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SUMMARY

Anisotropic deoxyribonucleic acid (ona) films suitable
for polarísed absorption spectroscopy were prepared. The

isotropic DNA film was supported as a thin layer on the

surface of a poly(vinyl alcohol) (PVA) film. Subsequent

orientation was achieved by a motor driven mechanical

stretching device. The properties of the films were

investigated and although "fuIl" hyperchromicity was not

attained it was concluded that the DNA structure was native

at high and denatured at low relative humidity. The DNA-PVA

film method produced homogeneous and reproducible highly
oriented samples.

Anisotropic dye/DNA films suitable for polarised

absorption spectroscopy hrere prepared by modification of
the DNA-PVA film method. The isotropic dye/oNe fj_lm was

prepared independently and then oriented on the surface of
a thick DNA layer cast separately on a PVA fitm support.

The intermediate DNA layer was necessary to eliminate dye

penetration into the pollmer matrix. An attachment to a

Zeiss PtttQIT Spectrophotorneter vras designed which effectively
elimínated the need for scatter corrections to the measured

spectra of the two film preparations.

Aqueous and DNA solution spectra r^rere recorded for three

acridine and four reporter molecules in the visible and near

ultra-violet region. The theoretically calculated transition
moment vectors of the dlze molecules were correlated with the

experimental spectra.



The polarised absorption and dichroic spectra for the

anisotropic dye,/oNa films of the seven dyes hrere determined

at high relative humidity under identical conditions of

orientation and. relative humidit.y equilibration tíme. The

degree of orientation of the films was evaluated in terms of

the fract.ion of oriented DNA chains. The dichroism

associated with each observable electronic transition of the

dye in the DNA complex was interpreted in terms of tilt and

tv¡ist angles. These angles relate the plane of the dye

moiety to the DNA helix axis.
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CHAPTER ONE

INTRODUCTION

For some time, much interest has been focussed on the

interaction of various dyes with DNA. In particular,

acridine dyes have been used as histological stains on

account of their high affinity for biological macromolecules

and it was not until their antibacterial activity was dis'

covered that they were extensively studied (A]bert, L966).

More recently, consid.erable interest in the interaction of

acrid.ines with DNA has been aroused because of their ability

to cause mutations by the insertion or deletion of a single

nucleotide in DNA, thus providíng convincing evidence for

the existence of the triplet genetic code (Brenner et aI,

1961; Crick et a], 1961) and furt.hermore because structur-

aIly they resemble the powerful polycyclic aromatic

carcinogens.

In spíte of the intensive study of these systems' many

aspects of the ínteraction, for example, the qeometry or the

specificity, are either not known or controversial. The

prÍncipal justification for undertaking the work presented

here has been to attempt a remedy for the above situatíon.

In particular, this work describes the development of a

technique that can provide definite answers to at least some

of the geometric aspects of the interaction between DNA and

biologically active or potentially activc dye molecules-
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1.1 Bindinq Models for the Acridine,/ouA Complex

The interaction of acridines and DNA has been the

subject of many reviews and discussions (alake and Peacocke,

1968; Lober, 1969 and 1971; Peacocke, 1970) . As early as

1956, two different modes of binding for the acridine dye

proflavine were recognised (Peacocke and Skerrett, I956) .

The binding at low ratios of dye to DNA phosphate (maximum

ratio, 0.20-0.25) Ì¡tas denoted the "strong" binding process

while that at high ratios of dye to DNA phosphate was

denoted the "weak" binding process. The weak process,

tímited by electrical neutrality of the complex, has an

upper limit of one dye molecule per DNA phosphate. It has

been little studied.

Lerman (1961 and ]-964) described the strong process in

terms of an intercalation model where the planar dye

molecule was presumed to fit between and lie centrally over

successive base pairs in the double helix of the DNA. Such

a process is accompanied by local untwisting and extension

of the double helix and observations indicating an increase

in the molecular dimensions of the DNA helix have served as

the basis for the evidence of the intercalation mode1. The

techniques employed have included low shear viscometry

(Lerman, L964¡ Drummond et â1, L966) , autoradiography

(Cairns, L962\ , low angte X-Ray scattering (Lttzzaiuí et â1,

1961), sedimentation in the ultracentrifuge (Lerman, L96Ii

Lloyd et al, 1968) and X-Ray diffraction (Lerman, :-.96l-¡

Neville and Davies, L966).

However, Lhe interpretation of the data referred above

has been controversial for some time. AccorCing to the

Watson and Crick model, the local structu:re of DNA is rod-



3

like while according to the Kratky and Porod (L949) model,

its macromolecular structure is "\,rrorm-1ike", i.e. sufficiently

flexible to coil back on itself, The difficul.ty in the

interpretation, and this has led to possible alternative

models (Mason and McCaffery, L964i Gurskii, L966¡ Rigler,

L969), is whether the noted changes to the DNA hydrodynamic

properties have been caused by intercalation which would

directly affect the local rod-like structure or alter-

natively by some form of external binding which would affect

the overall flexibility of the DNA coil. Recent determin-

ations on sonic degraded DNA by liqht scattering (Mauss et

â1, 1967), sedimentation in the ultra-centrifuge and low

shear viscometry (Cohen and Eisenberg, L969) may be regarded

as conclusive confirmation thaL for these rod shaped

molecules the decrease in the mass per unit length and the

enhanced víscosity is due to alteration of the 1ocaI

structure and cannot be explained by an external binding

modeI.

As the binding of various acridines to heat denatured

DNA is similar to native DNA (Blake and Peacocke' 1968) and

moreover, as bulky substítuents added to the 9-amino position

of the parent acridine do not inhibít. binding (Drummond

et â1, 1965), a modified intercalation model has been

proposed in which the acridine is inserted between the flat

base rings of one of the polynucleotide chains in DNA

(Pritchard et â1, 1966). Thís model together with Lermanrs

original model (Lerman, J-96I and 1964) may represent but the

limiting cases for a whole series of positions for the

intercalated molecule relative to the central axis and the

nucleotide bases (Lober and Achtert, 1969; Peacocke, 1970).
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In this respect, co-operative changes to the circular

dichroism spectra of 3-aminoacridine, 3r6-diaminoacridine

(proflavine) and ethídium bromide with d1'e concentration,

combined with the steric binding limitations of the bulky

ethidium bromide cation, have allowed sirnilar int.ermediate

bínding positions to be inferred for the two acridines. On

the other hand, 9-aminoacridine and substituted derivatives

which do not exhibit this co'operative behaviour were con-

si-dered to be more representative of the binding position

as formally presented by the Lerman model (Dalgleish et al,

1969 and I97L).

L.2 Tnterpretation of Linear Dichroism in terms of

Orientation and Molecular Structure

Although considerable evaluation of the binding site of

the intercalated, dye has been made through various models,

there is still relative uncertainty as to the more subtle

details of the intercalation geometry. This work concerns

the geometrlz of certain intercalating planar dye molecules

with DNA as evaluated. from the dichroic spectra of the

anisotropic dye/OnA complex. The mathematical model used

for this interpretation is presented below.

L.2.I General

Visible and ultra-violet absorption spectroscopy is

characterised by the interaction of the electr:ic vector of

light with the transition moment vector of the molecule.

InteracLion with the magnetic vector is negligible. The

probability, Pí0, that a molecule in its ground state will
absorb light of energy hv. to an higher electronic state is
gíven by the product of the Einstein coefficient of absorpLion,
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BiO, and the density radiation function, p (vi)

PiO = Bi'o (vr) (1.1)

The Einstein coefficient of absorption is proportional to

the sguare of the transition moment vector, TíO

B cf 2 (1.2)i0 i0
where

TiO = /úOMiOtlrdt (1.3)

and wher" rfO, úi are the time independent eigenfunctions and

MiO is the transition dipole.

For linearly polarised light, a factor relating the

angle Õ between the transition moment vector and the

electric vector of the light must be introduced. The

effective radiation density in the directior Ti0 ís

proportional to the average of the square of the component

of the electric field strength, ET, paraIlel to TiO.

p(v d
t- -"T

(1.4)

(1. 5)

As the electric field, E, may be represented by

E = E'cos2nI-rt

where t is the tíme, then

22
0coso-"T \t (1.6)



and so

p(v ) oE

6

22cos oL 0

Thus, from the combination of equations 1.1, I.2 and L.7, it
is founcl that the rate of absorption of polarised light per

molecule or per absorbing centre of a macromolecule for a

particular transition moment vector is proportional to
t(IOi.EO)-. It therefore follows that the molar absorptivity,

e, for a particular direction of EOr frây be written as

2 (1.8)e=NT cos o

where N is the number of molecules or absorbing centres of a

macromolecule per unit volume, o is the angle as previously

defined and T is the magnitude of a vector T, proportional

to the transition moment vector, TiO (Fraser, 1960).

