are the values of Klt and K2r of various

f ilrns p1oÈ ted as f uncÈ j-ons of Ëhe inverse polymer draw ratio,
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..- 1
Vt def ined as f ollorvs:

v -1 length of sample before stretching
length after stretching

The data for naphthalene, quinoline and anthTacene have been

extracted from dichroic spectra reporËed ín previous work (Bott,

L972). IÈ is seen thaÈ for all the molecules studÍed

Kl, rK2r, K3,

and Èherefore the axes (Lt ,2 t ,3 t ) and (1,2,3) are identical in

order. The long molecular axis is ín ur"f, case Ëhe orientation

axis, âûd the out-of -plane axis has the least correlaËion r^¡ith

the film Z-dírection, a resulE which is almost universal for

studies of orientation of symmetric molecules (e.g. Thulstrup'

Vala and Eggers, 1970). In spite. of the fact thaË K2 and K3

are significantly different in most cases, many auÈhors

(Tanizaki-, L965; Fucaloro and Forster, L97L; Yogev et 41.,

L97L; Gangakhedkar et al., I974) have used the assumpEion that

the solute molecule behaves in orientation as though cylin-

drically symmetríc about Éhe orienËation axis, axes 2 and 3

being equivalenE. An example of the error which atËends its

use occurs Í-n the work of Gangakhedkar eü 41., where the IR

dichroísm of naphthols r4/as interpreted as showÍng the

oríentation axis \¡Ias not. parallel or perpendícu1ar to Èhe

plane of Ëhe molecu1e.

A discussion of the other features of orientatíon is

deferred until the orientation process has been analysed ín

more de tail .

2,3 Polymer Orientation

Because the orientation of soluËe molecules ín sËretched
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films depends on their interaction with the polymer nolecules,

ÍnvestÍgation of solute orÍentatÍon should begin with a study

of the orÍentation propertíes of the polymer ítself. rn order

to describe polymer orienÈatÍon on a molecular sca1e, a

cartesian system (xryrz) is aËÈached to each monomer unit,

wírh the z axís perpendicular to Èhe plane of the clf-z group.

The average oríentation of Ëhe axes z with respect to the film

axís Z Ls described by means of a K parameter:

K" - (rrr') .

A theoretÍca1 expression relating K" to the drav¡ ratio, v, of

the film, can be obtaíned by assumÍng that the redistribution

of the axes z resultÍng from stretching of the polyrner film is
governed by the geometrÍc distortíon of the filn, thaË the

densÍty is unchanged by stretchíng, and that the deformaËion

propertÍes in directions x and Y are equÍval-ent (Fraser, 1958;

Tanizaki, L965i Smirnov, 1952; Kratky, 1933; Kuhn and Gruen,

1942; Zbinden, L964) as fo1lo\^rs:

3 ,2arctan (v -1)3
K

Experimental measurements of

excellent agreement with eqn

fringences An(= nZ - ny) of

and PE (Schae1, L968) films

3 4 l
(v _1)

cal culated

-1ofv It

be replaced by

-1- 2/3 v ¿

(2 .4)

from this

ís seen that,

Ëhe following:

(2.s)

z

In f ig 2.4 (b ) ttre value of Kr,

expressíon, is shown as a functÍon

to a good approximatíon, it can

K I

K

2

z

As An is a linear funcÈion of K

as a functÍon of v are ín

5. In fÍg 2.4(a) the bire-

(Cutrajani and Padhye, 1-97L)

plotted as functions of 'rr-1.

, (SËein and Read, 1969) , Èhe

z

PVA

are

dlagram demonstrates a precise linear relatÍonship between K,
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and v-l. rn f Íe 2.4$) ttre díchroism of the 1235 "*-1 rR

absorption band of PVA ís ploÈted as a functiorr of v-1. This

band has been assigned to Èhe CH waggíng mode of PVA' and ís

z-axís polarised (Krinm eÈ aL., 1956); therefore its dichroism

(RZ) Ís equal to Kz. This data, a1so, verifÍes Èhe relation-

shíp 2.5 .

- 
It is commonly assumed that the properËies of stretched

po1-ymer fí1ms are isotropic in Ëhe XY plane or equivalently' on

a molecular sca1e, that the orienÈaÈion Ur"ar j-bution of polyrner

chains ís axía1ly symmetrÍc abouË the Z dírection (t"tichl et aL.,

L97O; Tanj-zakj-, 1959; Popov, I975b3 Yogev et 41., L97L;

Norden, L97L). As solute oríenl-atÍonal characterisÈics ate

dependent on those of the polymer, the same symmetry woul-d be

present in the dístribution of orientations of solute molecules

in the filrn. There is considerable experimental supporË for

Èhese assumptíons from X-ray diffraction measurements on PE,

which fail to show any differences when Èhe beams ate dírected

down the f ilm X and Y axes (l"Iich1 et a1., 1970), f rom ref ractive

índex measurements on PE and poly(propylene) fílms, which show

rx and ry to be identical (schael, 1968), and considerations

based on UV díchroism of solutes (Sott and Kurucsev, I975).

These results justífy Èhe assumPtion made in sectíon 2.I Èhat

ÃZ and Ay are equal. They do not however demonstrate cylindrical

(Z-axÍs) symmeËry in Ëhe local environment of each sol-ute

moiecule, a hypothesis whích will be discussed later in the

chap t er .

2.4 Empirical Models of Solut e OrientaËion

The obvious infl!tence of molecular shape on orientatíon,
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as for example the preferentía1 orientaÈion of the long axes

and molecular planes observed of Èhe compounds discussed ín
section 2,2, or the increase ín orienÈation wíth molecular

length (Lipâsova and Nurmukhametov, rg76), has led a number

of authors to ProPose empirical means of predícting orientation,
wltere no attempt is made to discover the orientatíon mechanísm

involved. rndeed the first of these methods, r¿hich is due to
Y. Tanízaki (1959; 1965), purporrs üo ínterpret díchroísm

directly withouÈ the necessiËy of determining solute oïientation.
rn this Ëreatment, the solute is assumed to have the same

orientation characteristi-cs as the polymer, as given ín eqn 2.4,
The soluÈe orientation parameters are given by

1Kt = Kri KZ = K3 = ä(t - *r),
K, being deEermíned from Èhe value of v according to eqn 2.4.

,, l(Aru\ trr,rul
For (n ,T)1, the transit ion moment direct ion is rel_ated to the/\

díchroÍsm by the fo1lowíng vaïÍatíon of eqn 2.2:

Rz = Krco"2o + ]Cr - Kr) sir,2o

where 0 is the angle betT^leen the transition ttìorrteît direction
and the orientation axis. This expression is, of course, quite
conttary Ëo experiment because it not. only assumes incorrect, ly
that Kz = K3, but predÍcts that al-1 solutes should show

identical orientation. To avert this difficulty, Tanizakí
proposed thaÈ íf 0 ís regarded as a relative measure of angle,

the correct relative angles of dífferent ÈransitÍon moments are

obtaíned by use of the expression. This assumptíon laclcs any

1-ogíca1- basis, and there is absolutely no reason to expecË any

correct prediction of transit ion momenË dírection by Ít s use.

rn spite of thÍs, Tanízakí | s method of ínterpreting díchroísm

has had wÍdespread use (chae and song, L974; Tanizakj- and Kubo-

dera, 1967; Hirarsuka er a1., L97Z; Hoshi et a1., Lg72 and
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references therein) beÍng used, ln particular, to int,erpret
the dichroísm of pyrimidínes and purines in stretched pvA

films (Fucaloro and Forster, l-97L; rg74), and has received
criÈicism Ín the literature only recently (popov, Lg75a).
Tanizakj-ts justification of his treaÈment rests on the fact
that it gÍves qualitatively correct results for symmetric
molegules: table 2.2, for example, illustrates its applícati.on
to the molecules s t.udÍed i.n sect.ion 2 .2 . _ These correct pre_

dÍctions are fortuítous, and results for molecules lacking Ín
symmetry axes cannot be expected to be of any value. For

molecules of 1ow di-chroism, for example, such as Èhe last
three entries ín table 2.2, the calculated value of 0 is always
bet\^reen 40o and 55o, and theref ore the relative orientatÍon
of any two transitions is always calculated Ëo be 0"+15o or
95ot15", regardless of Ëhe true val-ue. Therefore ínterpretation
of dichroism based on Tanizakits method, Ín païticular the work
on pyrimidines and purÍnes of Fucaloro and Forster, must be

regarded as unacceptabLe.

Rec-ent,1-y Popov has proposed a method for fi-ndíng the
principal orientaËion axes and values, usíng correlaÈions based

on molecular shape (popov, L975b;c;d). A diagram of the solute
molecul-e is drawn, with atomíc radií, and circumscribed with a

rectangle in such a vray that the ratio of length to width of the
rectangle is a maximum. From studíes of some symmetric molecules
in PvA filrns Popov has shown that the fírst orientatíon parameter

íncre.ases with the ratio of length to wídth of the recÈangre,

whilst the second parameter 
.is related ín a less satísfactory

manner to the length alone. As a test, the method was used to
estimate the orientatíon parameters of naphthalene and acridine
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TABLE 2.2

Y. TANIZAKIIS ORIENTATION MODEL

Molecule

AcrÍdine

Anthracsne

9-AmÍnoacridine

Quínoline (PE),
Naph thal ene

Quinoline (PVA)

Transítíon
Polarisation

Transition Angle 0

(degrees)
ozot

1 r 32.7
2 !62 .4

1 122.4
2 !68,4

I 141.-8

2 !55. B

1 144.9
2 !53. B

l_ 141.8
2 !49 .5

Inverse Draw Ratío of Filrns t 0.25

29.7 or 95.1

46 or 90. B

14 or 96.6

8.9 or 98,7

7.5 or 9f .3

caÈion,

from the

95"1100

and the transítÍon moment directions vlere then computed

measured dichroisms. The se I¡rere f ound

o"+27o and 9oo+15o

to be 0o+19o and

for acr idínefor naphthalene, and

catÍon (Popov, 1975a) . Clearly, therefore, the method gives only

qualitative results, even in cases where the principal orientaEion

axis assignments may be taken for granted. The fact that it is

not possible to fÍnd a correlation between orientation and

mol-ecular shape which is of general validity is illustrated by

the difference in orientation of anthracene and acridine shown

in fíg 2.3, and by other instances (Michl and Eggers, L974;

Lipasova and Nurmukhametov, L976) where molecules of identical

shape have been found to have differenË orientation characteris-

Ëics.

As r'üas dÍscussed in Èhe Int.roduction, Michl, Thulstrup and
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r^7ork to make this axís a1Ígn parallel to the polymer molecules.

From a study of díazonium and tetrazonium salEs ín pVA which

showed the short axes of the solute molecules to oríent
preferentially in the stretching direction, it trras concluded

ËhaÈ polar interactions vlere of prÍmary írnportance in determining
orientation for such molecules (Tsunoda and yamaok¿, Lg65), and

other instances of short axis orientation have alsc been

reported (Popov and smirnov, 1962; Konev-, Lg67; sÍodrniak and

Frackowiak, L972; Platonova eÉ ar. , l-97o) (hor{ever c.f. sectíon
3.5) . A Èheoretical treatment of the anisotropj.c interaction

of naphthalene and alkane molecules is also of some interest
as a model for interaction with PE molecules. The calculations
predicted Ëhat dispersion interacÈíons make the greatest con-

tribution to the axL:ractive poten:ial¡ âDd deÈermine the most

stable relative configurations (LaruotÈe et â1., Lg74).

The only theoretical treatment of orientation of solutes
ín stretched films to appear (Lamotte, r975) was largely derived

from treaÈments dealing wíth nemaËic liquid crystals, in whiclr

dispersion ínÈeractÍons only rirere considered (Nehring and

saupe, L969; sackmann and Moehwald, L972). These treatments

are defÍcient in several vrays. rn particular, the magnitude

of the solute orientatíon is nol- calculaÈed explicitly, vrith

the result that comparison of theory and experiment has been

too indirect to enable arLy definite conclusion to be made as to

the mechanÍsm of orientation. In thís section it will be shov/n

that, íf the interactÍon between each solute urolecule and its

nearest polyner molecule only ís consídered, a satísfactory

treatment of orientaÈion is possible. This serves as a basis

for discussion, in a qualÍtatÍve wây¡ of more complete models
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of orientatíon.

It ís assumed Èhat the portion of polymer molecule

adjacent to Èhe solute is in the all-trans configuraËíon, in

which case its orienËaËion can be described by a single value

of 1 -.ZL

(*ry, ")
.L.-

Lt

The solute orientatÍons in the sysÈems (XrYrZ) and

then related as f ol1or^rs:are
2_ 2 2 2 2 2 2

1 1 +1 1 +1 ax 1

within the model used, the ÍnteracÈion of

Índependent of

)

the pol-ymer oríentation.

= Tr, - .*z> + +(3K,

+ 2L ír'rr'rrLzyLZ Zz iy Zy Zx

+ 2Lírlí*Lrrlr* + 
"rrLí*LrrL"*t' 

í = Lt ,2t ,31

where the symbol 1oß denotes the direction cosine defÍning the

relative directions of axes o ancl ß. As before, (XrYrZ) are

film-fixed Cartesian axes, (xr!rz) are the polymer axes and

(lt r2 tr3t) are arbitrari-ly chosen solute-fixed axes.

One no\,ü considers the values of L i", tr, and 1Í* (that is,

the relative orientations of solute and polymer molecules) to

be fÍxed, and averages over all values of tr", IZ*, on the

assumption that all orientatíons of the intermolecular vector

I (f íg 2.5) perpendicular to z are equal1-y probable. The

averaging is done by wríting

LZ" = cos0; LZV = sin0cosyi IZ* = sinOsiny

and integrating over y. The last three terms of the expression

vanish, and

,rr' = å,t - Lz"Z) * +(3Lzr2 L)Ltz

Averaging over all solute molecules in the sample, one can write

( Zz l-
LZ) = +,") (,,,)2

because,

solute Ís

polymer and

This gíves

K.
t-

ki

where

1)k
t_

(2. 6)
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Eqn 2.6 therefore predicts a 1Ínear relationship between K,

and the parameters Ki, because ki ís índependent of Kr. If

the contríbution of dÍspersion forces only Ís consÍ-dered, an

analytic expression for k, may be obtained. Using classícal-

Boltzmann statistics, the expression for ki ís
tki = NlLir-fiexp (-UlkT) dt (2.7)

which is analogous to eqn 2.3, Èhe meaníng of the symbols

beíng the same. The following expression for U comes from the

perturbatíon expression for the anisotropic dispersion potentíal

(Mason, 1-97O) with London's approximations (London, L937)

inserted:

U XU
i=L ,2 ,3
j=x ry , z

b.b.a-1
6

ij

tl.J 3(i.l)(j.¡)) 2

wíth

and b
z

.e.e.
_r 1 l

4e .*e .r-J
U

where {i} and {j} are the principal polarisabilíty axes of the

soluËe and polymer, respectively, the assocíated princípa1

values beÍng bi and b.. .i and rj are the ionisation potentíals

assocíated wíth axes i and j, and i, j and À are unít vecÈors

in Ëhe direction of the axes i, j, and the int,ermolecular vector

I (fie 2.5) respectively, r being the length of f.
In order to f it experiment.al data Èo eqn 2.8 it is necessary

to assume that the e_. and e. approxírnate isoËropic potentials:1J

"1 tz "3 "si "x "y tz - t-p

IË is al-so necessary to make some assumption about the b. rs as
J

these cannot be equal to the polarisabilities of the whole

polymer molecule. For this purpose, the polyner is divided

into segmenËs, each being equal in length to the solute molecu1e,

v

(2.8)ij r

,b and b atex put equal to the polarÍsabilities of one



seglnent, the

ments. The

where

pared

t erms

FÍna11y,

b andbx

sum of terns for a

with Etr/n6 = ç(6)

do noË contrÍbute

À. .2
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interaction potential being summed over

geometry of inÈeraction with the nearest

0, is depicted in f Íe 2.5. IE \^ras f ound

that, given these

potenEial whích is

all seg-

segment,

by cal-

approximations,

dependent on

culatíon wíth typíca1 values of the molecul-ar constants Ëhat.

the contribution of the neighbourÍng terms \.Jere not signif icant,

in its properties of convergence the

linear polymer molecul-e may be com-

= 1.017, showing. that the remaining

signifícantly to Ëhe total energy.

possible to deËermíne experimentally

sum (b" * br) r one writes

b =bxy

and ít can be shown that

total

IË

sínce ít is noË

y, buË only Èhe

the

is shown

part of

2z

in Appendi-x A.2

the dispersÍon

may be written

U

1 and 1Lz

where

uo{1 t"2 (bt-b3) + rz12 (b2-b3) Ì

1
4uo

Êetrp
e*esp

b-bzy
6

(2.e)
r

Using arguments símÍ1ar to those of secËion 2.L, it can be

shown thaË for a potential of the type of eqn 2.9, the princípa1.

polarisability and orientation axes are Ídentical.