L.2.2 Mode1 for Perfect Aliqnment

Cgnsider the co-ord.inate system OABC in Fig.1.1 where

the helix axis of the DNA molecule is perfectly aligned

along OC. The orientation of a particular transition moment

vector of the purine and pyrimidine bases in DNA or that of

an intercalated dye molecule is represented by the vector T,

which is described by the polar co-ordinates ô and 0.

Light is propagated in the direction OA. Absorbance

measurements are made with light polarised in the direction

OC parallel to the DNA helix axis (Aff) and with 1i9ht.

polarised in the direction OB perpendicular to the DNA helix

axis (a, ). The dichroic ratio R is defined. as
J-

2

(1.7 )

(1. e)n = Aar,/A,-
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FIG I.1 THE CO.ORDINATE SYSTEM OABC
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and is equal to .tt/.L. Another commonly used alternative

is the dichroism, Ar, where

Ar= Art Ar- (1.10)

(1.13)

All orientations of the DNA molecules around OC are

equally probable and so the transition moment vectors will

be uniformly distributed on a right circular cone of semi-

angle, ô =tJ)t with oC as axis, where o is the angle between

the transition moment vector and the DNA helix axis. For

polarised radiation parallel Lo OC, ô = o and Lherefore

t1r (1 .11)

For polarised radiation parallel to OB,

2 2 2 (1.12)s Q=sin (,') sfn 0

and the number of transition moment vectors per unit volume

between 0 and 0 + d0 is Nd0/2n, therefore,

2r

= NT2cos2t¡

co

e
NT2
ñ sin2r sin2o dol-

0

= àtlt2"in2t (1. 14 )

For perfect alignment of the DNA molecules along OC, the

dichroic ratio, RO, becomes

R0 = ,tL/.L (1.15)

= 2cot2u (1.16)
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and relates the íncIínation of the transition moment vector

to the DNA helix axis (Fraser, \953).

L.2.3 Model for Partial Aliqnment

For this model, Fraser (1953) proposed that a fraction,

f, of Lhe molecules are perfecLly aligned parallel to the OC

axis and the remaining fraction, (1 f), are perfectly

random. From equations 1.11, I.LA and 1.16, it follows that

t11 NT2{f .o"2r + (r Ð /3} (1.17)

and

tr- 2 {Ut sin2o + (1 r) /3} (1.18 )

and in terms of the dichroic ratio for perfect alignment,

RO, and ft the dichroic ratio for this model (Fraser' 1956)

is

NT

R
{r + (n 1) (1 f) /3j

0

and solving for f (Fraser' 1956)

I_

{(R-r)(Ro+2)}
(1.20)

{(R
0

For DNA, which aligns with its helix axis paralle1

to the direction of the orienting force, the measured dichroíc

ratio of an absorption band of an intercalated dye molecule

(or of the DNA bases) together with a knowled.ge of the

fraction of oriented DNA chains wj 11 determin" RO and the

orientation of that transition moment vector relative to the

DNA helix axis
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Although the angle between the transition moment vector

of the dye and the DNA helix axis may be readily calculated,

it does not directly ind.icate the relationship between the

plane of t.he dye moÌecule and the DNA helix axis. For this

type of interpretation, use has been made of the following

expression

2 2 (1.21)cos 0 + 2KrrsinQ cosQ + Krsin 0

which has been previously derived for in-plane (n*, n)

transitions for molecules embedded in an anisotropic matrix

(Bott and Kurucsev, 1974) , where

R /(s +2) (r.22)
0 0

and where 0 is the angle between the transition nnoment

vector and the molecular z axis, and K' R.-.Z and K, are

molecular orientation parameters to be defíned below.

Of the three Eulerian angles o, ß, and y used to specify

the relationship between the laboratory-fixed, OXYZ, and

the molecular-fixed, Oxyz, co-ordj.nate systems (Fig.L.2) , s

is uniformly occupied (Mich1 et al, L97O¡ Bott and Kurucsev,

L974) by the molecules so that the expressions for the

molecular orientation parameters involve ß and Y only:

2 (1.23)K ß>av1

R1r=Kl

Rtt

K = < sinß cosB cosy >
1

(L.zq)

(1.2s)K
2

2 av



z

v

z

Y

xr

X

FIG I.2 THE RELATION BETWEEN THE LABORATORY.FIXED, OXYZ,
AND THE MOLECULAR-FIXED, Oxyz, COORDINATE SYSTEMS
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It has been assumed that in the case of the dyerloNa system

the distribution of molecular orientations about B and Y is

very narrow and therefore single angles may be used instead

of averages to define the molecular tilt and twist angles, $

and .¡, respectively. These angles are shown in Fig.l.2,

where ß is the angle between the Z axis (the DNA helix axis)

and the dye z molecular axis and y is the angle between the

x molecular axis (tfre normal to the dye rnolecular yz plane)

and its projection x' into the XY plane (the plane per-

pendícular to the DNA helix axis) as formed by the line of

intersection of the xy and XY planes. Thus, RI1 is given by

Rtt = cos2ß 
"o=24 

* 2sinß cosß cosY sinQ coso
. 2^ 2 2,+ san Þ cos Y sr-n a (t.26)

1.3 Linear Dichroism in Solutíon and in the So1íd State

Two methods have been used to measure the linear dichroism

of the dye/DNA complex in solution. The orientation of the

DNA complex has either been obtained under the influence of

an electríc field (Houssier, 1965; Houssier and Fredericq, 1_966)

or achieved through streaming solutions (Lerman, 1963¡ Nagata

et aI , 1966; Jackson and Mason, L97L). The interpretation

of the d.ata has been restricted firstly, bY the small

orientation of the complex produced and secondly, bY con-

tributions from non-intercalated dye species, either free or

externally bound dye. This latter factor becomes more im-

portairt at low ionic strengths and high dye to DNA phosphate

ratios. It has been shown that there is a loss in the neg-

ative dichroism of the bound dye at 1O-3¡,t ioníc strength as
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D/P, the dye to DltrA phosphate ratio íncreases above O.l and

this has been interpreted as an increase in the weak binding
process (Houssier and Fredericq, 1966). Lerman (1963)

desíred saturation of binding sites and so used a dye

(quinacrine) to DNA concentration (as nucleotide) of O.3Z

where the concentration of free dye was considerable. He

concluded from the close similarity of the dichroism values

for quinacrine and DNA that the plane of the purine and

pyrimidine base pairs were paral1e1 to the direction of the

long wavelength transition of quinacrine and from further
considerations that the planes of both rtrere paralIet. A

similar conclusion has been reached for various inter-
calating polynuclear aromatic hydrocarbons, 4-nitroquinoline-
l-oxides and various dyes (Nagata et âr, 1966) . Ir{ore recently,
Jackson and l4ason (1971) determined from measurements at tO-3¡l

ioníc strength and D/P ratio between O.O4 to O.22, that the

longer in-pIane axis of 3- and 9-aminoacridine is oriented
in the DNA complex at an angle approximately 2Oo to the

plane normal to the helix axis and that the shorter in-
plane axis of these molecules together with 1-, 2- and

4-aminoacrídine lies at a somewhat greater ang1e. For this
interpretatíon, it was assumed that the molecular plane of
9-aminobenzlalacridine and the base pair were parallel in
the DNA complex. This allowed the calculation of the amount

of orientation of the DNA complex which was considered to be

the same for the other DNA complexes under the same conditions.

The problems associated with linear d.ichroism measurements

from solution malz 5u listed therefore, as:-
(í) the preparation of dyer/ONa samples of only limited

orientation,
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(ii) the assessment of the amount of orientation of the

dye/lna complex (the fraction of oriented DNA chains),

(iii) the possible contribution to the measured dichroic

ratio from free dye, and

(iv) the possible contribution to the measured dichroic

ratio from externally bound dye.

The difficulties associated with solution dichroism

measurements on the other hand, are more readily overcome in

the solid state. Better orientations, allowing a more

accurate assessment of the total fraction of orientation may

be achieved. In addition, suitable dye absorbances may be

maintained at very 1ow ratios of dye to DNA phosphate,

simply by increasing the thickness (light path) of the

sample. However, it is also important to examine the

factors which affect the secondary structure of DNA so that

it may be maintained in .its native form. This will ensure

not only reproducible experimental condítions but will also

allow the geometry of the dye in the complex to be related

to the in vivo system where DNA probably occurs in the gel

like state; and further, will complement current knov¡led.ge

of DNA behaviour in vitro.

The structure of DNA in the solid state has been inves-

tigated by X-Ray diffraction and has been shown to be highly

dependent on relative humiclity (Franklin and Gosling, J-953).

At least four diffraction patterns have been found and these

have been interpreted as distinct m.olecular configurations,

each stable over a limited. relative humidit]¡ range (Feughelman

et aI, 1955; Langridge et âI, 1957, I960a, 1960b; Marvin et

â1, 1961). Of these configurations, the native B form

existed at 922 relative humidity, with the plane of the
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purine and pyrimidine bases approximately perpendicular to

the helix axis whereas the A form occurred' aL 752 relative

humidity, with the plane of the bases tilted by 2Oo from the

perpendicular to the helix axis.