In order Ëo put eqn 2.9 into a form suÍtab1e for substituËion

into eqn 2.7, an average of r-6 needs to be found. Since

any rigorous attempt ín this direction would necessitate assuming

a form for the repul-sÍve potential, it is sinply assumed that r

has an average value, independent. of IL, and LZ", whích is equal

to Èhe distance of closest approach. This j.s in the spirit of

the model assumed, which requires the solute to be closely bound

to a single polymer unit. Wríting
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T4ri th

2
B sinBcos ßexp (arcos

A

a.
l_

(¡

It is shown in Appendix 4.3

as rapíd1y converging series

that

33.

2 2 2ß; Lz" sLn ßcos Y; O

l-
s (al_ , ar) /Ã(ar, ar)

2 ß + arsLn ßcos

2 2 2 r)dßdy

2
l_ = cosLz

2 sinß

one ob tains

?T

j'zo

If

,20

1T

.1
J0

ît

Ií) sinßexp (a1cos + a
2

s l-n ßcosB

2 2

I n-2

y) dßdy

a

1
æ

x
ïl=

1T; I
1

b3)uO/tr

Èhe integrals exp an ded

follows:

may be

of po\4rers of 
"1 

and 
^2 

as

A
4

r(à) 1

| (n+;) 2n*3

rrr ( a L'^2)

B=+
æ

x
n=0

(r +
n

n

2'1ãät,,)

the functíons I beÍng given by recursion formulae:
n

r (ar+ar) /2

n-1

ro

I +(ar+ar) r Lazn n-1

byThe othe t pax ameters are given

kZ = B(a2,ar) /Ã(ar,ar); kS = 1 - kt kz

The i-onisation potentials and polarisabilities used in the calcu-

lations are shown in table 2.3. The ionÍsation potentials used

for PE and PVA are those of n-hepÈane and ethanol,, respectively.

The anisotropy of polarisabÍ1iÈy of PE and PVA r¡/ere cal-culated

from the anisotropíc form of the Lorentz-Loxenz formul-a (Vuks,

Le 66)
2 -1

t_ x¡!¡z
2 +2
2 2

where the axes Í are the princípal axes of the dielectric

permeabí1ity tensor, and n. and bi are the associated reftactive

index and polarÍsability, rêspectÍvely. N is the number of

n.
1

n

n = å,"

l!

tnNbt;
2 +nx

I 2-n, )v
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TABLE 2.3

VALUES OF POLARISABILITY ANISOTROPIES AND IONISATI.ON POTENTIALS

OF NAP}ITHALENE, QUINOLINB, ANTHRACENE, POLYETHYLENE AND PVA

Molecule e bt-bs bz-b:

Naph thalene

(ev)

B.I2 10.5

8.62 L4.5

7.4 20.0

3 24(cm x 10 )

Sources

(1e68);
a1.. (L977)

5.30 Kitagawa
Cheng et

Quino I ine

Anthracene

Po1ye Èhylene
(-crl2cH 2-)

Poly (vínylalcohol)

1_0.1 0.46 0

10.5 0.46 0

8.55 Dewar and Inlorley
(f969); Lefevre and
Lefevre (1955)

B.5B KiËagawa (1968);
Gutman and Lyons
(I967) t Lefevre et
a1. (1968)

Gutman and Lyons
(Le 67 )

Gutman and Lyons
(Le67 )

molecules pet' unit volume.

the isoËropíc

ñ

that n

( t aken

culated from

where it is assumed

at Ínfiníte stretch

n-n.Thevaluezy

The values of n" and ry vrere cal-

refractive index

= 1r'" + 2nr)

= ry, and the 1írnÍting birefringence

from fig 2.4(a)), which is equal to
x

of N hras calculated from Ehe densíty. The

relevant data are gíven in table 2.4. Measurement of flow bire-

fringence has gíven a value of 0.7 x 19-24 for the anísotropic

polarisability of PE (Brandrup and Immergut, L966).

In table 2.5 are shown the values of kl, k2 and kg calculated

for naphthalene, quÍnoline and anthracene from the recursion

formulae gíven above¡ âDd the daËa of table 2.3. Although the

parameters of PE vrere used ín the calculations, rêsu1ts for PVA
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TABLE 2.4

ISOTROPIC REFRACTIVE INDEXES AND DENSTTIBS OF POLYETHYLENE AND

PVA

PE 1.515

PVA 1.51_

Dens ity
(gn .*-3)

.9l-4

r.294

n Sources

Schael (1968)

Brandrup and ImmerguE (L966),
PrÍt chard (19 70)

TABLE 2.5

CALCULATED AND EXPERIMENTAL LIMÏTING ORIENTATIONS DUE TO DIS-

CALCULATED

Naph tha 1 ene

Quino 1 Íne

Anthr ac ene

EXPERIMENTAL

Naph tha l- en e
Quínoline in

Quino l- ine in

Anth ra c ene

PERSION TNTERACTIONS

U /u't x 10 -24
0

-.033
- .20

-.033
- .20

- . 041-

-.25

kk
1_

,36
.48

.36

.52

.39

.68

.49

.55

.7 5

k
2

.33

.31

.34

.31

.32

.20

.33

.4r

.20

3

.31

.2L

.30

.L7

.28

.L2

.16

.04

.05

and
PE

PVA

would be almost identÍca1-, because of the similarity in

tropic polarisabilities and íonÍsatíon potentials. In

there are two seÈs of calculated ki parameters for each

anl-so-

the table

mol-ecule.

uoThe values of. used Eo calculate the first set were obtained
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of 0.36 Dil, which is theusing a value of r

I,traa1s radií of the

L974), and values

sum of the van der

(Lamotte et a1.,

of (trans config-

tv¡o ínteractlng

ofb andb forzy

mo lecules

a length

uration) polyrner chaín e-qual to the lengËh of the solute

molecule r,rith which ít ínteracts. The aecond set of ki

parameters r^ras calculated using sÍx-f o1d larger values of u0.

Also shown in t.he table are the experímental values of ki,

derived from fÍgs 2.2 and 2.3. Those for anthracene are rough

estimates obtaíned by 1Ínear extrapolat.Íon from v-L = f through

the first set of experimenËal points Lo v-l- = 0.

Diagrams 2.2 and 2.3 illustrate the relatíonship between

K1, Kz and K, for the compounds studied. Although the extrapo-

l-ations to v-1 = 0 for anthracene and acri<1 ine a.-e rather

arbitlrary, the data clearly indicete different mechanisms of

orienËation for naphthalene, quÍ.no1íne and 9-amínoacridine on

the one hand, âDd anÈhracene and acridine on the other. rn the

former case, the data are in conformity wíth eqn 2.6. The

experímental ki values are much greater than the calculated

values, as shown ín table 2.5, but the values calculated using

six-fold larger values of U0 are in good agreement \./ith experi-

nrent. This indicates that the form of eqn 2.9 is correct, the

enhanced value of UO resulting either because interactions with

more than one polymer molecule need to be taken into accounÈ, or

because the apProximaÈions used in fittíng molecular parameters

to the dispersion potential are j.nadequate. As wÍ11 be discussed

1ater, Ít is be1Íeved that the latter is more 1Íkely to be the

case. There are several reasons why the calculated value of U

mÍght be inexact.: Londonts expression comes from the fÍrst term

of the expansíon of Èhe exact dispersion potential in ínverse,
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ín the Z dírection, whÍch is almost universally observed.

Anthracene and acridíne are seen, from the ngn-linearity

of the Kt and KZ parameters, to orient by a mechanísm involving

símultaneous interactÍon of each solute mol-ecul-e with more

than one molecule of polymer.

índicates toÈal

The limit ing

correlation of

behaviour of the

solut,eK parameters

orienËat.ion

Ëhere cannot

and polymer

other handaxes at hígh degrees of stretch; on

be toËa1 correlatíon at 1ow degrees

Ëhe

or the soluÈe orÍentatíon woul<1 sirnply fo1low the

of stretch,

p o lymer

orienÈation, and b e l-inear with Kz.

Because the molecular orÍentation is the same ín PB and

PVA, it is unlikely that polar interacEions are of significance.

Since the orientatÍon of the tr,7o compounds is dif f erent, ít is

clear Ëhat repulsive Ínteractions are not. exclusiveS-y res-

ponsible for Ëhe orientation characteristics: repulsÍve inter-

actíons would be expected to be ídentÍcal for molecules of the

same shape. Thus dÍspersion ínteractions must be responsible

for Ëhe differences observed between the t!üo compounds. It is

un1íkely, however, thaE dÍspersíon interactíons alone would be

capable of causing the large íncrease in orientation observed

at large degrees of stretch. In order to construct a qualítative

argument in thís regard, it is necessary to consider firstly

the hray ín which the polymer molecules are orienÈed about the

sol-ut.e, and then to formulate a solute potential which can be

reasonably expected to describe the qualitative aspects of

solute oríentation.

Since it is not known whether the oríentation dÍstribution

of the all-trans segments of polymer in the fil¡n is homogeneous,

or whether adjacent segments tend Èo 1ie paxallel as a result

of Ëhef r mutual Ínteractions, tr,ro exËreme cases are considered.
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In the f írst, each solute molecule l-ies beËrlleen parallel

polymer segments, and in the second, the solute lies betr¿een

segments whose orientations are mutually índependent. rf the

first case $rere correct, all Ëhe assumptions underlying the

derivation of eqn 2.6 would be satísfied, and Kt and KZ would

vary linearly with Kz. Therefore the second case is assumed

to describe the true situatíon with reasonable accura.cy.

The simplest approach to formu.lating a dispersíon potentí'a1

is to follow treatments used in relaËion to nematíc liquíd

crystals (tttehríng and Saupe, L969) , whích express the average

potentÍa1, for a large number of solute mol-ecules, in Ëerms of

po\¡rers of the direcÈÍon cosines (1tZ rL2ZrL3..), relating solute

orientation Ëo the film axes (XrYrZ). (For nematic 1íquid

crystals, the axis Z is the optic axis of the systen.)

ikl1 LzíLzzkL3zl'U= X C

Irkrl

In Nehring and

aîe neglected,

the potential

Saupers treatment Ëerms for which í + k + L > 4

and the expression for the anisotropic parÉ of

becomes

U

1
iN (2.10)

u rr rr'-u rt rr'
The distribution of the orÍenÈatíons (Lrr,I2.,) is regarded as

beÍng uniform, so Ëhat

K Irrr'"*n(-ultr) dt,

thís expression being identical in form Ëo eqn 2.7 . It foll-ows

from eqn 2.8 thaÈ in the expression for the anisotropie potentíal

U for a sÍngIe solute molecule, the coeffici-ent of I 2
LZ ]-S

tlj-nearly related to bt bl and the values of LrZ- of the

surroundÍng polymer molecules, and that of ,rr'to bZ - b3 and
)lrZ It ís therefore reasonable to assume that the average

poËential has the form
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u = -(Kz årrtr(ur-u ,)trrz + rz$z-bz)rzr2\,

thefacËorK -+z3 being necessary to make U vanish r.rhen polymer

orientatÍon is random. The 1ínear dependence of U on K, ís

exacÈ if the solute molecules are in sites of axíal symmeÈry

with respect to the Z dixection (Lanotte, L975; Sackmann and

Moehr¿ald , l-g72) but, as discussed in sectíon 2.3, !here are no

grounds for such an assumPtion. The qualitative agreement of

eqn 2.IO with experiment \^/as tested by Èaking values of f t and

values of the same order of

This procedure as carried

in fig 2.6, and iÈ is seen

orientation at high degrees

observed by exPeriment,.

forces the following Potential

and Yeates (1976) in connexíon

used:

1
LZ

1
TZ

1

fZ suitable to give calculated Ki

magnitude as found bY experiment.

out for anthracene is illustraËed

that, âs exPected, the Predicted

of orientation differs from that

In order to model rePulsive

form, which vlas used bY LuckhursÈ

with nematíc 1íquid crYstals, is

U(1tz) = 0 if

=@Íf

Such a Pot ential r¿ould b e experienced by

resËrained so that the angle between its

the f ilm Z axis did riot exceed arccos (,r,

t rro
0

LZ

a solute molecule

orientation
0 0

axis and

a function). 1_ 1S
LZ

of Kri fig 2.6 depicts the predicÈed relationship between the

soJ-ute orientation païameters and K, fot Èhe sírnplest case, ín

which ,rro is a linear funcËion of Kz. Predicted and observed

behaviour are seen to be ín qualitative agreement.

From these considerations, Ít ís concluded that orienÈation

in anthracene and acridine is dominated by repulsive interacl-ions

with the surrounding polymer molecules. The fact that sirnilar

behaviour ís not shown by naphthalener guinoline and 9-amino-
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acri.dine, ât least I^IÍthin the range of draw ratios used, ís

probably due to the smaller disparity between molecular length

and vridth for these compounds, which does not engender such a

large anisotropy Ín the repulslve potential. Thej-r orienÈation

characteristics are reasonably r¿e11 described by the one-to-one

interaction model, if it is assumed that the value of UO has

been.underestimaËed by a factor of about six. IÈ is unliltely

that interaction with more than one polyner molecule coul<l

account for this discrepancy. Because U fa11s off

those

rapidly with

with rreares Lr, the onl-y

neighbours.

interactions of significance are

For a six-fold increase in the

a

anisotropic poten-

molecule to be

distance of about

tía1, it would be necessary for each solute

surrounded by s i-x polymer segment.s , all at

0.36 rtür íf all Èhe segments r{ere parall-e1¡ or a greater number

Íf, as has been seen, they !üere noË. The pyrimidíne and purine

molecules Èo be studied are classified, by their shape, with

those rrrolecules for which repulsíve interactions are not a

dominanË influence in orientation and in ChapËers Six and Seven

their orientat.ion characterístics will be discussed in relatíon

Èo the ideas expressed above on the oríentatíon of such

mo le cule s .
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CHAPTER TIIREE

EXPERIMBNTAL

3.1 Materials

PE f ilms \¡Iere of commercial origin, abouË 0.1 mm thick'

and rarere extracted with chlorof orm bef ore use. PVA' 99.L007"

hydrolysed, \^ras ob taíned f rom J . T . Baker Chemical Co . ,

PlrillipsbètE, N..i.' U.S.A. Acridine, L.R. grade (B.D.H.

Chernicals Ltd., Poole, England) Ti/as puri.fied by a method

described by Jensen and Friedrích (L927), 9-Aminoacti-dine

(pluka) was recrystallised from ethanol. Caffeíne, theophylline

and Èheobromine were all L.R. grade (B.D.H.) and r/ere recrys-

tall-ised from vrater. PhËhalirnide (8.D.H., L.R. grade) was

recrystallised f rom ethanol. The f ollowing l^tere used without

purification: uracil, thymine, cltosiner guanosíne¡ cltÍdine,

urídine, Èhyuridíne (Sigma Chemical Co., St. Loufs, Mo., U.S.A.),

l-meËhylxanthine and 3-methylxanthíne (Cyclo Chernicals, Los

Angeles, Ca1íf . , U. S .4. ) , 1-methylthymine (Pf.alz and Bauer

Inc., Efushíng, N.Y., U.S.A.),9-methyladenine (Fox chemícal co.,

Los Angeles, Calif. , U. S.A. ) and cytídine-5 | -phosphate sodíum

salt (P-L Biochemicals Inc. , Milwaukee, I{is . , u. s .4. ) . Benzene,

chlorof orm and cycl-ohexane, rn¡hen used as sPectroscopíc solvents '

r¡rere of Spectroscopic Grade, ob Èained f rom Merck and Co . ,

Rahway, N.J., U.s.A. Dioxane rras A.R. grade an<i showecl no

Ëraces of acetal. IE hlas distilled from sodium immedÍately

bef ore use.

3.2 Preparation of Fílms

PVA

Suitable

f ílms kTere cas t f rom

quanËíËÍes of solute

solutions of PVA ín

(about 5 ng for the

\^rater (5"/. r+:v).

puríne and

solut íon tpyrimídine bases) vrere dissolved in 12.5 ml of PVA
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which ù/as poured into recËangular grass trays of about lo0 .^2
area floatíng on mercury. clear f ilrns wÍth a fairly uniform
thickness of about .025 mm \,/ere obtaíned af ter 4B hr. The

dÍssorved substance constituted about L"/. of the dry weight of
the film. PE films vrere doped by ímmersion in benzene or
chloroform solutíons of the required solute. pE films of the
ptrri,ne and pyri-midine compounds studied coulci not be prepared,
owing to their low solubilÍËy both ín organic solvents and in
Èhe film irself.

The doped films r¡/ere clamped in a stretching device
(Ke1ly, 197 4) , the portíon of fílm undergoing stretching being
a squâre of side 3 cm. pE films krere found to be anisotropíc
1n their mechanical properties, probably as a result of Ëhe

rolling process whích occurs during manufacture. The filns
stretched satisfactorily only when drawn in a direction perpen-

dicular to the roller marks . However no opt ical anisotropy r\ras

observed Ín the unstretched f ilms. The PVA f ilms rñrere stretched
at a rate of about 1 cm/min, being in an encl0sed area over a

hrater bath at 50"c, to render Èhem more ductile. The pE f ilrns
hrere stretched rapidly at room temperature. The draw raÈio v

ülas measured by means of a pair of marks placed 1 cm apart in
the centre of each fi1m. The st.retched films rì/ere washed with
ethanol, to remove any solute presenË on the surface, and the

tensÍon was removed until Ëhe f ilrns r^rere just taut. They r¡¡ere

clamped directly into brass holders abouE Éhe same síze and

shape as standard spectrophotomeÈer cells (Kurucsev and

Zdysiewicz, 197L). Gaskets of filter paper T¡/ere used to prevent

the fílms from slipping betr¿een the surfaces of the brass mount.

PVA films thus mounted hlere heated at 100"C for 15 minutes ín a
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nitrogen aEmosphere to elimÍnate infrared absorbance caused

by residual- tüater.

3.3 Spectroscopic Measurements

The UV dichroic specËra \¡/ere determined by use of a Zeíss

PMQII manual spectrophotometer equípped with an attachment that

effectively elimirrates light intensity losses caused by scatter-

ing (K.etly and Kurucsev, L975). A Glan-Taylor calcÍte polariser

(Archard and Taylor, L948) was used: this imposed an upper

limit of about 45500 cm-1 or the accessíble spectral range.

The inst.rument \^ras operated at such slit widths as \^/ere necessary

to gíve a resolutíon of 250 "*-1 or better.

Infrared spectra r4rere recorded with a Perkin-Elmer Model

457 spectrophotometer, both beams of which ü/ere po1-arised (for

filrn measuremenËs) by matchíng grid polarisers (Cambridge

Physical Sciences, Cambridge, England, IGP 225) mount,ed between

source and sample. The largest slit setting hlas used in order

to compensate for the attenuatÍon of the beams caused by the

polarisers. This had no effect on the accuracy of the measure-

ments as the bands measured vlere very broad. In the areas of

the spectrum used, nearly 1800-1600 "*-1 and ir245-L225 .*-1

(tne latter for the data of fig 2.4(b) only) the response of

the instrument was not greatly sensitive to Èhe direction of

polarisation of Ëhe beams, â1Èhough in other regions it vüas

very much so. The spectra in the region 1800-1600 .t-1 r^Iere

the same whether or not the instrument was flushed with dry

nitrogen to remove the effect of atmospheric absorption, and so

this precaution was not t"t .., r¿ith t.he ma j ority of sPecËra.

In both the UV and IR regions the relaÈive orientations

of the film and the polarisatíon dÍrectÍon of the beam necessary
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Ëo measure ÃZ and Ay \^Iere achieved by rotating the polariser,

raËher than the fi1n. The UV and IR absorbance due to the poly-

mer itself r^ras measured after removing the solute from the

filrn by soakíng in chloroform or benzene in Èhe case of PE, or

an ethanoLfwatex mÍxture at 40oC ín Éhe case of PVA. The

absorbance of Ëhe films used hras between 0.05 and 0.15 in the

region 25000 cm l ro 46000.r-1. The absorbance of the PVA

films in the region of carbonyl absorbance, lBOO "r-1 to
-11600 cm', v/as between 0.1 and O.2; there r¡Ias a I'hump" at

about 1.200 .r-1 owíng to the presence of residuat poly(viny1-

acetate). The reasons for confiníng IR measurements to Èhis

region are discussed in the next. sect, j-on. Spectra rvere measured

at an ambient laboratory temperature of 22.5 + 2,5"C,

The IR soluËion spectra Í/ere measured by standard methods.

The ce11 path lengths were calculated from measurements of

inËerference fringes due to double reflection in the range

-11100-800 cm - by use of the formula

where

Àt and

wit h Ín

n is the

27" wiEh

The)\ z'

À_t^
f = n' I zz(tl - u)

number of complete fringes between hravelengths

values of l- measured in thís vlay agreed to

direct. measuremenËs of the thickness of the

ce11 spacers.

3.4 Experimental Errors and DifficultÍes

Neither of the specÈrophotometers showed a significant

amount of. polarÍsation Ín the spectral regíons used. The Glan-

Taylor polarisers \¡rere.""rr*.d to be completely efficient and

no correctÍon eras made to the measured UV/vísible dichroisms.

Accordfng to Éhe manufacturelts specifÍcaËions, the degree of
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polarisation of the IR grid polarisers was better than 9514

for \^ravelengEhs greal-er than 6 Um, and therefore no correctj-on

r¡ras made f or polariser inef f iciency in the IR regíon, eíther.

The alignment of Ëhe polarÍsers, and of the films in LheÍr hold-

ers, vras estimated to be better than 15o .

As \{as mentioned in the InËroduction, seríous Í-mpediments

exÍsÈ to gaining information on molecular orientation from

measurements of IR dichroj.sm. This is p.artj-cularly so ín the

case of pyrimidines and purines. In the first place, these

moJ-ecules do not show a hÍgh degree of dichroísm (*f - KZ:

0. 15 ) . Since the random variatÍons i-n Kt and RZ f rom f ílm to

film are signÍficant compared rlrith this fÍgure, it is necessary

to perform both UV and IR dichroic rneasurements on the same

sample. As a result, only those IR bands are avaí1ab1e f-ot

study which are comparable ín intensity with the UV bands.

Secondly, mosË of the IR absorption of solutes in PVA fílurs

is masked by the high absorbance of PVA itself. The absorbance

of films of the thickness used Ín this work is everywhere

greaËer than 0.5, except in the regíon 1500 "rn-1 Ëo 2800 "*-1.
The only reasonably intense bands Ín this region are the carbonyl

stretching bands, between 1600 and l-800 .*-1, and other double-

bond st.retching vibrat.i-ons which, because they do not have

determinable transition moments, are of no use for the purposes

of thÍs work. The absorbances of the carbonyl bands aÈ the

concentrations of solute used \¡Iere in the range 0.1 to 0.3,

that ís, only s1íghtIy larger than that of the polymer itself.

SÍnce ít r.tas not possible to reproduce the Polymer baselíne

consistently for IR absorbance, considerable variations in IR

díchroism r^rere observed fot films prepared under símil-ar

conditions. In order to average out random errors arisíng
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compound, all stretched

the spectra, correcËed

gÍve the values of L,
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collected for several

approxi-ma tely the same

polyner ab sorbance,

Ay used to calculate

et aL. (f974), which

the IR ban_ds sËudied

films of eaeh

extent, and

r¡rere added to

Ëhe dichroÍsm.

of IR díchroism

symmetry

I¡/as menEioned

ín thaÈ work

vTere

to

for

and

To date,

Ín determining

has been that

the only other work to make use

the orient¿tions of molecules of 1or¿

of GangakheCkar

in the Introduction. Most of

Iay in regions where PVA absorbance \{as several tÍmes greater

than that of the solute. In spíte of t.he aut.hors t cl-aims, it

seems ínpossible Èhat such a high background absorbance could

be adequately compensated by the use of techniques of differentia.,

spectroscopy in conjunction wit.h a conventional spectrophotometer,

In the p:esent work, therefore, no atÈempt has been made to

study any solute bands other than the carbonyl bands.

To judge the compatibility of IR and UV díchroism measure-

ments, phthalímide was used as a model compound. The

phthalimíde molecule (f ig 3 .1) has CZu poÍnÈ symmetry (ÌttaEzat,

Lg72). The carbonyl bands at L767 and I72O "*-1 aïe long- and

short-axÍs polarised respecti-vely, the former havíng higher di-

chroism, indicating thaË the long-axís of the molecule ís the

orientation axi-s. The UV dichroic spectrum (fig 3.1) in PVA

shows a weak, Iong-axis polarised transition (I) aË 33000 "r-1,
and an intense, shorË-axÍs polarised transítion (III) begínning

-1at 40000 cm ^, as predicÈed by PPP-CI calculati.ons (table 3.1)

and in agreement with measurements of polarísed fl-uorescence

(Sarzhevskíi, 19 63).

Shown in table 3.2 are the IR and UV dÍchroisms of

phthalimide, being derived from results for six fílms. The

observed long-axÍs dichroísms are in good agreement, but the UV
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TABLE 3.1

PPP.CI CALCULÁ,TIONS FOR PHTHALIMIDE

(Atomic Coordinates from Ì'r[atzat, L97 2)

f PolarisationTransitÍon

I

II

III

IV

v
-1(cm -)

35 300

37500

42600

46800

.04s

.006

.3L6

.400

I

2

2

1

short-axis dichroism ís considerably larger than that of its

IR counterpart: it is seen that the calcul-at.Íons predict Èrro

faírly Íntense t,ransitions of opposlte pol-arisation ín the region

and it ís 1ikely that Ëhese transiÈlons are closely situaËed in

the observed spectrum, causíng mixed polarísation. The fact

that the dichroisms of Èhe long-axis pol-arised transitions are

in agreemenË indicates .that the IR dichroísms may be consídered

reliable when calculated in the manner described, pârtj-cu1ar1y

as the íntensity of the L767.r-1 band of phthalimíde is much

lower Ëhan the intensities of the carbonyl bands of Ëhe

pyrirnidine and purine compounds studied.

TABLE 3.2

IR AND UV DICHROISM OF PHTHALIMIDE

n

(cm -l_

L7 67

33500

L7 20

4 1000

Rz

.424

.428

.347
,37 5

Polarisation
)

1

1

2

2
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Several authors have pointed out the possibility of error

due to non-uniform concenÈrations of solutes r¡ithín films

(Thulstrup, Michl and Eggers, L97O; Yogêv, Margul-ies, sagiv

and lulazux, Lg74), although no esEimate has been made of' the

exÈent Ëo which such inhomogeneÍty occurs. Such errors would

be observed mainly in exPerimental sysÈems r^rhere Rochon

polarísers are used, and it ís necessary to rotaËe the sample

raËher than the polaríser in order to achieve the necessary

relative oríentatíon of film and radiaËion polarisatíon' In

Ëhe present measurements of UV-visibl-e dichroism, owing Ëo the

slight degree of polarÍsaÈÍon caused by Èhe spectrophoÈometer'

the slit Ì,üidth , ãt a given r,rravenumber, wâs s1Íghtly larger f oT

measurements of A, than f or Ay. The dif f erence I^ras less than

L51z and i.t is un1Íkely that concenÈration inhomogeneity woul-d

cause any error in this case. A símilar source of error'

which does not seem to have been discussed Previously, is

orienËational inhomogeneity of the stretched film. This tyPe

of eïror, if Present, would be more pervasive as it would result

from the use of different slit widths at different wavenumbers

and, for visible/UV measurements in the present case, these

can vary by up to a factor of 3. The effect of changing slit

width can be removed only by taking a series of spectra,

moving Ëhe sample for each ín such a ü7ay Èhat a specific area

of fí1m is evenÈua11y covered (Thulstrup, Michl- and Eggers,

1970). The degree of orÍentatíonal inhomogeneity 1n filurs has,

once again, never been determined, but the fact that paral1el

transitions in dÍfferenE regions of the specÈrum âs¡ for

example, those of quinolíne, âte observed to have identieal

díchroisms, serves as evidence Ëhat it is not a significant

source of erroï. In measurements of. the IR and uv díchroisms
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of a single sanple, both types of error could occur if the

spectrophotometer beam passed thrclugh dífferent portions of

the sample in each case, a possibility which hras elirninated

ín the present work by siting the sample so that Ëhe beam

passed through the same part of Ëhe film in both uv and rR

measurements.

'BrÍef mention must fína11y be made of techniques where the

state of polarisation of the spectrophot'ometer beam is charged

conËínuously during sampling of Ëhe spectrum (;arfe et a1.,

L967; Norclen and Davidsson, L972>. The second method, in

partícu1ar, invorving use of a modífied cD spectrometer,

enables direct measurement of the linear dichroic difference

spectrum (Az - Ay) to a degree of accuracy two orders of mag-

nitude better Èhan thaË obtainable by conventional- means.