In addition, salt content is important ín determining

the secondary structure of DNA. For samples with salt

contents in excess of 9Z (weight of salt to dry weight of

DNA), the B form only is observed at relative humidities

above 75c6. On the other hand, ât satt contents less than

0.5S, the A form was present at 752 and 982 relative

humidities. Further, some samples of 5Z salt content did

not reveal the B form at 922 relative humidity while others

with salt contents in the range 0.6 4.02 did show the

A + B transition. CIearIy, this suggested that other

factors T¡¡ere involved (Cooper and' Hamilton' 1966) ' More

recently, it has been observed that the conformational

change, was not only a function of the relative humidity and

the satt content but also of the DNA base composition (Bram,

LTTL; Pilet and Brahms, 1973). The reported changes in the

infra-red spectrum of solid DNA films as a function of

relative humidity, first observed by Sutherland and Tsuboi

(:-957) and later confirmed and extended by Falk and co-

workers (1963a), indicated that the observed structural

changes were analogous to the denaturation of DNA in aqueous

solution. Similar changes in the ultra-violet spectrum of

solid DNA films have also been reported (Fa1k, 1964) .

T,inear cliehroism has not been a widely used technique

in the solid state ancl the few reported measurements of the

dye,/ONa complex are not well documented. Lerman (1961) in-

ferred from oriented fibres of the proflavine/ONA complex
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that the normal to the plane of the proflavine molecule was

less than 55o from the fibre axis. From a visual observation,

a considerably smaller angle was estimated. Neville and

Davies (1966) observed dichroisms for the oriented acridine-

orange and proflavine/DNA complexes at both room and 100?/

retative humidities, with the maximum light absorption l

occurring with the radiation vector perpendicular to the

direction of orientation. They measured a dichroic ratio

for the proflavine/oua complex, D/P = 0.I7 at 50% relative

humidity at both 460 and 440 nm of 0.6. Rupprecht and co-

workers (1969) have reported from a single measurement at

the maximum dye absorptíon for one wet-spun sample each of

acridine-orange/DNA and proflavine/ona at 662 relative

humidity, dichroic ratios of 0.415 and 0.317' respectively.

The minimum angle of inclination of the absorption vector of

the dye molecule to the DNA helix axis was calculated at 650

and U'r:, respectively. Kurucsev and zdysiewicz (1971) have

recorded the dichroism ín the vísib1e region of the spectrum,

of an acridine-orange,/oua film stretched to I.4 times its

oríginal length at 100? relative humidity. A'minimum dichroic

ratio of 0.6 was obtained which they concluded supported the

generally accepted intercalation model with the dye molecule

more or less parallel to the plane of the bases.

The diffículties that arise for the quantitative inter-

pretation of the dye,/DNA geometry from solid state dichroism

studies may be summarised as:-
(i) the development of an experimentally reproducible

method capable of preparing highly oriented DNA samples,

(ii) the elimination of t or correction f.or, the light

scattering properties of the samples and.,



15

(iii) the assessment of the amount of orientation of

the samples.

The ideal situation is to overcome the scattering

problem and then to improve the quality of the samples.

This is not possible, since the measured dichroism reflects

the capability of the measuring instrument t.ogether with the

quality of the sample. In practice therefore, the develop-

ment of a suitable measuring instrument is accompanied by

advances in the qualíty of the samples. For convenience'

Chapter Three is devoted. to the instrumentation problem of

light scattering from DNA fitm samples, whilst Chapter Four

describes a method suitable for the preparation of highly

oriented DNA films. This method is later modified in

Chapter Five to include the dye/¡ne complex.



CHAPTER TWO

PHYSICAI AND SOLUTION PROPERTIES OF THE DYES

AND THETR DNA COMPLEXES

Two classes of dyes have been investigated throughout

thís work, aminoacridines and reporter molecules. Proflavine,

acriflavine and 9-aminoacridine have been selected as repre-

sentative of the first group, rvith the first two mentioned

dyes being used mainly to substantiate the preparative

method (refer to ChapLer Five). The second group is of

interest because they have been synthesised specifically to

interact strongly with pol¡ranions, in particular, DNA (Gabbay'

1968; Gabbay and Mitschele, L969). A variety of reporter

morecules, ¡ (cH2) rr** (cH3) ,lcur) ,** (cH3) ,.28r- where R

represents a chromophore absorbing in the 300 500nm

region, have been reported (Gabbay, L969). These molecules

may be particularly useful in the analysis of the structure

of Llne dye/DNA complex since the R chromophore may be

conveniently manipulated. Four such reporter molecules have

been investigated.

2.1 Materials

2.I.1 Aminoacridines

Proflavine (3,6-diaminoacridine hemisulphate hemi-

hydrate from B.D.H., England) was purified as the free base

(weiIl and Calvin, 1963; Ellerton and Isenberg, 1969) and

subsequently converted to the hydrochloride by the method

previously outlined for acridine-orange (Armstrong et â1,

1970). The microanalysis (C.S.I.R.O. ' Melbourne) carried
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out on both the hemisulphate and the purified hydrochloride

is shown in Tab1e 2.L. The analysis j-ndicates that the

purity of the proflavine hydrochloride has been increased to

greater than 98%.

Table 2.L

Prof lavine Microanalysis

Prof lavine Hemisulphate

(ct¡HttN 
z) z.H2SO 4

Prof lavine Hydrochloride

c H N . HCIt3 11 3

Element Calculated(%) Found(?) Calculated(U) Found(?)

Carbon

Hydrogen

Nitrogen

Sulphur

Chlorine

" Sulphated
Ash"

60.4s

4 .68

L6.27

6.2L

57.76

4 .89

1s.35

7.5

0.3

63.54

4.92

17 .11

L4.43

61. B3

5.L7

16. 9s

L4.6

0.2

Acriflavine (3, 6-diamino-N-methylacridinium chloride)'

free of proflavine, hras obtained from commercial acriflavine

hydrochloride (B.D.H. Acriflavina B.P.C.) by the method of

Atbert (1966) . The microanalysis (C.S.I.R.O., Melbourne)

for the commercial and the purified sample is shown in

Tabte 2.2. The analysis indicates that the purified

acriflavine is of very high purítv.
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Table 2.2

Acrif lavine Microanalysis

Element Calculated ( Z )

Acrif lavine Hydrochloride ; cB
t4

H

CommercíaI

Found ( % )

¿rfN¡ - Hcl
t4

Purified

Found ( ? )

Carbon

I.Iydrogen

Nitrogen

Chlorine

" Sulphated
Ash"

64.7 4

5.43

16.18

13. 6s

60.93

5. 40

]-5.77

13.1

0.3

64 .48

5 .57

16 .40

L3.7

0.5

9-Aminoacrid.ine hydrochloride (4.G. Fluka) was re-

crystallised twice from ethanol and dried und.er vacuum.

It was a sample kindly supplietl by Dr. L.N. Sansom.

2.1.2 Reporter Molecules

NrNrN-Trimethyl-IJ' ,N | -dim.ethyl-N'- (3-2 ,4-

dínitroanilinoethyl) -1, 3-diammoniumpropane dibromide

(to be called 2r4-dinitroaniline reporter), NrN'N-

trimethyl-N',N' -dimethyl-N' - ( ß-4-nitroanilinoethyl) -

I,3-diammoniumpropane dibromide (to be called-

paranitroaniline reporter) , N, N, N-trimethyl-N' ,N ' -

dimethyl-N' - (y-2-nitroanilinopropyl) -1, 3-

diammoniumpropane dibromide (to be catled orthonitroaniline

reporter ) and N, N, N-trimethyl-N ' , N' -dimethyl-N ' -
( y- 4 -nitronaphthyl aminopropy I ) - 1, 3 - d iamrnoníumpropane

díbromide (to be called 4-nitro-1-naphthylamine reporter)
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were kindly provided by Dr. E.J. Gabbay (Department of

Chemistry, University of Florida, Gainesvitle, Florida) .

2.L.3 DNA

Herring Sperm DNA was supplied by the Sigma Chemical

Company as the "Type V, Sodium Sa1t, Highly Polymerised"

form. CaIf Thymus DNA may be prepared bv two main meLhods.

In one case, the basic proteins with which DNA occurs in

combination are removed by anionic detergent treatment

(Kay et al, 1952) and in the other, by the chloroform-gel

method (Jordan, L960). A comparison of the d.ifferent

methods of preparation resulted in Lhe concfusion that

the chloroform-geI method gives a lower molecular weight

product with marked fractionation occurring as compared

to the anionic detergent procedure (Jordan, 1-960). Through-

out this work, CaIf Thymus DNA was prepared by the

anionic detergent procedure as outlined b1z SÈeiner and

Beers (196I). The DNA samples were stored drv a{- OoC.