Such accuracy is invaluable in cases where molecular oríenEation

is very sma11 (Norden, 1975), either for qualitat,ive inter-

pretation of spectra or for the study of symmetríc molecules

where the problem of oríentation is trivial . Howeve-r the

problem which is of central concern in this work, that of

obtaining accurate transition moment direcËion of molec.ules

of 1ow symmet,ry, arises from the paucity of means available for

establishing the average orientatÍon of solutes in the films,

rather than from spectrophotometric errors, at least in the

vÍsible/uv range. The errors of interpretaÈÍon which result

from ínadequate knowledge of the orientaÈion factors greatly

exceed, as will be seen Ín Chapters SÍx and Seven, the

linitations imposed by the sensitÍvity of the dichroism

measurements.
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3.5 AggregatÍon

In PVA fíIms prepared as described in section 3.2, using

molecular weÍght of about 20O,

the film is abouÈ 10 t t, giving

about 5 mg of a solute wíth a

Èhe concentration of solut.e in

an average dj.stance bet.ween solut.e molecules of about 25 Å,

compared with about 5 Å in the crystal. It can be assumed thaL

at such distances the effect of intermolecular interactíon on

molecular staÈes is negligible. At such-high concentrations

of solute, hovrever, ít Ís necessary to ensure that Ëhe solute

is in fact dispersed unimolecularly. In most of the published

work¡ Do attempt has been made to detect possible aggregatíon

of the solute, and iÈ Ís possible ÈhaË reported ínstances of
ttshort-axis'r orientation (section 2.5) r^rere, in facË, due to the

presence of crystals in films: there have been no general

critería for the det,ecËÍon of aggregatíon; the forrnation of

crystals Ís ofËen noË det,ecËab1e by visual inspecËion and Ís

difficult even with Èhe aid of a polarising microscope, owíng

to the presence of sma11, bírefringent inhomogeneitíes in the

polymer itself. FurËhermore in some cases non-crystalline

aggregates appear to be present. It is desirable therefore Ëo

have crÍtería by means of which the presence of aggxegated

mol-ecules of solute may be inf erred f rom the spectra. Filrns

of eaffeine Ín PE provide an example of a system in v,rhich

aggregaÈion occurs and in terms of which the effects of

aggtegation on dichroic spectra may be discussed.

Filrns prepared by immersing PE stri-ps in satutated solutions

of caffeine in chloroform contained needle-like crystalline

inclusions which could be seen ü/íth the aid of a polarising

microscope. Spectra of the filrns showed dichroisms of less
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than I/3, indÍcatÍng that Ëhe molecular planes r¡/ere oriented

perpendÍcular to Èhe film Z axis, contr.ary to the usual

experience of orientation of aromatic compounds. Furthermore,

the carbonyl vibratÍona1 bands r¡rere each observed to be split
ínto tl¡ro components whose greatly different dichroÍsms showed

them to be approximately orthogonal, indicatÍng the presence

of intermolecular coupling of excited (vibrational) states.

At lower concenËrations of solute, -,Ehe dichroisms increased,

to eventually fal1 within the range normally observed, and Ëhe

presence of crystal-s !üas no longer detectable. However, the

sp1ítting in the dichroisms of the carbonyl bands persisted

(fig 3.2(a)), Índicating Ëhe presence of a non-crystalline

aggr egated form of caffeÍne. The uv dichroism, even at very

1ow concentrations (1ess than o.257" w:w) showed a marked

variation wíthin Lhe first band, as íllustrated in fíg 3.2(b).

For isolated molecules, bands r and rr each result from single

electronÍc ËransÍtions of caffeine (see chapter 7) whose

transition moments ate almost orthogonal. rn fig 3.2(b) the

díchroísm of region r" is seen, however, to be almost the same

as that of band rr. rn addition the intensity of absorption

in this region is much greater than for ísolated molecules

(fÍg 3.3). It seems 1ike1y that these effects result, âs do

those in the vibratÍonal spectrum, from coupling of molecular

states induced by intermolecular interactions. It \4ras proposed

by KÍkkert et a1. (1973) that the absorptlon in region I" in pE

is due to a (rr* rr) transitÍon which Ís of very 1ow Íntensity

Ín polar rnedia. The daËa of fíg 3.3, however, belie ÈhÍs hypo-

thesis as they show that the specËra of caffeíne in polar (Hr0)

and non-poIar (cyclol.exane) media are identical aparL from a
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FIG 3.3 UV SPECTRA OF CAFFEINE IN VARIOUS SOLVENTS
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slight, red shift in Èhe latter.

Large variation of díchroism within a single UV or IR

band therefore, provides a críteríonby whích Èhe presence of

aggregatíon in solutes in streËched polymer fÍ1ms may be

detected, and rr/as used as a test for the presence of aggregation

in the pyrimídíne and purine films whose spectra are discussed

in Chapters Six and Seven.

3 .6 PPP-CI Calculations

The method of calculation used in Ëhís work is that of

Bailey (I969, 1-97O). This method differs from others (e.g.

Pullmann and Pu1lmann, 1968; Mich1, Thulstrup and Eggers, L974)

in tr^/o main respects. Firstly, the tr¿o centre core (ß) integrals

are calculated Èhrough a rigorous (\,üíthin the approximat ions

of the PPP theory) relaËionship with the aËomic overlap

integrals, rather Ëhan being ttsemÍ-empiríca11y" assigned, and

secondly, ín assigning the one-cenËre core and y parameters a

distínction is made between pyridine-, pyrrole-, amino- and

lactam-type nitrogen aËoms. Slater or Clementi basis functíons

are used: in the calculations done in this r¿ork results hrere

found to be very símilar and the basís used is not specified

in the various tables. In Èhe CI calculations all possible

singly excj-Èed configurations are mixed; a mixed dipole-length/-

dipole-velocity method (Hansen, 1967) is used in evaluating

oscillator strengths and t.rans j-tion moment dÍrections. In the

calculatíons for the 9-aminoacridine cation, the one-centre

core parameters \4/ere adjusted as descríbed by Mataga and

Mataga (1959) (mode1 I); all other parameters hrere as for

9-aminoacrídine. The molecular geometries used in the calcula-

tíons vrere taken from x-ray crystallographic workr rêferences
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which, in the case of the pyrímidine and

which calculat.ions hrere made, are given

puríne compounds

in Chapter 5.
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CHAPTER FOUR

CARBONYL STRETCHING VIBRATIONS OF PYRIMIDINES AND PURINE S

Use of the infrared díchroj-sm of the carbonyl stretchíng

bands of pyrimidines and puri-nes in order to gain informaÈion

on their orientat.ion in stretched films necessiÈâtes a

preliminary study aimed at determiníng the moment dírect,íons

of .the transitions associated with Èhe bands. The probleur of

determining the molecular víbrational motion associated with

each transition, and Ëhereby determiníng the moment dírection,

forms the subj ect of this chapter.

4.I Carbonyl Vibrational Modes

As cytosine and its derÍvatives corÌÈaín only a single

carbonyl group the assignments of the carbonyl víbrational mode

and Ëhe transition moment direction are straighËforward. The

Raman spectra of cytosÍne, 1-methylcytosiner cytidine and

5r-CMP (sodium salt) in neuÈral OZO and HZ} solutions show'

tvro

1610

-1cm

bands Ín the double bond stretching regÍorr, at 1655 ancl

-1cm -, approximately (l,ord and Thomas , L967) . The 1655

band !üas assigned in that work to the carbonyl víbratíon

because of j-ts high polarisaÈion, and proximity to the carbonyl

bands of uracil. A corresponding íntense band at 1650 "r-1
occurs ín the IR spectra of cytidine (Hartman, L967) and 5r-CMP

(Tsuboi et aL,, J-973) in neuÈra1 D20, with a band of medium

íntensity aË about 1615 "r-1. In PVA filmsr cyÈidine and

5t-CMP showed intense bands at 164S and J-643 "*-1r rêspectively,

and these !üere ascribed to Ëhe carbonyl stretching vibration.

Cytosíne itself (fig 6.10b) showed bands at 7660 and 1630 cm-1,

and the f ormer \¡/as ascri-bed to carbonyl stretching. The origÍn

of Èhe 1630 "*-1 band is not known. The carbonyl vibration
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is assumed to involve motion of the atoms onl_y along the
bond axis, the transiÈion moment, as a resulÈ, beÍng in Èhts

direction also. Under thÍs assumptÍon, the transition moment

direction f or cyt-osine is as given in tabr e 4.4; those of
cytídine and 5t-cMp are assumed to have the same values.

Uracil, xanthine and their derivatives contaÍn t\^ro carbonyl
groups which usually give rise to tvüo distincË bands of unequal

intensity in the rR spectTum, which will_be referred to as u"

and va, the f ormer havíng the higher r^ravenumber. rn the case

of the xanthines, there has been no atÈempt in the literature
to ínterpret these bands; in the case of uracíl and its deriv-
atives the interpretat.Íon Ís controversial, Ër,ro conf 1Ícting hy-
potheses having been puË forward. rn the first it Ís proposed

that they arise from separate carbonyl vÍbrations, the difference
in frequency resulting from differences in Èhe chemÍca1 environ-
menÈ (one carbonyl group has a conjugated double bond). The

alternatÍve vieur is that the tr^ro carbonyl vibrations are

essentially degenerate, the observed splittÍng arising from a

second order ef.f ecË which causes coupling. rn the case of
uracil and its derÍvatives, the view whích has been expressed

by most,authors (shimanouchÍ et a1., 1964; Tsuboi et a1., L975;

Lord and Thomas, L967; susi and Ard, r97L; Kyogoku eË al., L967;

Tsuboí, 1-97 4) is that the u" band i_s due solely ro CZ - 0

stretching, whí1st the u" band results from c4 - 0 stretching.
The only experímental basis for this assignment appears to be

a study by Miles (1964) of rhe isoropic shifr in the carbonyl

bands of uridíne-4-018 relative to those of uridine in neutral
Dzo soluÈÍon: the r" band had no shift whilst the v, band had

a shíft of -5 "*-1. Two independent sets of normal mode
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calculatÍons (Tsuboi et a1. , L973; Susi and Ard, L97l-) also

predicted that the wavenumber of the C4 0 streÈching is

l-owered by couplÍng with Èhe CS - C6 stretching vÍbratíon. On

the other hand, Horak and Gut (1961), who studied the solutíon

spectra of a large number of derÍvatíves of uracil and 6-aza-

uracil in Ëhe region of carbonyl absorptíon, concluded that the

separation of the carbonyl bands is due so1e1-y to a coupling

effect. They pointed out thaË Ëhese compounds belong to the

general class of cyclÍc ímides, and thaË even those imides such

as phthalimide, whích have CZu symmetry, and j-n vrhich, theref ore,

Ëhe carbonyl groups have identical chemical environments,

show a sp1Ítting of the carbonyl bands of the same magnítude

as that observed in asymmeÊric molecules.

The infrared absorption associated with the carbonyl

vÍbrations of cyclíc imídes with four-, five-, and six-membered

rings has been studied in great detail by FayaË and Foucauld

(1970). The compounds studíed showed, in general, Ëwo bands

of unequal inËensity in the regÍon 1650 to 1900 "r-1. In the

malonirnides the carbonyl bonds are almost coaxía1. One would

therefore expect a mode resultíng from in-phase couplíng of

the carbonyl vibratíons, being of approximate trgrr symmetry,

to give an intense Raman band and a weak IR band, and a mode

resulting from out-of-phase couplíng Ëo give a weak Raman and

an intense IR band. In fact the u" and u" bands, respectively,

were observed by Fayat and Foucauld to have these properties.

These authors also pointed ouË that in cases when the bonds are

not coaxial the intensities of the in-phase and out-of-phase

modes are related by

( )
o
zA IAa's = tan 2 (4.1)
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where A- and A- are the intensities of the in-phase and out-of-AS

phase modes, respecÈive1y, and o is the angle betr,reen the

direcËions of the carbonyl bonds. This equation resulËs from

a sinple vector addltion model of the tl¡o separate carbonyl

vÍbrations, assumed to be of equal intensity, and presupposes

the absence of dif f erentíal- solvent ef f ects on the Ér{o bands.

rt r^ras found by Fayat and Foucauld to apply saËisfactorily to

the solution spectra of a variety of cyclic imides with

substítuenEs both on the ring carbon and imido nitrogen atoms.

The intensítíes of the tr,iTo bands Ín the Raman spectrum hrere

alsor âs expected, roughly the reverse of. those in the infrared.

The presence of sp1ítÈÍng in other dícarbonyl systems has

been discussed by Bellamy (L973) and Bellarny er a1. (1960) and

has been ascribed to mechanical coupling effects. Therefore,

taking the vÍew that uracils and xanthines are typÍcal rep-

resentatives of the toÈa1 class of cyclic imides, ít must be

concluded that theÍr u" and ," carbonyl bands result from

in-phase and ouË-of-phase coupled vibrations, respecËively.

The ísotopic shÍft effect observed for uridine is not very

strong evi-dence in favour of the alternative hypothesis. The

carbonyl band of guanosine is shifted -L4 "*-1 by isotopic

substitut,ion (Howard and Mí11er, 1-965) , whilst in simple ketones

shifts of abouÈ -30 cm-1 "re observed (Be11amy, Lg73), The

sma1l shift observed for uridi-ne can be taken as an indication

that the effect of substitution is reduced as a result of the

delocalÍsation of the carbonyl oscillation. The normal mode

cal-cul-ations, sÍmi1arly, do not constitute very strong evídence:

they are essentía11y least squares fiËtÍng procedures in which

a seÈ of force constants is adjusted to give a best fit to the
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observed wavenumbers. For example in the calculations of

Tsuboi et a1., the potential used Ínvolved bond-stretching

consËants, angle deformation constants and repulsive force

consÈants between nearest non-bonding atoms. The ínteractíon

between Ehe carbonyl groups in Èhis potential is zero and it

ís therefore not surpri-sing Éhat the carbonyl vibrations are

predicted to conËribute predominantly to dífferent bands. On

the other hand, whilst there ís no compelling evÍdence in

favour of the view Èhat the carbonyl bonds can be assigned to

separaÈe carbonyl vibratÍons, certain features can be observed

ín Ëhe spectra of uracil derÍvaËives which tend Ëo discredit

this víew, and yeÈ which can be explained by, or at least are

consistent !üith, Èhe coupling hypothesís (xanthine wÍ11 be

discussed laËer ín this section). The f irst of these ís '-he

relative ÍnËensities of the Ër^ro bands ín both the IR and Raman

specÈra. In 5r-UMP in neuËra1 DZ0 sol-utÍon, for example

(Tsuboi et 41., I973) tft" u" band is observed to be more íntense

than Ëhe v_ band Ín the IR, but less lntense in the Raman
s

spectrum. It was shown above that observations such as these

can be explaÍned in terms of the couplÍng hypothesis. One would

expect the bands to be of equal intensíty in both spectra íf

due Ëo vibrations of separaËe carbonyl groups. The normal- node

cal-culatíons predÍct that the u" band is coupled with the C+ - C5

vibration, in whích case it would have a lower intensity than u".

The second feature involves the effecÈ of subsËituents on the

imído nitrogen atom on Ëhe splittíng of the carbonyl frequencÍes,

some data for which is shown in table 4.L, being taken from the

work of Horak and GuÈ. It Ís seen thaÈ j-n díhydrouracíl and

díhydro-6-azauracil, êDd in l-methyldíhydrouracil_, both v and v
a
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TABLE 4.L

I^IAVENLIMBERS 0F CARBONYL v AND V
S-â

BANDS OF SOME URACILS

IN DTOXANE SOLUTTON (HORAK AND GUT, 1961)

Compound v

(c* -1
v

ds

)

Dihydrouracil

t-": thyl d ihydrourac i 1

3 -Me Èhy1 d ihydrourac i1

Dihydro-6 -azavr acil

1-Me thyld ihydro- 6 - azaurac í1

3-Me thyl d íhydr o - 6 - azaurac i 1

3-E thyld íhydro - 6 - azatr a ciI

L7 27

L7 22

L7 30

L7 28

L7O9 (ín pyridine)

L7 L2

1684

L7 23

L7 09

L6B7

167 B

bands have the same vravenumber, and in 1-methyldihydro-6-azavtacil

the splittíng is sma11. These observati.ons are consistent vrith

the normal mode calculations, which attribute the lowering in

frequency of the u" band to coupling with the CS CO double-

bond vibration. However the fact that the presence of a meÈhy1

substítuent on the imÍdo nitrogen reintroduces the splitting,

shows Ëhat Èhis agreement is fort.uitous. The couplíng hypothesis

can be used to explain some of the effects seen. Firstly, the

key effect of the 3-substituent shows that Ëhe motions of the

ímido-nitrogen aÈom and its substituenl. axe of imporËance in

the splitting process. Motíon of Èhe nitrogen atom would be

an essential- factor in mechanical coupling of the carbonyl

víbratíons . Seconclly, iË is seen that the effect of split ting

is to decrease ;^, and thaÈ this decrease is greater the
d

greaËer the mass of the substituent.: ;^ remains virtually
s

unchanged. Thís ís consistent vrith the simple coupling rnodel
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shohTn ín fig 4.I where, it will be noted, the carbon and oxygen

amplitudes have been drawn approximately equal, fo1lowÍng

Bellarny (1973). The u" vibration is seen to involve mot,íon of

the carbonyl groups only, with no coupling to any other

vibration in the molecule, in agreement with the observation

that v is approxímately constant. 0n Ëhe other hand, the

of the carbon atom ín the u" víbration is seen to be

a concerÈed, ín-phase rotational -motion of all the

mo t ion

part of

groups atÈached Ëo the imido-nitrogen aÈomr âDd ín thís \{ay

the nass of Ëhe substituent adds to the Ínertial mass of Ehe

carbon at.oms and lowers the frequency of the ,, vibration.

The IR spectrâ of the xanthines in the carbonyl stretchíng

region have noE been Èhe subject of a great deal of study,

and no assignments have been made in the literature; however

on the basís of Èhe analysis above, inÈerpretation of the

spectra is quíte sÈraightforward. In fÍg 4.2 are shown the

spect,ra of theobromine, Èheophylline and caffeine Ín dÍoxane

solution. The values of i" and i", shown in table 4.2, are

seen to depend on the

WAVENUMBERS

imido nitrogen substítuent., as discussed.

TABLE 4.2

OF v AND v BANDS OF XANTHINES

Compound Solvent
a

vv
91

17 00

1700

a

L664

L666

( crn

PyridÍne

D ioxan e

Dioxane :-.706

)

Xan th ine

Theob r omine

Caff e íne

(From Horak and Gut, L96l

Theophyllíne Dioxane 1705



FIG 4.I A MODEL FOR COUPLING OF CARBONYL VIBRATIONS IN

CYCLIC IMIDES
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FIG 4.2 IR SPECTRA OF THEOBROMINE, THEOPHYLLINE AND CAFFEINE

IN DIOXANE SOLUTION
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The presence of only a single band in the spectrum of theo-
bromine had been earlier put down to an enol taut.omerism of

one of the carbonyl groups (Blout and Fíe1ds, 1950), but later
r.¡ork on the uv (Pfleiderer and Nuebel, L96L; cavalieri et a1.,
1954; Lichtenberg et a1., L97r) and NMR (r,ictrtenberg et ar.)
sPectra of xanthines showed that, ât least ín aqueous solutions,
the diketo form was predominant. The fact thaÈ the total
Íntegrated carbonyl intensities of theobqomine, theophyllíne

and caf f eine j-n dÍoxane ( table 4 .3) are all equal, r"rithín the

1ímits of experímental error, shows concl-usively that in this
solvent the díketo tautomer only is present in sígníficant
quantities. shown also in table 4.3 are the relative ínten-

síties of the u" and u" bands of theophylline and caffeine in
dioxane. The angles of o calculated from these values by means

of eqn 4.r are both 107", which is ín good agreement wíth the

x-ray crystallographic values of 115o and 113.5o respectívely
(suËor, 1958a;b), providing further evídence for the presence

of coupling Ín this case.

TABLE 4.3

INTENSITIES OF v AND vs-å BANDS OF XANTHINES

Compound A +Asa
(relative)

Caf fe íne 1.00 1.89

A IAa's

Theophylline

The ob r omine

L.7 5

0.98

The carbonyl modes of the uracils and xanthine, therefore,

are assumed to consist of coupled in-phase and out-of-phase

vibrations of the carbonyl bonds, as determined by the 1ocal

1. 06
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imide group, the transition moment of the

parallel to the bisecÈor of the angle a

between the carbonyl bonds, and the u. víbration being perpen-

direcÈions of the

of f íg L.2 are

r¡¡ere taken from

dÍcular to

transition

shown in tabl e 4 .4;

it. The angles 0r for the

moment s åccording to the convenËion

the atomic coordinate daÈa

the references of table 5.1

TABLE 4 .4

TRANSITION MOMENT DIRECTIONS OF CARBONYL TRANSITIONS

Conp ound

( degree s )

0
as

-5 9

0

-28

-28

-29

-29

-27.5

Cy to s íne

Uracil

Thymíne

1-Methylthymine

Theophylline

Caff e ine

62

62

61

61

62 .5

4.2 SolvenË Effects

From the spectra of the u" and u, bands of

benzene, chloroform and PVA solvents (fig 4.3),

data of table 4.5, it is seen that the type of

strong bearing on the spectral characteristics.

band half-wídths are drasÈica11y affected, the

a lesser extent. It is necessary Eherefore to

ance that the IR transÍÈíon' moment dírections

caffeine in

and from the

solvent has a

The carbonyl

ratios A /t toa's
seek some assur-

are not affected

by interaction wíth PVA. the fact that the amount of splitting

(J" i") is virtually independent of the solvent lndicates that
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the 1ocal symmetry of the imide group is not affecËed by the

interacÈion, the carbonyl modes remaíning resolved Ínto in-

phase and out-of-phase componenËs according Ëo this symmet,ry.

Further evidence in support of this comes from the comparÍson

of the IR and UV díchroÍsms of phrhalímÍde, discussed in

sectíon 3.4. It was therefore assumed thaÈ the IR dichroisms

observed are an accurate reflectÍon of the transÍÈion moment

directions of Èhe unperturbed solute mo!.ecu1-es, and that no

corrections are necessary.

TABLE 4,5

SOLVENT EFFECTS ON v" AND va BANDS OF CAFFEINE

SolvenË e* ;- -s u" (Auà) 
" 

(Au%) 
"

(.,o- 1)

Benzene

A lAa's

Dioxane

Chloroform

PVA

3

2

B

2

2

4

44

42

47

47

1l-

13

L6

_37

11

L2

18

-44

1.93

1. 89

| .92

L,7L40

* DÍelectric constants from I^Ieast (1971) and Pritchard (1970)
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CHAPTER FIVE

POLARISABILITY PROPERTIES OF PYRIMIDINES AND PURINE S

The molecular polarisabilíty is a second rank symmetric

tensor which describes the magnitude of the dipole momenË

f ield as f o11o!r's:induced i-n the molecule by a wealc electric

m.
-l- I

j=It ,2'
Here (Lt ,2tr3t) is an arbítrary molecular Cartesian sysÈem,

E. are the components ín it of the applÍed f ield E, anrl E,-J ' -- ;' -i
Ís the component of the induced dipole moment m in the dírection

of axis i. There is a set of princioal oolaris abÍ1ítv axes ín

r¡hich the polarisability tensor orj ís diagonal, the values

in Èhis basis being referred to as the ¿rincipal polar-

b..8.
c r aJ -J

,J

b..
l-].

isabÍ1iÈies. According to the theory of orientation developed

Ín Chapter Two, the principal orientaÈion and polarisability

axes are identical for molecules such as pyrirnidines and

purÍnes, and the orientation principal value" Kl, K2 and K:

are related to the pri-ncipal polarisabilities. It is the pur-

pose of this chapter to obtain the polarisabilities of Èhe

pyrÍmidines and purínes whose orientaÈion proper:ties are Èo be

determined in Chapters Síx and Sevenr so that the relatíonship

of their polarisability and orientation propertíes may be

discussed.

5.1 Lorentz-Lorenz Equations for Isotropic and AnisotropÍc Media

In ísotropic materials, T has the same direction as P, and

b is a constant. The Lorentz-Lorenz formula, which relates b

to the dielectrÍc permitÈÍvity of the medium, can be derÍved by

use of a model in whÍch each molecule ís regarded as being siÈed

in a spheríca1 cavity, surrounded by material of isotropic
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5.2 Unit Ce11 and Molecular PolarisabÍlit Pro erties

The crystals of most of Ëhe pyrímidine and purÍ-ne compounds

studied belong to Èhe space group P^ t^ (or P. ,^), whosee grouP Pzr/^ (or Pzr/")'

symmetry elements are illustraÈed in fig 5 .1 (a) . The direction

of the screr^r axes, which are parallel to the b crystallographic

axis, def ines one of the principal dielect,ric axes, which wil-1

be ca11ed g. There are four molecules in the unÍt ce11, whích

are designated ãrãt,brbt. a is rel-ated, to a|, and b to bt,

by a centre of inversion, and therefore the molecular planes

of each pair are para11el. a is relaËed to b, and a' to b t , by

the 2t operation. In addition to these interrelationships, it

Ís found that the 2t axes are approximately para11e1 to the

molecular planes (see table 5.1), êtd therefore all the molecul-es

Ín the crysËa1 are in parallel sheets sheets or ribbons, a

cÍrcumst.ance which does not generaLLy occur with other classes

of aromatic molecules crystallisÍng in the same space group

(e.g. benzene' naphthalene) .

AssumÍng that Ëhe molecular polarisabilÍtÍes are additíve,

they ate relaËed to Ëhose of the unít cel-1 as f oll-or¡s:

bii=-,bkr,tru(""r_rrt"'i,j=B¡mrpi
krn, s

s = ârâlrbrbt;

b=, = : ^okrrlik,"rt,rr,", 
k,n = !,,2,,3,.r-J krn,s

where (1'r2'r3') are rnolecular axes as in f Íg 5.1(b)' in the

presenE case Ëo be considered identícal with the Devoe-Tinoco

axes of fj-g L.2. Because the four molecules of the unít ce11

are related by the symmetry operations of the space group, the

pol-arisabilíty properties of Èhe uniÈ ce11 may be related to

the orientation and polarisabilities of just one of these

mol-ecules, as f o1lows:
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TABLE 5.1

OF PYRIMIDINE AND PURINE MOLECULESCRYSTAL PACKING

Compound

Urac í1

Thymine

Thymine .rZ0

1 -Me thy l thymlne

Cytosine

Cytosine.HZ0

Caffeine hydrate

Theophylline.HZ0

Angle Betlyeen
Screw Axis and

Molecular PLane

10

4 o

L2.5"

4"

7 .5"

10

^OJ

g"

Angle of Screw
Axis with

Molecular 1 I Axis

-23"

31"

- 62"

870

33"

300

Spa ce
Gr oup

Ll "

Ll "

Ll "

Ll "

Reference

P

P

2

2

Pz

Pz

P zrzrz,
D'2r/ c

It'zu/ a

Pzr/^

Sternrart and

0zeki

Jensen

(Le 6e>

Qe67)

Gerd i1

et a1.

(1e 61)

Hoogsteen (1963)

Barker and Marsh (L964) Oì
æ

Jeffrey and Kinoshita (1963)

16 0

l_10

Sut'or
Sutor

(1es8(b))
(1es8 (b) )
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(a)4E
krn

bkrrrik(""r' I = 8¡mrPi

= Lt 12r r3'krn

b =4b- r.(t)r (a)
mp t(n mlc pn

The equatÍons for Orr and Orn become trívial as a result of the

screhr axís symmetry. Also, because only f our components c¡f

the mclecular polarisability Èensor are non-vanishing: âs a

ru"ú1t of molecular symmetr y ¡ the equations reduce f urther_ to

b 4{b I 1 I +b 1
2

al- 1t 1l 1ri Lt 2l 1ri 2t i 2t2l 2t í
1 ErmrP

fi

2*2b

b = 4{b1,I,1

+ b 2r 2rL2'

mp

ThÍs provides a set of four linear equations which cou1d, in

general cÍrcumstances, be solved for the molecular polaric-

abilÍties b1r1r r byr2tt bZr2, and b3,3,. Unf ortunatel-y, the

fourth equation becomes trivial íf the scre\^r axis is para1le1

to the plane of rnolecular axes 1r and 2', and it has been seen

that for pyrimídj-nes and purines this is effectively Ëhe case.

The equations are then:
2

b 4{b 1 + +b I
cg 1r1r I c 2t2 2 g

+ ,,1r,r2)bl

ltmlltp
+*12 tP

+ 11'p12'*)b L, ,, (11,*12 , p
+

0b3,3,13,*13'p]

2

b2'212'*)+2b 1t ZrL1,,,o12 ,*+

2b 1r Zrl L, gIZ, B
]

b 4{b1,1,1L,^2
mm

b 4b 3r3pp

the molecular and unit cell axes being related as in fÍg 5.1(b).

There Ís no unique solution in this case for the in-plane polar-

isabilities and polarisabÍ1íty axes.

lühi1st a rigorous approach to the problem fails to

provide a means of derivlng Èhe ín-p1ane molecular polarisability

properties, an alternative approach ís to assrrme thaÈ the

molecular polarisabÍ1íties are sinply equal to the proi ections
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of the unit, ce11 polarisabilítÍes on the individual molecules.

Some qualitative arguments can be advanced in fav.our of this

assumption and as wíll be seen in the next secËion, it can also

be justífíed a posteriori. To begÍn, the form of the dispersíon

interaction potential of tI^ro molecules, eqn 2.8, is reca1led.

The magnÍtude of the potential depends on the relaÈive posítíons

of _the centres of electron oscillation of the two molecules,

and the relative orienËatÍons of Èheir polarísability axes. It

has a mínimum, if the tr,ro molecules are the same, when the

relative oríentations of their axes ate ÍdentÍca1. The features

of molecular arrangement in pyrirnidine and purine crystals

indícate that such a potenÈia1 does apply in the solid state.

Firs È1y, the out-of-p1ane polarísability axes are cerÈaÍn1y

para11e1, by virËue of the fact thaÈ all the molecules in the

crystal are in paral1e1 planes. Secondly' Èhe fact that the

hypothetical in-p1ane polarisability axes' beÍng Èhe screw

axis directíon and the dírection perpendicular to it, maíntain

their identíties ín different molecular packing arrangements,

is strong evidence thaË they do represent preferred oríentational

dÍrectíons in the plane of the molecul-e. Thus in the thro crystal

forms of thymÍne and cytosine (tab1e 5.1) the Ë!üo seÈs of axes

differ in both cases by only 3"; the case of thymine is

particularly convÍncing because the proj ections of the screr¡I

axis on the molecule in the trtro cases are orÈhogonal. Therefore,

the fact that the screw axis is parallel Èo the molecular planes,

determínation of the molecularwhích precludes a

polarisabilities

from the presence

molecules. This

rigorous

from those of the unit ce11,

of selecËive orientatíonal

axis Ís therefore assumed to

seems to aríse

axes withín the

be one of the

príncípa1 polarisabí1itY axes.