2.L.4 Water

The water used for all preparative work was obtained

by the d.istillation of deionized water through a 35cm

fractionating column. The conductivity of the water did
-6 -1not exceed 3.5 x 10 ohm cm

2.2 Reaqent Solutions

2.2.1 DNA Solutions

Aqueous DIIA solutions in 0.ImM EDTA (disodium salt)

were prepared. by dissolving the DNA directly in aqueous EDTA

in the cold (Oo AoC) wíth eontinual shaking ovêr a seven

day period. In the concentration range employed, 0-1% to

1.0%, the DNA retains its native configuration (Kurucsev,1963).
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The DNA solutions \{ere centrifuged at 12,000 RPM for forty-

five minutes in a Sorvall Superspeed RC-B automatic re-

frigerated centrifuge. The solutions were maintained at AoC

throughout and autoclavable polycarbonate centrifuge tubes

(steam cleaned) \^rere used. The DNA solutions were stored in

the frozen state and were degassed prior to use. The method

used for degassing was to freeze the solution in liquíd

nitrogen, evacuate the containing vessel and thaw the frozen

solution under vacuo. Thís process was repeated several

times. It has been reported that the double helical

structure of DNA is not broken down by freezing DNA

solutions to -1 g2oC, followed b1z thawing (Shikama , ]-965) .

The pH of the DNA solutions was 5.0 t 0.3.

2.2.2 Dye and Dye/DNA Solutions

The dye and dye/oNa solutions vlere prepared as outlined

in Chapter Five, Section 5.2.L. A fifteen-fold dilution of

the dyp and the dye/oNa solutions listed in Table 5.1 gave

absorbances that leere conveniently measured in 1cm optical

path-Iength ce1ls. The pH of all solutions was 5.0 t 0.3.

2.3 Isotropic Solution Absorption Spectroscopy

A Zeiss PMQII manual spectrophotometer equipped with an

automatic slit control unit was used to measure aqueous

solution spectra while the basic instrument with wide-windovz

PM attachment (Chapter Three) was used to measure dye/Ona

solution spectra. The sotution spectra v/ere measured at

20 t 1oC using silica cel1s of opl-ical path length lcm.

The calibration of the spectrophotometer is described in

Chapter Three, Section 3.5.
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The visible absorption spectra of proflavine and

acriflavine, in aqueous and in DNA solution at pH5 (no

buffer), are presented in Figs.2.L and 2.2, for each dye

respectively. The dyes' absorption maxima in water and in

the presence of DNA have been normalised to demonstrate

clearly the red shift of the spectrum in the nucleic acid

environment relative to the aqueous environment. Fiq.2.3

shows similar spectra for 9-aminoacridine in the visible and

near ultra-violet region where an isotropic fíIm spectrum of

the 9'aminoacridine/¡Ne complex at 932 relative humidity has

been substituted for the equivalent solution spectrum (refer

to Chapter Five, Fig.5.6). The relevant details are

summarised in Table 2.3 together with previously determined

data that has been converted to the wavenumber scale to

facilitate a comparison. f!. precision of the wavenumber

maxima determined for this work is 50cm-I and althouqrh not

listed, would be expected to be of the same magnitude for

the other reference work. Thus, the very close agreement

between this and other work indicates that at the very low

dye to DNA phosphate, D/P, ratios used, both pH (provided

the DNA is native) and ionic strength, p, effects are not

important in the determination of the spectrum of the DNA

bound dye monomer. This is consistent with the pK. values

for these acridine dyes being in excess of 9.65 (Albert'

1966).

Figs.2.4 to 2.7 show the visíble and near ultra-viol-et

absorption spectra of paranitroaniline, orthonitroaniline,

2, 4-dinitroaniline and 4-nitro-]-naphthyl-amlne reporLers

respectively, in aqueous and in DNA solutiolr at pH5 (no

buffer) (maxima have been normalised).
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Tab1e 2.3

Absorption Maxima of Aminoacridines in Aqueous

and in DNA Solution

Acridine and

Environment

Molarity

or D/P

upH Referencevmax
-1cm

Proflavine

Aqueous

Proflavine

DNA

Acriflavine

Aqueous

Acriflavine

DNA

9-Aminoacridine

Aqueous

22,520

22 ,550

<5x10

2x10

-5

-5
0.01 4.0 Haugen & Melhuish

1964
5 This work

21,690 0.026

2L,650 extrap.
to zero

2I,700 0.002-0.003

6.9 Peacocke &

Skerrett,1956
6.5 Armstrong et al,

1970
5 This work

0.10

0.002

22,I20

22,100 1.5 x 10

0. I0 6.8 Tubbs et a1 ,1964

5 This work

6.8 Tubbs et al,1964

5 This work

-5

2I,450 fully bound 0.10

2r | 400 0. 002-0. 003

23
24
26

,640
,9 40
| 250

30 ,67 0

23 ,7 00
25,000
26 ,300 3. 5 x 10
30,700

6 AIberL,L966

5 This work

Peacocke &

0.1 6 .9 Skerrett ,1956;
Fig.8

-5

9-Aminoacridine 23 t3L0
24,630

DNA 25,9L0
30,210

0.045

23,300
24 ,650
25,900 0.004-0. 008
30,300

5 This work
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An isotropic film spectrum of the 4-nitro-1-naphthylamine

reporter/DNA complex at g3Z relative humidity (Chapter Five,

Fig.5.IO) has been used in place of the solution spectrum.

The spectral behaviour of the reporter molecules is very

similar to the aminoacridines with all the dyes exhibiting a

red shift in the nucleic acid. medium relative to the aqueous

medium. Tab1e 2.4 presents a summary of data similar to

Table 2.3. Once again, the very close agreement between

this and other work indicates that pH and ionic strength

effects are not important in the determination of the

spectrum of the DNA bound reporter molecule at the D,/P

ratios used here. As the reporter molecules do not assoc-

iate, the bound dye is the monomer species (Gabbay, L969).

A summary of the red shift of the absorption maximum(a)

for both the aminoacridines and the reporter molecules is

presented in Table 2"5. The red shift varies between

350cm-1 and B5gcm-I, with the fully intercalated dyes

(Section 2.4) exhibiting a much larger red'shift than the

non fully intercalated dyes. The fully intercalated dye'

9-aminoacridine' appears to be an exception'

2.4 Degree of Intercalation

The fact that certain planar molecules may intercalate

between DNA base pairs has been discussed in chapter one-

Moreover, the resultant change in the dimensions of the DNA

helix has been well substantiated by viscosity data (Lerman,

Lg6I; Drummond et aI, 1966; Muller and Crothers, 1968; Cohen

and Eisenberg, L969¡ Armstrong et al, L97I). Similarly, the

increased viscosity of DNA in the presence of reporter

molecules strongly indicates that these molecules also are



24

Table 2.4

Absorption Maxima of Reporter Molecules in Aqueous
and in DNA Solution

Reporter and

Environment

V*a*
-1cm

D/P U pH Reference

Paranitroanil ine
Aqueous

Paranitroaniline
DNA

Orthonitroaniline
Aqueous

Orthonitroaniline
DNA

2 , -Dínítroaniline
Aqueous

26,LIl
26,L00

25 ,450
25,450

22 ,880
22 ,900

22 ,57 0
22 | 550

28,570
28 | 650

0. 0B

. 018-. 019

0.01 6

5

0.01 6.s
5

0. 01 6.5
5

Gabbay ,1969
This work

.0I2-.014 0.01 6.5 Gabbay ,1969
0.007 5 This work

0.01 6.5
5

Gabbay ,t-.969
This work

5 Gabbay ,L969
Thís work

Gabbay,:.'969
This work

2 , 4 -Dinitroaniline
DNA

.0r2-.014 0.01

. 007-. 010

6. 5 Gabbay ,1969
5 This work

28 tLTO
28,100

4-Nitro-1-
naphthylamine
Aqueous

4-nitro-1-
naphthylamine
DNA

22 ,57 0
3r, o6o

22 ,550
3I t200

0. 01 6.5 Gabbay ,1969

5 This work

2I,930 . OI2-.014 0.01 6.5 Gabbay tL969
21, 850
30,600 (s) 0.007 5 This work

(s) denotes shoulder



25

Tab1e 2.5

Red Shift of Dye Absorption Maximum in DNA

Relative to Aqueous Environment

Dye
Red Shift of Absorption Maximum

(cm -)

Proflavine

Acriflavine

9-Aminoacridine

Paranitroaniline
reporter

Orthonitroaniline
reporter

2 , 4-Dinitroaniline
reporter

4 -Ni tro- I -naphthY lamine
reporter

850 r 100

700 r 100

400 t 100 (a)

350 r 100

400 J 100

400 r 100

350 r 100

350 r 100

550 t 100

700 1100 (a)

600 r 200

(a) where more than one maximum, maxima are shown in order of
increasing wavenumbers .
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intercalated (Kurucsev, 1969; Passero et al, 1970¡ Gabbay et

â1, 1970; Gal>bay and DePaotis, L97L). In addition, further

supporting evidence has been obtained from visíble and

ultra-violet spectroscopy, circular dichroism, pmr and

hypochromÍcity measurements (Gabbay, 1969¡ Gabbay and

Gaffney, L970¡ Gabbay et aI, L972¡ plus above references

pertaining to reporters) .