TABLE 5.2

MOLECULAR POLARISABILITIES OF ?YRIMIDINE AND PURINE COMPOUNDS

Courpound

Ura c Í1

Thymine

1-Me thyl thyintne

CyËosíne.rZ0

Theophylline .HZ9

Caffeíne hydrate

Direction of
Principal Axis 1

(dee)

-23

31

-3

30

-79

1l_

-74

14 .9 15.8

20.0 2L .8

2L.7 >23.2

22.5 23.7

Source of 0ptical Data

(Gí1pÍn and McCrorle, 1950
(
(Bil-es et aL., 1951

Stewart and Davidson, 1963

I^linchel-1, ]-954

Lasheen and Ibrahim, L975

i^Iìnche11,. 1954

I{irr che 11 , L9 5 4

btb2b
3

<Å31

6.2

7.3

9.3

7.9

L3 .7

L2 .7

13. 1

10.9

L4.4

15.6

T4.3

L4 .7

18.8

{
N)
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CHAPTER SIX

ORIENTATION AND TRANSITION MOMENTS OF URACIL AND CYTOSINE

DERIVATIVE S

6 .1 0b served and Calculated Transitions of Uracíl and CytosÍne

Der íva t ive s

spectra of uracil, thymine, cytosíne and their related

ntrcleosides and r.ucleotÍdes in aqueous solution and at various

values of pH have been published by Beav.en et aL. (1955) and,

in the r.ar uv region, by Voer er a1. (1963). The dichroic

spectra Ín PVA of the derivatives studfed are shown ín figs

6.1 Èo 6.8. Sinilar spectra of some of these compounds have

appeared previously (Fucaloro and Forster, L97L; I974;

Fucaloro, 7969) .

The spectra and transiËions of pyrÍmidÍnes have been

classifi-ed by means of correlations rnrith Ëhose of benzene

(clark and Tinoco, 1965), whose lowest energy transitÍons are

to states of B2u, B1r, and U1,, symmetry, at energies of 38000,

49000 and 55500 "*-1 respectively. In víew of rhe large

dÍf f erences in struct.ure beËween benzene on the one hand, and

cytosine and uracil on the other, ít is doubtful whether such

comparisons are meaningful, and the transitions of pyrimidine

and purines will be referred to simply as I, II, etc, ín

íncreasing order of energy. Band r of uracír and cytosine

derivatÍves, at 36500 "*-1¡ appears to aríse from a single
¿

(r ,T) transítÍon. The absorption spectra of single crystals

of 1-methyluracil and cytosine monohydrate (Eaton and Lewis,

1970; Lewís and EaËon, irgTLi'fr"'*r. vibrational struccure in

band I which r^7as shown to arise from a single progression of a

*(n ,T) transítion in both cases. ORD, CD and MCD spectra

(l'tites et a1. , L967; Voelter et a1. , 1968) conf irmed thÍs
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FIG 6.3 UV DICHROIC SPECTRUM OF THYMINE
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FIG 6.4 UV DICHROIC SPECTRUM OF THYMIDINE
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FIG 6.6 UV DICHROIC SPECTRUM OF CYTOSINE
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result in the case of uracÍ1 derivatives, but the CD result for
cytosine derivatives indícated the presence of two unresolved

bands of slightly different rotati-onal strengths. The

corre-1atíon of CD effects with electric dipole transitions is
not, hor^rever, well established (Inskeep et a1. , 1972) , and

photoselectÍon and síng1e crystal reflectance measurements

(ca11is and simpson, L970) support the interpretation of

Lewis and Eaton. Transítion rr of cytosine derivatj_ves is
observed as a weak band at 42ooo c*-1. A corresponding band

is not observable in uracil derivatives, eíther l.n solutÍon

or ín the crysÈa1 (steward and Davidson, Lg63i Eaton and

Lewis, r97o), but r,ras observed by clark and Tinoco as a weak

band at 43r500 "r-1 in 6-azauracil, and measurements of cD

(t"ti1es et a1. , ]-967 ) also revealed íts presence in uridine and

Lhymídine, at about the same energy. Although not of suffÍcient

íntensity to be observed directly or to have a not.iceable effect
on the 1ínear dÍchroísm eíther ín filrn or crystal spectra, this
transition in the uracils will be referred to as transiÈion II
for the sake of correlatíon with calculaÈions. only the very

inception of the next absorptj-on band ís observed ín the film

spectTa, and Ít can therefore be assumed to be associated with

a single transition, transition III.
&

(n ,n) transíÈions can, theoretÍca11y, occur Ín both uracil

and cytosíne derivatives, either as out-of-plane polarísed com-

ponents ' or as in-plane components índuced by vi.b-ronic coupling
*kríth (n , T) trarisitíons. Neither type of transiÈíon v/as observed

-¡ ì,

in the síng1e crystal absorption spectrum of cytosine monohydrate

(Lewís and Eaton, L97L), and while both hrere ob served in the

1-methylurací1 crystal (Eaton and Lewis, 19 70) , their intensitíes

ÍIere less than one percent of those of the (norn) transftions.



CALCULATED T RANSITION ENERGIES

LOl,üE ST (n

TABLE 6.1

INTENSITIES AND TRANS

*
ITION M

CIL

Hug and
Tinoco (L973)

40000

.45

-8

51000

.04

t2

54000

.30

-67

OMENT DIRECTIONS FOR

CNDO-C I

,r) TRANSITI0NS OF URA

Transitfon

II

III

I

-1v (cn -)

f

e (dee)

PPP-C I
Bailey (1970)

40000

0. 14

-5

47000

0. 14

_47

48100

0.22

26

Pul-lnan and
Pullman (1968)

38 700

0.3

-10

43600

0. 06

-10

46800

0.2

52

ZheLtovskii and
Dan il-ov (L97 4)

40600

0.38

-8

525 00

0.L2

60

55200

0. 18

(¡l



Transltion

II

fI

CALCULATED TRANSITION ENERGIES
¡

LOI,TEST TÎ . n)

PPP -C I

-1v(cn t) 39600

0.12

e ( dee) -6

46800

0. r_9

-62

48500

0.19

4t

ÎABLE 6.2

INTENSITIES AND MOMENT DIRECTIONS FOR

TRANSITIONS OF THYMINE

CNDO-C I

ZheLtovskií and
Danilov (L974)

40800

0.39

-8

52 300

0. 15

70

55 700

ab initio

Snyder et a1. (1970)

627 00

-l_ 5

73000

\¡
o\

84900

III o.2L



CALCULATED TRANSITION ENERGIES

*

TABLE 6.3

INTENSITIES AND MOMENT DIRECTIONS FOR

LOI^IEST (n ,n) TRANSITIONS OF CYTOSINE

PPP- C I CNDO-C I

t

Trans it ion

II

III

-'lv (cm )

f

e (dee)

31900

.10

19

45100

.28

-4

49200

.30

-51

I

Baíley (19 70 )

34400

.05

42600

.11

4 7800

.54

Pullman and
Pullman (1968)

33100

.10

70

4110 0

.10

-2

46000

.40

-35

Hug and
Tinoco (1973)

38000

.18

18

4 7000

.26

24

53000

.46

-45

ZheLtovskii and
DanÍ1ov (L974)

35900

.15

4L

46 600

.r4

-11

51600

.72

\¡
\¡
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Therefore their contribution to PVA specÈra may be considered

negligible. All of the three classes of calculatíons descríbed

in section L.2 have been performed for at least one pyrimidine

or purine molecule, and the results of some of Èhese, for Ëhe

three lowest energy transitions, are shor,¿n in tables 6.1, 6,2

and 6.3. It ís usual to correlate the second calcul-ated trans-

ltion of urací1 vriÈh the hypothetical Ëransition II díscussed

above. The calculations will be discuss_ed in detaí1 below;

before proceedíng, however, attenÈion will be drawn to two

points. Firstly, the ab inítio calculatíons give values for

the transition energy which are far too hígh: this úras dÍscussed

in the Introduction. The ab ini-tio calculatíons used CI

Ínvolving four singly excited staËes only. Secondly, the first

trro sets of figures for PPP-CI caiculations on cytosine both

come from BaÍ1ey-type calculations. The differences arÍse

because the fírst set ïtere based on the atomic coordÍnates of

the cyEosine monohydrate crystal structure, rühi1st those

published by Bailey (1-970) made use of the cytosine anhydrate

data (table 5.1).

6.2 DíchroÍc Spectra

It ls desírable firstly to ensure that none of the sol-utes

studied is present in PVA films in an aggregated form, by applyin¡

to both the UV and IR díchroic spectra the criËeria discussed

fn section 3.5. With regard to the UV spectra, the dichroísm

assoclated rdíth the first absorption band is approximaÈely

constanË for all compounds; however at the ineeption of the

band the dichroism is observed to be, in mosÈ cases, slightly

different to Ëhat of the remainder of the band. It is possible

that absorptíon ín thls region is due Èo aggregated molecules,
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as r^riÈh caffeÍne in PE, and the dichroisms of the transj-tions

hrere taken to be those observed in the maín part of the band.

The enhancement of dichroísm ís so much smaller than that

observed ín eafLeine aggregates Ëhat, if the effect is in

fact due to aggregation, it is unlikely that a sígnifÍcant prop-

ort.ion of the solute is not present in monomolecular form.

The,IR dichroic spectra of the urací1 and cytosine derivatives

studÍed, which are illustrated ín figs 6..9 to 6.11r rêinforce

this conclusion. tlhilsÈ the dichroísms wíthin each band tend

to show a large random scatteríng compared ¡^rÍth the UV, f or

reasons discussed in section 3.4, no splitting in dÍchroism

of the type observed for caffeine in PE is seen in the spectra.

The IR díchroic spectra of uridlne and thyrnÍdine âre not

illustrated. The separation of the u" and ," bands of these

compounds rìras not good enough to enable the dichroísms of the

separate Ëransitíons Ëo be observed¡ êDd Èherefore Ëhe spectra

Írere of no value in det.ermÍníng the molecular orientatíon.

Shown Ín table 6.4 are the dÍchroism values subsequently

used in thís chapter to calculate molecular orientatíons and

transition moment directions. The dichroic spectra from which

these values are derived hrere accunulative spectra obtained by

adding togeËher AZ and Ay for three or four films of each

compound, âs díscussed in sectj-on 3.4. Each of the spectra ín

figs 6.1 to 6.11, however, is ËhaË of a síng1e film only. The

values of dichroism quoÈed correspond Ëo wavenumbers roughly

at the centre of each bandr êXcept those for band III, which

correspond to the largest wavenumber at which measurements were

t aken .
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TABLB 6.4

IR AND UV DICHROISMS OF URACIL AND CYTOSINE DERIVATIVE S

*r"

.3s3

.420

.408

RR*r^ *rt

.4r9

.40s

,444

IT III
z Z

Ura c il-

Thymíne

1-Me thyl thymine

CytosÍne

CytÍdíne

5 | -cMP

.401

.390

.408

.381

,402

.3 53

. 418

.37 4

.399

.3 83

.432

.44r

.452 .4 81

.434 .4L9

.445 .426

6.3 OrÍentation Axes and OrientatÍon Parameters

There are three, independent parameters *rj which specify
the oríentatíon of a planar molecule¡ êDd Ít is not. possible
to determine these precisely on the basis of data from just

one or tr^ro rR transitions. The purpose of this section,
therefore, is to provide the basÍs of a coïrel_ation approach

for estimating the values of the orÍentation principal values,
so that the direcÈíons of the oríentatíon axes r"rithin the

molecules may be derived from the carbonyl dÍchroisms.

As the UV and IR transitions of interest are polarised in
the planes of the aromatic portions of the molecules, their
dichroisms (*rt) and t,ransition moment directÍons a..e related
by the followÍng version of eqn 2.22

+ SIN
2

2 (6.1)K, co "'U,*rt
Krco"2{oi'

K e.
l_

+ot') otK, s ín2 (, i' )

Here e. is the angle
l_

axis l-, whl1st

i makes with

ít makes wíth

the orientatíon

e.l
l-

as

which axÍs

the angle axis 1t of the

o1tconventional system of axes depicted ín fíg L.2. Ís the
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direction of Ëhe orientation axis in this system. rn Èhe

molecules of planar geometry, ËhÍs axis is in the plane of

the molecule, whilst in urídíne, thynidine etc., íÈs direction

is less certain; therefore treatment of the latter class of

mole cule s will b e deferred .

In this work,

providing upper and

The fol1owÍng ÍnequalÍty

Appendix 4.4) :

IÈ follows that if R
max mt_n

z z are

values of díchroism observed for a

R
max

z

One <,bserves in addítion, from

the correlatÍou approach will consíst of

lower bounds for tl-re parameters Kt and K

is der j-ved f rom -eqn 6.1 (see

Kz 1Rz 1Kr

2

(6 .2)

that the values

within the range

of RZ of the planar

the greatest and least

partícular fíIm, then
_ mín<K-

L

the data of table 6.4,

pyrimidines studied 1ie

Kt and KZ are furÈher

R

KzKti

(r/2,'/r), and it is reasonable to assume

therefore, Ëhat the limÍts of thís range represent lower and

upper bounds, rêspectively, of KZ and *1, for the series of

molecules. Thís assumption is supported by the facË that for

almost all of the mono- and bÍ-cyc1íc aromatic compounds whose

dichroisms ín PVA have been reported, the Rz values 1ie v.rithin

the same range (e"g. Tan j-zakj- and Kubodera , L967; Hoshi an

Tal¡Lzakí, L970; Tanízakí, Kobayashí and Hoshi, L972; TanLzaki,

Hiratsuka and Hoshí, I972). Therefore Kt and KZ are assumed

to obey the following inequalities for the planar.pyriurídines

s tudíed:

R-t"*<K-<.500LI_

.333 4 K. . *;ttt¿-¿¿
For the uracil derivatives, the values of

restricted by the following inÈerrelatíonship, which follows





Mo 1e cule

Urac i1

Thymine

1-Me thyl thymine

Cy to s lne

TABLE 6.5

ORIENTATION PARAMETSRS AND ORIENTATION AXES OF SIMPLE PYRIMIDINES

K +K o1t (exp)I 2 s
(dee)

.754 t (62r1) -5611

0t1

.800 :.400

:.400

.816

Kt
Kz

( .419 , .42L)

(.9s3,.335)

( . +s 3, .483)

(.333,.363)

(.333, .383)

( . +91, .500)

( .481, . 500)

(.333,.369)

! (45!7 )

r (72r18)

! (62!9>

e

-7 4!7

]-6!7

4 9118

13tL8

3t9

or' ( theo ry )

-23

-3

30

æ(,

(.814, .850)

5 919
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to furÈher restrict the values of *t and K

hras obtaíned by consídering Ëhe value of K

in this case. It
2

1
+K

2
(rable

of Ëhe

va lue

6.5) ,

molecule

for
which

with

Ís a measure of the alignment of the plane

the st,retch axís Z. It $ras assumed that the

cytosine r¿ould not be greatly ín excess of those for uracil and

its derívatives, and an upper lirnit of 0.850 was applied. The

seco,nd entry for cytosine shows the results calculated on this

basís, and these r,¡ere used ín subsequenË calculatÍons of

transítion moment directions.

The non-planar pyrimídíne derivaËíves are devoid of symmetry,

and it ís therefore not. possible to assume a príorí that the

preferred oríenÈation axis is Para1le1 to the plane of the

pyrinídine porÈion of the molecule. Hor¿ever the qualitatíve

features of theÍr orientatj-onr âs revealed ín the UV and IR

dichroísms, strongly suggest that thís is the case: the IR and

UV dichroísms of uridine, thymidine, cytÍdine and 5r-CMP are

ín excess of 1-l3 for the whole regíon of sPectrum studied; the

same is true of the UV dichroism of guanosine (Fucaloro and

Forster, 1971), showing that the plane of the pyrirnidine portion

tends in all cases to orient para1le1 to the axis Z. It

therefore seems reasonable to assume thaË the orientation axis

fs in this plane. The upper and lower límíts of *1 and Kz

respectively, are taken to be .455 and .368 respeetively, these

being the greatesÈ and least values of dÍchroÍsm observed for

the UV spectra of uridine, thymidÍne, cyti-dine and 5r-CMP.

The resulÈs of calculatÍons for cytidíne and 5r-CMP are shown

in table 6.7 . As hras mentÍoned previously the IR dichroism of

uridíne and thymídine did not give satisfactory information on

the molecular oríentaEion, and Ëhese rnolecules wí11 not be

díscussed further.
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6.4 TransiÈion Moment Directions

The elect.roníc transit.ion moment direcËions hrere calculated

from eqn 6.4, using the values of Urt as determined in the

previous section, and the values of *rt ín table 6,4. There

ate nohr a total of four possÍble solutions, sínce there are

tkro solutions for each value of u1t. These are displayed in

full- in tables 6.6 and 6.7, Once more it ís necessary to do

the computations only f.or the cases when- K,

maximum or minimum values, as Ëhe extrema of

these cases.

and K have their
2

o c cur l_ne.f
t-

In order to choose the correct angles from t.hose in tables

6.6 and 6.7 , trnro críteria were applÍed. Fírstly, ít vras assumed

that the transition moment directions given by PSCS measure-

menÈs approximate those in isolated molecules. Secondly, it

Ììras assumed that molecules differing only ín the alkyl substit-

uents on the pyrinidine ring have essentially the same electronic

structure. Some indication that this is true can be seen in

the sÍmilarity of the electronic spectra of uracil, thymine,

and l-methylthymine, and of cytosiner cytídine and 5|-CMp.

The angles believed to be correct are shown at the bottom of

each set of four entríes Ín tables 6.6 and 6.7. For 1-methyl-

thymine, 1-methyluracil and 6-azaurací1, transition I is gíven

by PSCS as being almost parallel to Ëhe 1r-axis; the calculatíons

(tables 6.1, 6.2) are also in agreement in this regard. There-

fore the correct values of tlt and 0rt for uracil.are seen l-o

be 0" and 0+10o, respectively, and for 1-meÈhylthymine, 16o

and -9!7 o respectÍve1y. The PSCS work gíves no precíse state-

ment concerníng Ëhe dírection of transition IIl. For 1-methyl-

thymíne, it ls stated to be approximately perpendicular to

transÍtÍon I, and this would indícaÈe -BB1l-4o as beíng the
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TABLE 6.6

POSSIBLE ORIENTATION AXIS AND TRANSITION MOMENT DIRECTIONS

FOR SIMPLE PYRIMIDINES

Mo 1e cu 1e 0 0
1_ ÏI III

(deg¡

Uracil -56

0

"'

-74

I6

59!9

4!9

-5115

-6015

-51s)

-50!7

82!7

4L!7

-9!7

90!7

27!4

-28!7

+3 51 14

68t16

4B!20

-6116)
)

15r20)

-L4

82

42

-42

31 14

30r14

- 8 8114

- 6lt 14

-76!4

TztT4

-43!4

50t 14

5t5)
)

0

1 -Methy l thynine

Cytosine

corre c t

however,

for uracil and

Turning

PSCS result s

enables the

5 | -cMP, and

l-me thylt hymine

cytosine, one

respectively.

finds that the

to be +14" and

cytosÍne,
I and 0rr'

tr,tro values

facË- that the

-6o respectivel-y,

cyËodine and

for the latter

of trr' for

value. On Èhe basis of

-42" and -61t14o must

the second criteríon above,

be consídered more like1y values

to

sh or¡ or I and

correct value for

the correct values of ot

'tt
of o1t

tr,ro molecules, to be selected. The
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TABLE 6.7

POSSIBLE ORIENTATION AXES AND TRANSITION MOMENT DIRECTIONS FOR

CYTIDINE AND 5I-CMP

1
0 III

(deg¡

Cytidine I0111 -6515 - 45!5 3!17

B5!27 65r18 L9!20

-38111 -5 315 -7 3x5

o rr'or'0

60r17)
)

43!2O)

5 r -CMP -80r9

-38t9

-23!27

-70r6

87 !2L

-49!6

-25!2L

-3t18

-42!6

62!L7

-7 6!6

0117

-B!22

29!28

)
33128)

7 0!2 B)

cytosine overlap. There Ís a conflíct Ín the choice of Urt

for cytosine, âs the value 35t14o is closer to the crystal

value, whilst the value -28t7" is close to those of the other

tÌro compounds, and Ís theref ore considered more 1ikely to be

correct. The value of 0lll t for cyÈosine is clearly 50t14o ,

but the results for the other traro compounds are uninformative,

save to say Èhat trrrr ís positive, and presumably close to

the val-ue f or cytosine.

6.5 Di-scussion

Orient.ation CharacÈeristics

No aÊt,empt will

the pyr irníd ine s , and

be made to calculate the ki parameters of

compare Èhem with the experimental values,
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because of Ëhe uncertainties in the 1atËer. Instead the

orientatÍon and polarisability properties of Ëhe pyrimidínes

will be qualitatively compared.

IË has been seen, firstly, that Rrs, *r^ and *rt of

thymíne are all approxímately equa1. As the corresponding

trarisít íon momenLs all have different directions, 0 | being

60'r- -30o and 0o respectively, this shor¿s that Ëhe values

of *t and K2 are approxímately equal, a ::esul-t which ís ín

good agreemenË \,Iith the approximate equality of the polarisabil-

ítie" bl and bZ of thymíne (table 5.2>. Secondly, it Ís seen

that the experÍmental values of 01t for the other planar

molecules are in good agreement with the theoretical values,

within about 2O" (tab1e 6.5). Both resul-ts support the idea

expressed in Chapter Two, that for molecules whose dínensions

are noË exaggerated along a single axís, disperslon forces play

the primary role ín orientatíon.

The results for the nucleosides and for 5r-CMP also índícaEe

the predominance of díspersion interactions. It was seen above

that the oríentation behaviour of these molecules is domínated

by their pyrimidine moieties. Because Èhe pyrimidine molecule

ís bonded to the rÍbose ring apProximately at righÈ angles to

the plane of the ring (Saenger, L973; Furberg et 41.,1965;

Young et aL., 1969) tfris cannoË be a resulÈ of repulsive

interactíons: the molecule is noÈ elongated along an axís in

the plane of the pyrimi-dine mol-ecule . Furthermore, because of

the relatíve orienÈations of the pyrimidine and ribose ring,

dispersÍon interactions with the polymer cannoÈ occur in a

cooperatíve manner: if one ring lies flat against a polymer

molecule, so that dispersion lnteractions are maximised, the

glycosidic bond w1l1 be pointing av/ay at right angles to the
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polyner z axj-s, thus minímÍsing ÍnteracÈion wíËh the other ríng.
The preferential binding of the pyrimidÍne ríng with the polymer

can be readí1y rationalised on the bais of dispersion inter-

actions: the pyrimidine ring can approach much closer to the

polyner than the ribose ring, whi-ch is puckered, and has

hydroxyl and methyr groups protruding at right angl-es Ëo Èhe

plane of Èhe mo1ecule. ,

A final interesting feature is Èhecomparative orj-entation

behaviour of cytidine and 5f-cMP as revealed by the Rz values

1n table 6.4. These are very similar, the values for 5f-cMp

beíng uníformly larger than those for cytÍdine. Thís indicaËes

that the presence oL the charged phosphaÈe group does not have

a strong effect on orientatíon. rt simply causes an increase

in the correlation of the pyrÍrnidine plane and polymer chain

axisr âD effect whích ís reminiscent of that of the polar bonding

between quinoline and PVA, discussed in sectÍon 2.5.

SCF-MO CalculatÍons

The remaÍnder of this chapter is concerned wíth comparÍng

the predÍctions of the various calculaÈions, summarised in

tables 6.1 to 6.3, with the results discussed in section 6.4,

ín order to assess theír reliability in predictíng the transition

properties of pyrimÍdines and, to some extent, with identifying

the reasons for their shorÈcomings. Hug and TÍnoco (1973)

pointed out that calculation of the transitíon monopoles at the

atomíc centres provídes a convenienË means of dissect.ing SCF-MO

calculations. The transitíon monopoles give a measure of the

Ëransfer of electron density whÍch occurs during the transi.tion,

and therefore provi-de a good representation of the nodal

properties of excited states, v¡here there is no natural
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classification by symmetry. In addÍtion, the extent to which

excitatíon Ís confíned to a particular porËion of the molecule

Ís revealed. Figure s 6.L2 and 6.13 shor¿ the calculated monopoles

for transítions I, II and III of uracil and cytosine, respectively.

The numeríca1 values come from PPP-CI calculatíons, whilst the

círcIes represent, the val-ues from the CND0-CI calculations of

Hug and Tinoco, the diameter of the círcle being proportional

to the magnitude of the monopole, and op.en and hatched circles

referríng to contribut,ions of opposj-te sign.

BoÈh sets of calculaËions agree ín predícting transitÍon

I of urací1 to be an internal charge transfer localised in Èhe

bond joining atoms 5 and 6, a prediction whÍch is also made by

the ab inÍtio calculations. The fact that the observed Ëransitior

moment ís approximately parallel Lo the CS C6 bond axis is

consistent wlth this predictíon. Of transition II nothing need

be said, excepÈ that none of the calculations predicË it to be

of 1ow intensity. The Èwo sets of calculations disagree on

transitÍon III: the CNDO calculations predict a transfer of

charge from 0l into Èhe ríng, whí1st the PPP-CI calculations

predíct a transfer from 0g. The observed transitÍon moment,

of -42", is consj-stent with the former point of view. Both

sets of calculations agree in predicting the 0 orbital-s to be

involved in both transitions II and III but do not seem to be

capable of predicting the correct mixíng of orbitals.

Turning to fig 6.L3, one sees thaÈ for transítion I both

seËs of calculations are, once more, in qualitative agteement,

predicting positíve monopoles at atoms 1 and 6, negative

monopoles at atoms 3 and 5, and, as in urací1, 1íttle contri-

buÈÍon from atoms 7 and 8. The CNDO-CI calculations show the

main contributíons to be from atoms 5 and 6, in a sírnilar manner
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cyËosine whÍch, âs explained

geometry assumed. The calcu-

are signíficantly dífferent,

in bond length is .026 Å, and

angle 2o (Barker and Marsh, L964),

that for PPP-CI cal-culatlons

1n

This gives

at least,

mixing of

a cl-ear indÍcation

nuclear motion ean be expected to lead Ëo a sígnlficanË

the zerot}: order mol-ecular orbf tals.
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CHAPTER SEVEN

ORIENTATION AND TRANSITION MOMENTS OF XANTI{INE DERIVAT]VES

7.I Observed and Calculated Transitions of XanthÍne Derivatives

UV spectra of xanthíne and its derivaËives at various values

of pH have been the subject of a good deal of aÈtention, directed
particularry to the problem of determÍning Ëhe predomínant

tautomers in the various ioníc forms. Lawley (1971_) surveyed

the literature of the uv spectra of the purÍnes in general and.

of their nìono-anions and -cations. UV spectra of xanthines have

been measured and díscussed by Beaven et al. (r955), cavalíeri

et a1. (1954) , Pfleíderer and Nuebel (1961) , Lichrenberg er a1.

(1971), and Bergmann et al. (r972>, and rhe pvA film specrrum

of caffeine has been studied by Kikkerr er a1. (L973). The pvA

filn sPectra of 1-meËhylxanthine, theophyllíne and caffeÍne are

shown in figs 7.L,7.2 and 7.3. The spectra of xanthines fa11

into thro categories, dependÍng on whet.her the hydrogen atom or

other substituent on the imidaz.¡le ring is attached to nit.rogen

atom 7 or 9 (c.f. fíg I.2). In the fÍrst case band II is of

1ow intensity and occurs as a shoulder of band rrr, whilst in

the second case it ís enhanced in íntensity and shÍfted to the

red. I'Ihilst the biologically important purÍnes, such as adenine,

guanine and xanthosine, are substituted at positlon 9, purine

ín the solid state (I^latson et a1. , 1965 ) and xanthine and íts

derívatives j.n aqueous solution (Pf1eíderer and Nuebel, L96L;

Lichtenberg et a1., L97L; Bergmann et al., L972) have the proton

attached aÊ atom 7. In the mono-anions of xanÈhines, however,

the 9-tautomer ís more stable. Caf.feÍne has a methyl substituent

at atom 7, and the spectrum of theophylline Ín PVA is so similar

to that of caffeíne that it can be assumed thaÈ the 7-H tautomer

predominates. The spectrum of 1-methylxanthíne in PVA, however,
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FIG 7 .2 UV DICHROIC SPECTRUM OF THEOPHYLLINE
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ís different from the aqueous spectrumr âDd from the spectra

of caffeíne and theophylline in pVA: band rr is dístinctly
enhanced in inËensity and shifted to the red, and this i¡dicates
that the 9-H tautomer predomínates in PVA filurs. It is unlikely
that the effect ís due to ionísation, sínce the pvA spectrum

does not resemble that of the mono-anion (pfleiderer and

Nuebel, 1961) .

The results of PPP-cr calculations for theophylline,

caf r. eine and 1-methylxanthine are shown in tabl e 7 .r. Atomic

coordi-nates ürere as in the ref erences of table 5.1. sínce

aËomic coordínat.e data f or 1-methylxanthine hrere not available,
the coordinat.es of caf f eine h/ere used insËead.

TABLE 7.L

CALCULATED TRANSITION ENERGIES. INTENSITIES AND

POLARISATIONS FOR LOI^IEST (n . ?T ) TRAN S IT IONS OF XANTHINE DERIVATIVE

Transition

II

III

(ct

f.

-1

0r (deg)

Theophy l- l ine

39100

.L2

23

45 400

.06

77

48600

.24

67

Caff e ine

39700

.L4

36

46300

.01

-36

47 BOO

.19

49

9-H Xanthine

41900

.10

23

46100

.L2

70

4BBOO

.20

-6

v )

I

7.2 Dlchroic Spectra

There is no evidence of aggregation in the UV dÍchroic
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spectra of the xanthines studied. There 1s no splittíng of

dichroism in band r of caffeine or theophylline; the fÍrst

band of 1-meËhylxanthine shows a large variatíon ín dichroism,

but this arises from Ëhe fact that two overlapping transitíons

are Present. The variaEÍon in dichroism at the ínceptÍon of the

fÍrst band which rt/as observed in the spect.ra studied in the last

chapter, is present also in the spectra of the xantLines, and

is ascrÍbed to Ehe same cause.