The intrinsic viscosities of the proflavine and

reporter/DNA complexes measured relative to pure DNA, tnl/[no],

and obtained under identical experimental conditions, are

shown in Tabte 2.6. The percentage of intercalated to total

dye (intercalated, free and externally bound') has been

calculated from the ratio of the relative intrinsic viscos-

ity of the respective dye relatíve to that of the proflavine

determined value. At the O/p ratio of O.O9 and the ionic

streng{:h of o. 03, the amount of f ree prof lavine is very

small and the amount of externally bound dye is negligible

(Armstrong et al, L970). Proflavine is therefore a good

comparative standard for ful1 intercal-ation. It has been
,i-

u.==.r*"d)Kthat each intercalated dye molecule produces the

same increase in the length of the DNA double helix so tha

the relative intrinsic viscosity increments for the com-

plexes are a measure of the equilibrium between the

intercalated and. the externally bound dye (Passero et â1,

r970).

It follows from Table 2.6 that not all the reporter

molecules are intercalated to the same extent under iden-

ticat conditions. Moreoverf providecl tltaL Lhe binding

constants for the intercalation process and the externally

bound process remain the same at the much lower D/P ratios



Dye

Proflavine

Parani troaniline
reporter

Orthonitroaniline
reporter

2 , 4-Dinitroaniline
reporter

4 -N i tro - I - naphthylamine
reporter

t.3s (b) 100 (fut1y) 0.03

1.14 40 (d)

1.13 40 (d)

1. 39 100 (fulIy) (d)

1.36 100 (fully) (d)

(a)

D/P Reference

0.09 Armstrong et al, 1970

0.09 Kurucsev, 1969

0.09 (c)

0.09 Passero et al, 1969

Tab1e 2.6

Intrinsic Viscosity of the Dye/DNA Complex Relative to Pure DNA

lnl / [no ] Percent

Intercalated

Ionic

Strength

N\¡

0.09 Kurucsev, 1969

(a) all viscosity measurements were carríed out v/ith the same Zimm low shear viscometer
b¡z Dr. T. Kuruscev (1969) .

(b) obtained by interpolation of data in Fig.4 of reference.

(c) obtained. from a correlation of hypochromicity data (Gabbay, 1969) with intrinsic
viscosity data (Kurucsev, 1969).

(d) viscosity meesurements were carried out in 0.025M sodium phosphate buffer (pH 6.50),
0.025M in Na' ions of ionic strength 0.028.
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(0.007 o.oI9) used throughout this work, then it would

be expected that Table 2.6 presents a reliable estimate of

the percentage of the intercalated dye in as much as the

2r4-dinitroaniline and 4-nitro-1-naphthylamine reporters are

fulIy intercalated while the paranitroaniline and ortho-

nitroaniline reporters are not fully intercalated.

The viscosities of the 9-aminoacridíne and proflavine,/ONA

complexes have been reported to be the same at an ionic

strength of 0.005 for a D/P ratio less than 0.14 (Drummond'

et al, 1966). Thus, 9-aminoacridine may also be taken to be

ful1y intercalated at the low D/P ratio (0.004 0'008) used

throughout this work. There is no viscosity data available

for acriflavine. However, in the O/e range less than 0.08'

intercalation is the only kind of significant binding (Chan

and Van Wink]e, L969). At the very small D/P ratios (0'002

0.003) used. throughout this work, this dye is also considered

to be fully intercalated.

2.5 Trans ition Moment Direetions

2.5.I Experimental Classif ication

Zanker(1954)hasclassifiedtheabsorptionbandsfor

acridine as T*<-Tt according to the Platt electron model for

aromatic hydrocarbons (Platt, !949¡ Platt and Klevens' 1949)

where the polarisation of the Lr, Ba and LO, Bb bands is

perpendicular and parallel to the long axis of the acridine

molecule respectively. The classification has further been

extended to include mono- and diaminoacridínes, by studying

the effect of NHr- substitution on the absorption and the

polarised fluorescence of the parent acridine at low tem-

peratures (wittwer and Zanker, 1959). It was concluded,
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that the visible (lowest wavenumber) absorption band of the

proflavine cation is a composite band where the loiv intensity
Il,. band is completely overlapped by the very intense t"o

band. A further low intensity band, noticeable as an

inflexion (32, OOO .*-l at -183oc in ethanol) prior to

intense ultra-violet absorption, is clearly indicated by the

strong decrease in the degree of the polarised fluorescence.

This band is polarised perpendicular to the ltO barrd. and has

been tentatively classified as a le. band. A similar class-

ification for the absorption bands of acriflavíne to those

of proflavine can be made since the methyl group substituted

on the ring nitrogen has little effect on the absorption

spectrum (compare Figs.2.I and 2.2). The spectra are almost

superimposable but for. the s1ight red shift of the

acriflavine spectrum.

Finally, the Platt classification for the low wave-

number absorption bands of 9-aminoacridine measured at

-18¡oC in Ether/Ethanol has been carried out, where the

relative position of the IL. arrd lt. bands is similar to

acridine, but where the intensity of the bands is reversed.
l

The rL" band has gained intensity relative to acridine and

Ís now many times more intense than the fl,O band which has

lost intensity relative to acridine (Zanker and Schiefele'

1958). The two absorption bands shown in Fig.2.3 have been

IabelLed accordingly. A summary of the transition moment

directions associated with the observed absorption maxima of

the dye/DNA complex is shown with respect to the molecular

axes in Fig.2.B for the acridine molecules. The position of

the (O,O) absorption maximum for the lL" band of the

9-aminoacridine/DNA complex has been recorded in the figure'
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The vísible and near ultra-violet absorption bands of

the reporter molecules, assigned to r*<-TI transitions (Gabbay,

Lg6g) | may be classified as t"., t"O according to the Platt

notation. However, because the planar benzene or naphthalene

rings are asslzrnmetrically substituted with NO2- and -NH-

groups, a loss of C2u symmetry has occurred so that no

conclusions concerning the transition moment direction (s)

associated with particular absorption band(s) can be made.

2.5.2 Theoretical Calculation

Theoretical calculations have been carried out using

the Pariser-Pople-Parr self-consistent-fie1d molecular

orbital method (SCF-CI-PPP) for n-electron systems (Parr,

1963) ín the form described by Bailey (1969). This method

has been shown to give good agreement between theoretical

and experimental data for a number of heterocyclic purine

and pyrímidine derivatives (Bailey' 1970) . Þtore recently,

it has been emphasised with relatively large conjugated

molecules, that the SCF-CI-PPP method, vüith CI (confÍg-

uration interactions) limited to singly excited config-

urations, is sufficient to predict transition moment

directions within a few degrees for strong transitions,

although oscillator strengths are rather poorly predicted.

For weak transitions (oscillator strengths near 0.01) '
acceptable transition moment directions require at least

some doubly excited configurations (Downing and Michl'

L972\ .

The geomeÈry of the reporter molecules (the N'NrN-

trimethyl-N' ,N'-dimethyl-N'-ethyl (or propyl) -1 ' 3-

diammoniumpropane moiety has been ignored) has been based on

the atomic co-ordinates of paranitroaniline (Sutton, l-965) -
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Both Clementi double zeLa orbitals (cO) (C1ementi, I963) and

Slater orbitals (SO) have been used and the calculations

have included all possible singly excitecl configuration

interactions. Oscillator strengths have been determined by

the method of Hansen (1967) which employs a mixed dipole

length-dipole velocity expression. The IT el-ectron

calculations carried out on the aniline nucleus of the

reporter molecules are indistinguishable from those of the

reporter molecules themselves.

The mean energies, oscillator strengths and the angles

between the transition moment vectors and the z axis of the

reporter molecules (refer to Fig.2.9) are shown j-n

Tables 2.7 to 2.I0 for the lowest energy transitions and

are correlated with the observed maxima of the transitions.

The absolute values of the energies of the calculated (n*rT)

transitions are too large when compared with the correspond-

ing experimental values. This may be a reflect.ion to some

extent'on the environment of the dye. Nevertheless' the

correspondence between theory and experiment is satisfactory.

The number of transitions and the oscillator strengths of

the paranitroaniline, orthonitroaniline and 2,  -dinítroaniline
reporters in the visible and near ultra-violet region

(Figs.2.4 to 2.6) is correctly predicted. The cal.culated

energíes of following bands correctly indicate that there is

no overlap from higher energy bands. The first calculated.

transition of the 4-nitro-1-naphthylamine reporter can be

correlated to the first absorption band (Fig.2.7 ) because

of its high predict.ed oscillator strength. The second

transition may be ignored due to its negligible oscillator

strength. Thus, either calculated transition three or four
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Table 2.7

Calculated (n*, n) Transitions in Paranitroaniline/neporter

No.

Energy
-'I(cm -¡

co so

Oscillator
Strength

co so

Ang1e of Moment

with z axis

co so

Experimental
Maximum ("*-1)

1

2

3

28,630 27 ,5r0

32,900 32,480

39,010 38 | 470

0.340

-0

o .026

0.360

0. 001

0. 012

900

0o

0o

900

0o

0o

25 ,450

Tab1e 2.8

Calculated (n*, n) Transitions in Orthonitroaniline/RePorter

No

Energy
-'t(cm -¡

co so

Oscillator
Strength

co so

Ang1e of Moment

with z axis

co so

Experimental
Maximum ("*-1)

I

2

25,600 24,830

35,650 35,080

0.096

0. 087

0.102

0 .107

go 70

ALo 420

22 ,550
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Tab1e 2.9

Calculated (n* n) Transitions in

2, 4 -D initroani I ine/Reporter

No.

Energy
-l, J!(cm )

co so

Oscillator
Strength

co so

Angle of Moment

with z axis

co so

Experimental
Maximum (.*-1)

1 26 ,860 26 ,090 0.08 6 O.LO2 130 200 inflexion of
shouI,åer

28,1002

3

29 ¡980 28,890

35,720 35,r2O

0.278 0.289

0.065 0.056

-900

2'70

ggo

250

Table 2.L0

Calculated (n*, n) Transitions in
4 -Nitro- l-naphthv Iamine,/Reporter

No

Energy
-'t(cm -¡

co so

Oscí11ator
Strength

co so

Ang1e of Moment

with z axis

co so

Experimental
Maximum (.m-1)

I
2

3

4

24,920 24,060

30,760 30,820

34,87 0 34 ,820

36,980 36,360

0.286 0.306

0. 001 0. 002

0.0I7 0.018

0. 051 0.067

840

6go

560

670

940

630

6go

660

21,850

shoulder at

30,600
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may be corre-l-ated to the observed shoulder at 30r600 .*-1.

This is probably a composite band and for further inter-

pretation no assignment need be made since the polarisation

directions of the two transitions are the same within the

variations of the CO and SO methods used here.

A summary of the transition moment directions associated

with the observed' absorption maxima of the dye'/DNA comprex

is shown with respect to the molecular axes in Fig.2.9 for

the reporter molecules.



CHAPTER TTIREE

TNSTRUMEITTATTON

3.1 General

Currently available commercial spectrophotometers are

designed primarily for absorption spectroscopy of dilute

homogeneous solutions where light scattering may be

neglected. In contrast, the problem of light scattering

contribution to the measured absorption spectrum of solid

samples, in particular of DNA film samples, cannot be

overlooked. Some workers have ígnored it (Rich and Kasha'

1960; Wetzel et aI, L969) , while others have assumed that it

is negligible because of the similarity between the solution

and fitm spectra (Falk, 1964¡ Zdysiewicz, 1969) . Gellert

(1961) and Brunner and Maestre (1974) have assumed that the

DNA absorbance at 32O and 350nm respectively was zero and

subtracted this amount as a constant correctíon at all

wavelengths. Yet in another case' a reference DNA film has

been used to correct for the measured absorbance, where the

spectrum (in the non-absorbing DNA region) of a dye

associated with DNA was of interest (Rupprecht et â1, 1969) '

Rayleigh scattering is known to have an inverse fourth

power dependence upon wavelength while scatteríng from long

rods or coils (to which DNA m.ay be compared) is less

wavelength dependent (Oster, l-955). To estimate the func-

tional dependence of the scatter contributj-on to the

measured absorbance, 1og-1og ptots of absorbance versus

wavenumber from 13r500cm-I to 31r000cm-1 have been used
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and such plots extrapolated to obtain the corrected ab-

sorbance at the required wavelengths (Englander and Epstein,

L957; Gray and Rubenstein, 1968¡ Kurucsev and Zdysiewicz,

1971). Some workers felt compelled to assume a gradient of

four for such a plot (Kurucsev and Zdysiewicz, 197I) sínce

the measured absorbance in the DNA non-absorption region

varied only slightly with wavenumber making an accurate

extrapolation difficutt. ft should also be mentioned that

there is no exact correction for scattering caused by the

inhomogeneity of the sample (Fraser, t-960). fn view of the

questionable merits and effectiveness of the above methods,

it was decided to investigate in some detail the scatter

contribution to the measured absorbance of DNA film samples

prepared for this work (for preparation of samples' see

Chapters Four and Five).

3 . 2 Spectrophotometric Arrangements Investigated

Ttvo parts of a spectrophotometer are of particular

importance in measurements of the light scattering ability

of a sample:-

(a) the sample compartment; because it determines the

distance between the sample (the source of the

scattered light) and the detector, and

(b) the detector; since its size and shape will cletermine

to what extent the scattered light is gathered and

recorded.

Of the two spectrophotometric arrangements to be

described, the Zeiss PMQII spectrophotometer mounted on a

7.25 metre triangular bar has been used as the basic unit.

In both these arrangements, only the sample compartment and
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detector unit have been altered.

3.2.I Zeiss PMQII Spectrophotometer \r¡ith Vüide-window

Photomultipl ier Detector

(a) Construction

The sample compartment and detector housirg, shown

schematically in Fig.3.1, \,vere constructed from the Tubular

CelI Equipment supplied by CarI Zeiss Pty. Ltd. (refer to
pamphlet No.1). The interior ceII carriage was removed but

both the fixed platform (N) and pull platform (K) support

rods were left intact. The tubular holder (P) with its two

lenses (on1y one lens (o) is shown) was also l-eft un-

disturbed at the side of the sample compartment. The exit
hole for the light beam, originally 48mm diameter, was

enlarged to form a 50mm square. A further 5mm was removed

from the upper wal1 section of the sample compartment to
form a final exit hole of 50mm base, by 55mm height. The

two original holes that had been made to support the

standard photomultiplier,housing were plugged.

A cell carriage with sample and reference holders was

designed. Each holder could be centralísed (horizontally)

in the light. beam by moving the pull platform support rod

which passed through the platform (J) (thickness, 5mm;

width, 34mm; Iength, 220nm) of the cell carriage. The other

end of the platform rested on and slid over the fixed
platform support rod. The platform protruded into the exit

hole and was flush with the outer wall of the sample compart-

ment where it fractionally cleared the bottom of the exit

hoIe. The walls of the cell carriag,e, formed from three

pieces of brass (thickness, 3mm; height, 23mm; length,

70mm), were attached to the surface of the platform at that
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Film Transmit tance Attachment - Horizontal

K to Letters

Detector Housing

A. Circular brass P1ate

B.Spaceforresistorchainand'connectors(notshown)

C. Moveable support for photomultiplier tube

D. Tube socket

E. Fixed suPPort for tube

F. EMI 62555 PhotomultiPlier

G. PhotomultiPlier window

H. Cylindrical collar \

SampIe Compa rtment

I. Film samP1e

J. Platform for samP1e holders

K. PuII Platform suPPort rod

L. Polarising prism (mounting not shown)

M. Opt.ic axis

N. Fixed Platform suPPort rod

O. Lens

P. Tubular lens holder

Section thr the ic Axis
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end nearest the light exit ho1e. They hlere spaced 12.5mm

apart.

The photomultiplier electron tube (F) (nUf' type 62555,

front wind.ow 50mm outer diameter) was supported in a fifteen

pin socket (D) which in turn was mounted on the front face

of a cylindrical brass sleeve (C) (outer diameter, 58mm;

length, 54mm) which contained the chain of resistors and

connectors (B). A circular brass ptate (A) of slightly

greater external diameter (63mm) than the sleeve enclosed

the other face. (Both the sleeve and the plate were cut as

a single unit from a solid brass cylinder. ) Two cables

passed from the sleeve through the circular pIate. one

cable connected the photomultiplier to a stabilised variable

high voltage supply (EILCO, Norwood, South Australia; High

voltage Power Supply, type 6324 No.1; output range' 500-2500

Volt.), whíIst the other carried the signal from the

photomultiplier to input socket B (ho]e No.2) of the Zeiss

Amplifier. The earth wire was connected to socket C (bottom

hole) for convenience, instead of the central earth hole of

socket B.

The photomultiplier with supporting socket and sleeve

was centrally housed in a further cylindrical sleeve (E)

(internal diameter, 58mm; length t73mm) which was attached

by means of a cylindrical collar (H) to the outsi<le wall of

the sample compartment. This arrangement allowed the outer

sleeve to be located centrally relative to the exit hole.