The IR dichroÍc spectra of theophyllíne, caffeÍne and

l-methylxanthine ate shown in fígs 7.4 and 7.5. once again,

there is no evidence of aggregatíon. The díchroism values for

Èhe various UV and IR transitions are shown in Èab1e 7.2. These

were obtaíned by summíng the dichroic absorbances AZ and A,

of several filmsr âDd calculating Èhe dichroísm on the totals,

as before. The values for caffeíne are derived from measure-

men ts on f our dif f erent f i1rns, those f or the other thro compounds

on three. The spectra illustrated in figs 7.L to 7.5 pertain

to a single film of each compound. The values of dichroism

quoted correspond Èo riravenumbers at the centre of each band,

except those for transitions I and II of 1-methylxanthine, which

ütere evaluated at ï^¡avenumbers 35000 cm-1 rrrd 4lOOO "r-1 respec-

tÍvely, and Ëhe dichroÍsms of the hj-ghest wavenumber band, which

correspond to the highest wavenumber at whích measuremenÈs r^rere

taken.

In ínËerpreting the

lras followed as r{as used

dÍchroísm values, the same procedure

in the previous chapter: the resulÈs

Sínce there are no PSCS resulËs for

of the correct trånsition moment angles

are shown Ín

comparíson,

must rely on

table 7.3

selection

comparison with

re1iab1e, from

the calculations,

the discussíon of

where these can

be consÍdered the previous
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chapter. Once again, the value

correct ís at the bottom of each

TABLE
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considered most 1-ikely to be

set, in the tables.

7.2

IR AND UV DICHROISMS OF XANTHINE DERIVATIVES

II
z

.422 .37 5 .449 .429

.430.37I .386 .37 I

.366 .402

as *rt IIÏ
Rz

.42L

.46L .4ss

Rz Rz R

Theophylline

Caff e ine

l--Me Ëhylxan th ine .438

7.3 Orientation and Transition Moments

The transition monopoles for caffeine and 9-H-xanthine as

gíven by PPP-CI calculations are shown in figs 7.6 and 7,7.

There are no CND0-CI calculatíons available for xanthines.

It ís very probable that transition I Ís located in Ëhe

pyrimidíne portion of the molecules, and is essentía11y the

same as transition I of uracil and iËs derivatives: it has the

same energy and intensÍËy, and Èhe calculations show it to be

localised maínly in the C4 - C5 regÍon, and to be, at least

qualitativel-y, shorË axis polarised. Therefore the coTrect

values of 0-t for theophyllines cãffeine and 1-methylxanthine
I

are taken to be ]-9+l-2", -22+L", and -9t3o respectively. Because

of the photoselection result for caffeine (table 1.1), the value

of 0_-t is taken to be -73!4", and thaË of theophylline 57!I",
ll

as thÍs is the value closest to Èhat for eaf.feíne. The difference

0rt 0rr t f or caf.feine has a maxímum of 56o as compared wíth the

photoselection value of 7L". However as díscussed in sectÍon I.2

photoselection results are not of high accuracy, and t.herefore

the discre-pancy 1s not serious. It is not possibl-e to make a
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selection between the Èr'ro possible values of 0tllr for caffeine,

or the possÍb1e values of 0rrt and 0ttlt for 1-methylxanthine,

and the results show Ehem to be between -51 and -BBo, 17 and 49",

and 13 and 53o respectively.

TABLE 7.3

POSSIBLE ORIENTATION AXIS AND TRANSITION MOI"TENT DIRECTIONS FOR

XANTiTINE DERIVAT IVE S

Molecule ur-' orr'tr' e

Theophyll ine

C af fe ine

1-Methylxan th íne

(dee)

-86!2

29!2

15r1

-70r1

89!2

35!2

-7 7 !L2

B4t 9

39!9

L9!L2

63

-32!L

63

-22!L

-47!3

45!L

7 9!r

-9r3

-58t4

65t I

0!4

57!L

J.9!4

]-7!3

-67!3

-73!4

-831 10

81r 6

III

34!L

-3

-si )
)

-BB!1)

7 2!2

-7 5!5

r_Bt5)
)

5L!2)

27 !LO)
)

43!6 )

to the

op t íca1

as seen

The orientation axis direction of caffeine, -7 011o, is close

5.2. UnforËunaÈely Ëhe

literature are in confl-ict,

no comparison of theory and

theoretical value given in table

data for theophylline in the

in that tab1e, and therefore
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experiment can be made ín this case. In spÍte of the simÍlarity

of thej-r structures, the orientatÍon axes of theophylline and

caffeine are seen to be almost at right angles: Èhis shows the

impossibil-ity of predictíng oríentation properEies from

molecular shape for molecules such as Ëhese.

Comparíson of Ëhe calculated and observed specÈra of the

7-H---and 9-H-xanthíne tautomers provides an excellent means of

j udging the effectiveness of the parametrisatÍon of the Bailey-

Èype PPP-CI calculations. The tautomers are distinguished by

the use of dlf f erent parame Èers f or "pytimidínet' and ttpyrrolert

type nitrogen aÈoms in th"e calculatíons. These correctly

predict the change of inÈensity of transition II, but the fact

that they do not predíct the lowering ín energy indÍcates that

the change ín the electronic strucÈure caused by tautomerÍsm is

not accounted for very convincingly. Transítíon II is not

local-ised ín eíther the pyrimidine or Ëhe imidazole ring: if it

Tíere conf ined to the imida zole ring only, tauÉomerism vrould

have no effect on the spectrum, sÍnce Ëhe t,automers of imídazoLe

are identÍcal, and if it r^rere conf ined solely to Ehe pyrimidine

portion of the molecule there would, of course, be no effect

eíther. The calculations are ín agreement on this point, showíng

the transítÍon to be spread over atoms 3, 4, 5, 7 ar.d B. It $ras

menÈioned in section 6.5 that the calculations did not seem

capable of predicting Èhe correct contributÍon of the atomic

orbitals of the oxygen atoms Èo the various molecul-ar orbiÈa1s

of uracil. This comment can be extended to the xanthines, for

the calculatÍons predict a transfer of charge between oxygen

atom Ott and Ëhe aromatÍc system in transition I, whilst it has

been seen that this transítion ls most probably local-ised at

atoms 4 and 5r as with uracil derívatives. The effect of vibronic
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coupling on the calculated t,ransition momenÈs of 7-H-xanthines

may be judged by comparíng results for theophylline and caffeine,

since the only difference in the two sets of calculatíons is the

molecular geometry, the largest dtfference in bond ]-engths in

the tr470 molecules being .07 ;, (Sutor, 1958b). The f igures Ín

table 7.1 show that, once again, the calculations cannot be

expected Ëo give accurate results íf. vÍbronic coupring is not

taken into account.
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APPEND IC E S

4.1 Resolution of a DichroÍc Spectrum into Components Polarised

Along Orthogonal Axes

Suppose that Ay and AZ are Èhe dichroic

solute in a stretched polymer filn, and that

total absorbances along orthogonal molecular

molecules in the sample. The component along

fs assumed to be negligible. It follows from

A
2 2

A
2Z

and

where 1 etc. are

Ay = It"

= Irt
directlon

2

* å<t
cosines as used

absorbances of a

A and A^ are the
¿1

axes for all

Ëhe thírd axis

eqn l-.1 that

text. By

Z

1

+

I,,

*r-At

t r"'
K2) 

^2
Ín the

*r)or

1At+
KzÃz

2K

2

2

Y

At A+

lz
ínverting these equations, one obtains:

2
A A

KK

KzKK2

Z
1 2

*r)-(1

1 2

2K
t_

K
1 2

A +
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A.2 Derivation of Equation 2.9

By expanding eqn 2.8, and makíng use

discussed in section 2.5, one obtaÍns the

for Èhe dispersion potential:

U
I t(u -b ){(u b+ 6 z v 1 3 Lz

s
e

1
4

ps
ee

of the ¿rpproximatíons

following expression

2 2
)1 +(b b

+b-bIy+

)1 )
e 2 3 2ztp

+ 2

3b
3

+

It is seen from fig 4.1 that by varying ôt and ô 1 r) and2',

b

+

+

3by{ (br-b3) (l .Ð2 (bz-b3) (?.¡) i o ro,

b¡brl
v

(

(?.¡) may

t.e rms

2

be varied índependently of LL"

Ín the expression which are of

and 1
2

)2z those containing LL, and

( b -bz v

and 1 zz

co nce rn

Sin:e the

in evaluating

1^ . rhe¿z'
purposes to:

onJ-y

t,.. ) ( are

expression for

where

be abbreviated for present

o{ (ur-b 
s ) ttr2 * (bz-b ì rzr2 }

U may

U=U

1-4uo
ps

eÊ

)
e e+

ps
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4.3 DerÍvaËion of Series ExpansÍo ns cf the Functions A and B

It is noted firstly

equal to sínß.

The integral in the
2

that the state density function e is

expressíon for A ís expanded as f ollor¡rs:
2^ 2þcos Y)
i

sÍnÊcos ßexp ("1" os2g +^2

ßcos

s l_n

2æ

x
i=0

(arcos 'g + ^rtinz )Y

r( Í+1)

@í

xx
i=0 j =0

a
í-j j

1
a

r (j+1) f (i-j+1) (cos 2
ß

1-j2 2 j+4 2(sín ß) (cos Y) J dydß)

The infinite series is uniformly convergenÈ if.1 and
"¿

ate

bounded; consideration of the definiËions of "l
secËíon 2.5 shor¿s that the physÍca11-y meaníngf u1

and ^Z are bounded if T does not approach zero.
is permissible Èo ínÈegraEe the seríes term by a term givíng

whe re

A

A símilar treatment

r r(ar, ar)

i-j iA
"1 a

a- T +
i,i r i-j+r)f(j+1

and
^2

l-n

values of

There f o re

dß x

AI
L

tl

ír

æÍ
A= X X

í=0 j=0
TT

^ri-i ^rj
f (j+1) r (i-j+1)

2 J

lt

rf,(""" 2ß 
) 

'- j 
( 
"ir,2 B)i*\

,
T

0
(cos Y) dy

æI
4

x
r (à)

i=0 t(i+3/2) 1

l_

La
j =0

i-j J l_- fT

2 r (i-j+1) r (j+1)

arJ

1

a

1
4

æ

x
í=0

| (r,)
r (í+3 / 2)

2

I
x

j=0
I.

l_

r

1
T

oÞ

6

x

ive s

| (r,)
r (i+3 / z) 2i+3B

Í=0
{r

a
+2a

1ôa
1

]
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^L*ozn-z-;
This suggests the recursion formula

Recursion formula for I

Usíng the formulae above it

1T;

n-1
XA

j=1

tr-to
t"zro)

1
z^Tz

is found

= 'c?tar*a

that

z)rt

2n-L.

-I 

^^ \é¿t\

(ar*aZ ) Irr_t ,, j'1'-i ^ri{#5 * #} +

I n-1
nn

The Èruth of this formula may be established by induction.
Sínce

n-1
XA

j=l-
r f n-

and

r+^ 2) rr,-t La2Tn-2

then

To

par tial

rable A

the naphthalene entry

The correctness

I n)

n-j jA
"2 nrj n+(au. ar) rr,_r n-1

n

illustrate the convergence

sums for a typical example

l-. The values of (bl-t2) ,

^ L^ 2r n-z n, i ar'- j ., i { ¡"jþ¡Qj:5}

Irrt+art)

ILa2T , -z
n
Xa

j =0
1

of the series for A and B the

to 15 terms are shown in

and UO are as for(b1-b3)

in table 2.5

of the

dírect, numeríca1 evaluation

expansions hTas also checked against

of the integrals.
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TABLE A.1

CONVERGENCE OF SERIES FOR A AND B

/ t<r +24

a. (ar, ar )

2.000

4.L07

5.510

6.209

6 .489

6.584

6 .6l.2

6 .6L9

6.620

6 .62r

6 .62r

6 .62r

6 .62L

6 .62L

6 .62L

B (ar, a

.667

1.648

2 .437

2. BB3

3.079

3.150

3.L7L

3.L77

3.178

3.L79

3.1-79

3.L79

3.L79

3.L79

3.L79

0

.667

L.37L

L.784

L.959

2 .0L9

2 ,036

2.040

2.O47

2.O4L

2 .04r

2.O4L

2 ,04L

2.04r

2.O4L

2 .047

-.20 x 10

k_I

,334

.401

.442

.464

.47 5

,47 B

.480

.480

.480

.480

.480

.480

.480

.480

.480

U

i

0

1

2

3

4

5

6

7

B

9

10

11

L2

13

L4

2) n(a'ar) kz

.334

.334

,324

. 316

. 311_

.309

.309

.308

.308

.308

.308

.308

.308

.308

.308
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L.4 Proof of Some Identiti.es Resultins from Ecuation 2.2

(1) Proof that K

By ltrrit ing
2

ß 0

2 2 2 2 2
s l_n ßcos ^( and t3

-2sínß cos ßdg (Kr-Krcos y-K, s ín Y)

*1 ß m
2 2

s l_n Bsin Y= cos

in eqn 2.2, and differentiatíng, one obtains
2 2

2

dRz

Since K >K
1 2

Ëhe

of R

expressions ín parenÈheses are non-zeto, and extrema

Z
occur when

1Torz and

2slnycosy"ir,2ß

¿v (Kz-*g) .

K
3

0or

values ofho1d,

can be

Y=

the

T
2

I.lhen these conditions

K
3

A sirnilar proof given to show thât

a planar molecu1e.

KtRz are and

Kzl

,T) transítions of

Rz <K_
I

*for (n

( íi) Maximum and Minimum Values of Orientation Axis and

Transítion Moment Aneles

It is seen from eqn 6

â0.__i =âK_I

4 that

1 2
*r' K

sin20 i(K K

z

2
)1

I
â0

t_ 1
K R

1
âK sín20 i(K

1
Kz)2

l-
The two differentials have zeros only when RZ IS

2

2

equal- to

because 0.
a

then

cases

va 1ue

K or K but these
1 2',

has a fixed

need not

regard 1e s s

be considered

of Lhe values

ofK and K
2I

Suppose firstl-y thaÈ i

the orienÈatÍon axis angle

lt. is then equal to0.
l_

Ín the molecular (L',2tr3t)
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from Èhe equaÈíons thaË thís

minímum values only when Kt

maxina or minÍma.

obËaíned for the 0.1
l_

angle

and K

and

A similar result may be

of an electroníc transítion

(L',2 t,3t). sínce

one has

â0
l_ 1

âK 2 sin20

has its maxÍmum

also have their
2

moment i in the

angle

system

0.
1

0.1
l-

0
l_l

2
*rt 1r

K *z
2

K
{ ]sín201(K I l- l_r

â0. I

expression for AK;-. Unless the angles

identical, the quantity ín brackets is non-

has its greatest and leasÈ values only

have their greatesÈ or least values.

also true if 0, = tl t , sinc" 01 t = -01,

K )2

or'and0.
l_

wlth a similar

are

zeto,

when

Th is

and

Kt and Kz

result is

0.t
l-

and the argument of the precedíng paragraph would then

apply.
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