The length of the outer sleeve was lmm greater than the

total length of the photom¡ltipl.ier with supporting socket

and sleeve. Thus, with the inner sleeve acting as a movable

slide, the front window of the photomultiplier could be
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positioned at any predetermined distance up to a closest

approach distance of 1mm from the outside waIl of the sample

compartment. Inlhen a sample humidity cell (Chapter Four;

Section 4.6) was placed in the cell carriaqe the sample film

mounted inside the cell could be as close as 3mm from the

outside waIl. Thus, the overall closest approach distance

between film sample and front window of the photomultiplier

was 4mm. The lmm separation between photomultiplier window

and sample cell ¡¡las a safety margin to protect the photo-

multiplier from damage.

Provision was made to mount a G1an-Taylor calcite

polarising prism (t) (Archard-Taylor modification of a Glan-

Foucault polariser) in the sample compartment. A circular

collar which had a small projection (3mm x 3mm) at one point

was attached to the prism (12mm square, mounted in a 20rnm

diameter Lube). A cylinder, with a small section removed

from one quarter (ptus 3mm) of its circumference, supported

the prism and enabled it to be rotated through 9Oo. A metal

rod was attached at one end to the prism support. The other

slotted end was screwed to an overhead, horizontally

positioned T-shaped rod which slid inside a brass tube

supported by the side walIs of the sample compartment. With

this arrangement, the movement of the T-shaped rod allowed

t.he prism to be moved horizontally while movement of the

metal rod (attached to the prism support) enabled it to be

moved vertically. The screw type arrangement (between the

metal rod and the T-shaped rod) allowed an angle adiustment

of the front face of the prism relative to the vertical

ptane. The prism, when in position' vfas 90nm from the exit

hole of the sample compartment. AtI metal components inside
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the sample compartment and detector housing had a non-

reflecting dull black finish.
(b) Liqht Path

The light path through the sample compartment is

controlled by two lenses in the tubular hold.er, the im.age of

the monochromator slit being so adjusted by lens two that it

is focussed fractionally before the aperture formed by the

exit hole of the sample compartment. A 3.5mm diaphragm was

positioned in the entrance aperture to the monochromator to

attenuate the height of t.he incident radiation. I¡lhen linear

polarised light was required, the polarising prism was

centralised horizontally and vertically with respect to the

líght beam. It was further positioned with its entrance and

exit faces perpendicular to it. The light beam impinged

centrally on the front face of the photomultiplier (25mm

from both sid.es) in the horizontal direction. rn the

vertical direction, it was posÍtioned 28mm from the top and

16mm from the bottom. The dimensions of the light beam in

the sample compartment, shown in Table 3.1 for two slit

widths, are important when the position and polarising

ability of the prism are to be considered.

Firstly, it can be seen that the light beam is not

vígnetted as it passes th::ough the prísm (12mm square).

Secondty, the calculated angular field of the light path

with the prism is less than two d.egrees. This falls well

within the specified Iímits of the useable angular polarised.

field of from seven to nine degrees in the wavelength range

230Onm to 214nm (Karl Lambrecht, pamphlet). The direction

of the optic axis for the Glan*Taylor polarising prism is

the plane of polarisation. Consequently, linear parallel
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Table 3.1

Dimensions of Liqht Beam Ín Sample Compartment

Beam Dimensions of Light at

Entrance Prism Position Exit
(zero) (150mm) (240mm)

height width height wid.th height width
(mm) (mm) (mm) (mm) (mm) (mm)

0.3mm Slit v'Iidth

>2mm Slit Width
(fulIy open)

I3

13

I

L2

I

I

1

4

6

6

4

7 5

(plane) polarised light was obtained with the direction of

the optic axis positioned horizontally vrhile linear perpen-

dicular (plane) polarised 1ight was obtained by rotating

the prism (i.e. the optic axis) through 90o.

3.2.2 Zeíss PMQ fT Spectrophotometer with Integrating

Sphere (KA) Attachment

The sphere attachment was placed next to the outer wa}l

of the sample compartment and was set up to measure spectral

transmittance (CarI Zeíss, refer to pamphlet No.2). The

sample compartment is that clescribed in Section 3.2.L, with

detector housing removed.

The principle of the integrating sphere is to trap all

the scattered light within the totally reflecting surface of

the sphere. It is necessary therefore, to place all

Scattering samples directly in the plane of the sampling

aperture of the sphere, if all the transmitted light is to
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be measured.

3.2.3 Comparison of the Two Spectrophotometric

Arranqements

The two arrangements \¡¡ere compared for bandwidth and

for amplifier noise. In the case of the sphere attachment'

a small bandwidth cou1d. only be obtained with a high voltage

setting on the amptifier unit. This necessitated increasing

the response time of the unit to decrease the correspondingly

Iarge statistical fluctuations of the reading. For the

wide-wind.ow photomultiplier (PM) arrangement, the high

voltage supply was maintained at 620 Volt throughout all

wavenumber settings of the monochromator. At the response

time of one second, the amptifier noise was Iow.

Fig.3.2 sets out the relationship between bandrvidth and

wavenumber for the two arrangements at workable noise levels.

The various amplifications and response times are shown; no

samples have been used. Whereas the sphere attachment may

be useful in the visible range, it was impractical in the

ultra-víolet for the maximum !{orkable amplification (40

times) at the response time of one second (curve three).

Further, when a diaphragm and polarising prism were intro-

duced into the optics the band,widths became too large for

the measured spectrum to be significant (curve one). Curves

one, two and four show the change in bandwidt-h at various

amplifications, at the appropriate response time, for

acceptable noise with the sphere attachment. It ca-n be seen

that for comparable bandwidths, a much higher amplj-fication

and therefore a longcr response time is needed with the

sphere attachment when compared to the wide-wj-ndow photo-

multiplier arrangement (curves four and six). Even at the
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maximum workable amplification (3,000 times), at the response

time of 15 seconds, the bandwidths were excessive in the

range 40r000cm-1 to 44tOOOcm-l. At these high amplifications

and longer response times, the measurement of a spectrum

was inconvenient. In any case, the bandwidths obtained

with the wide-window photomultiplier attachment were much

smaller; they were obtained at a lower amplification and

at a faster response time. Consequently, this arrangement

was used in preference to the sphere attachment to record

the absorption spectra of suspected light scattering samples.

3.3 Comparison of Absorbance Measurements Obtained

with Dífferent Spectrophotometers

For the comparison of the absorbance measurements, two

types of film samples were investigated:-
(i) DNA-PVA films; a single layer of DltrA on the surface of

a poly(vinyl alcohol) (PVA) fitm (for preparation see

Chapter Four). The absorption spectrum of DNA was

recorded in the ultra-vj-olet region and,

(ii) dye/olla-PvA films; two layers of DNA on the surface of

a PVA film with the outer DNA layer containing the dye

(for preparation see Chapter Five). The absorption

spectrum of the dye was recorded in the visible and near

ultra-violet region (region prior to DNA absorption).

Absorbance measurements have been recorded at 932

relative humidity (unless otherwise indicated) against a

reference that consisted of a compleÈe humid.ity ceII without

any fitm. The spectrophotometers that were used for the

comparison are tisted in Table 3.2, along with their relevant

optics. The Zeíss and Unicam SP700 spectrophotometers hrere



Table 3.2

Relevant Ootics of Investi ated ometers

Spectrophotometer Attachment Distance between Detector Light Beam Dimensions

Film and Detector
(¡nm)

Surface Area
( sq. crn)

at Film Surface
(mm)

for slit widths
0.3mm 0.05mm

È
È

Zeiss PMQTI

Zeiss PI{QII

Zeiss PIUQII

Unicam SP700

Cary t4

l.{icrocel1

I{ide-window Pl.f

Scatter
Transmission

140

1r0

variable,

420

variable,

1

t

'7x

6x
6x

10x

6x

3 7 xI
1 6 x 0.i

I 6 x 0.I

2-
4 (maximum

slit-width)

4-

l2-

20

20

20
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freely accessible. The Cary 14 spectrophotometer with

Scatter Transmission Accessory which was kindly made avail.able

by Dr. N.K. Boardman, Division of Plant Industry, C.S.I.R.O.,

Canberra, A.C.T. was situated in Canberra.

3.3.1 DNA-PVA Films

Although the DNA-PVA films appeared clear and homogenous

they scattered. Iight (Table 3.3). The absorption relative to

the empty humidity ce1l has been recorded at varj-ous distances

between the film and the photomultiplier detector, by moving

the detector not the film for the Zeiss PMQII spectrophoto-

meter with wide-window photomultiplier attachment. It can be

seen at the three wavenumbers selected (DNA maximum absorption

and two non-absorption wavenumbers) tfrat scattering is
negligible at the 4mm setting.

A scattering contribution to the absorbance increases

with increasing distance between detector and film as seen b1z

the first six entries in the Table. The major significance
of the photocathode dimensions is emphasized by the last

three entries in Table 3.3: the greater collecting area of
the photomulLiplier in the Unicam SP700 spectrophotometer

more than compensates for the much greater distance between

the film and the detector compared with the Zeiss standard

and microcell arrang'ements.

Finally, a comparison between the results obtained on

the Zeiss standard and the Zeiss with microcell attachment

indicate an effect associated with the dimensions of the

light beam. The variation in the distance between the film

and the detector in the two set-ups is unlikely to account for

the total difference in the measured absorbance; it is

more in keeping with the assumption that the greater the
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Table 3.3

Absorbance Measurements of a DNA-PVA Fil.m

Spectrophotometer Distance between

Film and Detector
(mm)

Absorbance at Selected

wavenumbers (.*-1)

28,000 31,500 38,600

Zeiss,
wide-window PM

Zeiss, standard

Zeiss, microcell

Unicam SP700

4

9

T4

19

24

34

140

110

420

0.044

0.044

o.044

0.046

0.048

0.050

0.173

0.130

0.079

0.047

0.048

0.049

0.051

0.053

0.056

0.191

0.138

0.08s

0.56s

0.567

0.568

0.569

0. s70

o.572

0.759

o .666

0. 650

area of the beam impinging on the film the greater the

amount of light scattered.

3. 3.2 Dye,/DNA-PVA Films

The absorption spectrum of a typical dye/DNA-PVA film

recorded against an empty humidity celI is represented in

Fig.3.3 for the dye proflavine. It can be seen that this

film scatters light extensively by the comparison of the

measured absorbances obtained with the different spectro-

photometers used. The spectrum has been recorded at

various distances between the film and the photomultiplier
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for the Zeiss PI{QII with wide-windorv photomultiplier

attachment although only two such spectra are shown ín the

figure. An extrapolatíon to zero distance, revealed a

scatter absorption component at the 4mm distance between

O.OO3 and 0.007 absorbance units. This was maximum at the

dye maximum but random at other \^/avenumbers.

preliminary absorbance measurements of proflavine,/oNA-PvA

films were carried out at room relative humidity using the

Cary L4 spectrophotometer with Scatter Transmission

Accessory in Canberra. The standard ce|1 carriag'e was

replaced by a modified design whích rvas equipped with

mounting positions for two polarising prisms; one prior

to the sample holder, the other prior to the reference

holder. The measured absorbances for two such films are

recorded in Tabte 3.4 at the maximum proflavine absorption

for both parallel (A1I) and perpendicular (AA) polarised'

lisht.
In this instance, the absorption measurements have been

recorded against a film prepared by exactly the same method'

but without the dye. This is not the reconmended method of

correction as it assumes that the scatter contribution for

both films is the same. However, at 21,700cm-1 (the

proflavine maximum absorption) r this is considered to be a

reasonable assumption provided that the base-Iine absorbances

are set equal in the non-absorption region of proflavine

(prior to rgrogocm-l). These results suggest a scatter

contríbution between 0.008 and 0.014 at the closest approach

distance of l2mm between the film and the detector. When

they are compared to the measurements obtained using the

Zeiss pMeII spectrophotometer with wide-wíndow photomultiplier
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Table 3.4
-1Absorbance of Proflavíne/¡we-PVA Films at 21,700cm using a

Cary 14 Spectr ometer with Scatter Transmission Accessory

Distance between

Film and. PM
(mm)

Film I

Att A:.

Film 2

11 A:-A

L2

20

28

38

48

5B

0.673

0.687

0. 709

0.728

0.733

0.731

0.769

0. 781

0. 802

0. 819

0 .829

0 .826

0.671

0.67s

0.690

0.708

0.7L2

0.718

O. B89

0.904

0.927

0.954

0.956

0.965

attachment, the scatter absorbances at the 4mm equivalent

posítion (obtained by extrapolation) 1ie between 0.003 and

0.005, thus supporting the previous conclusion.

3.4 Measurement and. Correction of FiIm Spectra

Both DNA-PVA and dyerloua-PvA film spectra were measured

using the Zeiss Pl.fQII Spectrophotometer with wide-window

photomultiplier attachment. An initial correction due to the

measured absorption of the complete humidity cell without

film was carried out.

3.4.1 DNA-PVA Films

The distance between the DNA-PVA film and the detector

was set at 4mm. At this distance no scatter correction was
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necessary. The true absorbance of the DNA was taken to be

the measured absorbance of the DNA-PVA film minus the

measured. absorbance of a PVA film (reflection correction)

at the same wavenumber. In the DNA non-absorption region

(belov¡ 3lr6OOcm-1), a smaIl but constant absorbance resulted

because of the slight mismatch of the films. This constant

absorbance \^ras subtracted (or added) as a base-Iine correctíon

at all \4ravenumbers.

This method was accurate in the spectral region up to
-'l44,000cm-- where the apparent absorption of the PVA film is

due almost entirely to reflection with slight absorption

(Tanizaki and Kubodera, L967). Above 44,000cm-I, the

apparent absorption of the PVÀ film is found to increase

due to the rapidty increasing absorption of the PVA itself.

This region was not investigated because a sizable error

could be introduced into the corrected absorption spectrum

of the DNA unless the DNA-PVA and PVA films were very

closely matched (Zdysiewícz, 1969) .

3.4 .2 Dye,/DNA-PVA Films
.I

In the wavenumber range investigated (16'600cm to
-131,600cm *), both the PVA (Tanizaki and Kubodera, 1967)

and DNA true electronic absorbances are negligible. The

measured absorbance, AM, may be given by

=[ +A +

wtere OU"" is the true electronic absorbance of the dye, AS

is the contribution to the measured absorbance by scattered.

Iight and A* is that by reflected Iight. The DNA' dye and

PVA contribute to the scatter and reflection components.

Att dye S
AR
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The distance between the dye,/DNA-PVA film and. the

detector was set at 4mm. From a series of sample and

reference (identical to sample but ivithout dye) films, the

amount of scattered light at this distance was found to

fal-l between 0.003 and 0.007 absorbance units, throughout

the wavenumber range investigated. The normalisation of

sample and reference film absorbance base-lines in the dye

non-absorption region (see Table 3.5) eliminated a further

0.004 scatter absorbance units. As the scatter contribu+-ion

to the absorption spectrum was therefore minimal at a

maximum of 0.003, any additional correction has been

neglected. The measured absorbance may now be given by:

A¡t Adye An

The simplest method to eliminate the reflection

contribution to the measured absorption spectrum of the dye

is to subtract the measured absorbance of a reference fiIm,

prepared identically to the sample film but without dye;

the spectra being normalised in the dye non-absorption

region (Table 3.5). This procedure \^ras found to be

satisfactory in the lower rvavenumber region of the dye

spectrum but unsatisfactory at higher wavenumbers since a

sizable error could be introduced into the spectrum unless

the sample and reference films were very closely matched.

This method requires the preparation of a reference film

with every sample preparation.

In an alternatíve method, the measured absorption

spectrum of a single reference film, prepared. similarly to

t.tre dye/DNA-PVA film but without dye, is used as the basis

+
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Table 3.5

Dye Non-Absorption Wavenumber Region .l4easured from 16,60Ocm

Dye Non-Absorption Region
-Icm

-1

Proflavine

Acriflavine

9-Aminoacridine

4 -Ni tro - I -naphthy 1 amine
reporter

2 ,4-Dinitroaniline
reporter

Paranitroaniline
reporter

Orthonitroaniline
reporter

16 ,600 19 ,200

16,600 20,2O0

16 ,600 20,2OO

16,600 r8,200

l6 ,600

l6,600

16 ,600

19 ,200

L9,200

2L ¡600

for the reftection correction. The procedure is as follows:

The absorption spectra of the reference film (denoted 1)

measured with both paralleI and perpendicular linear

polarised tight are shown in Fig.3.4; the spectra may be

subdivided into five almost linear sections. Table 3.6

lists the wavenumber range of these sections together with

their absorbance gradients (calculated as the increase in

absorbance units per zOOcm-1). This particular film was

used because its reflection spectra $¡ere 1.5 2.5 times

greater than those of any other prepared film, thus

allorving the absorbance gradients shown in the table to

be calculated with greater precision. Next, the absorbance
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Table 3.6

The Calculated Absorbance Gradients of Reference Film No.1

Parallel Linear

Polarised Light

I¡Iavenumber Absorbance

Range Gradient
-'l(cm *)

Perpendicular Linear

Polarised Light.

Idavenumber Absorbance

Range Gradient
-l(cm -)

16,600 23,400

23,400 28,600

28,600 30,400

30,400 31,000

31,000 31,600

0.00120

0 .0023 
2

0.o05oo

0.0087q

0. 0 rs8

16,600 23 ,4oO

23,400 26,000

26 t000 29 , 800

29,800 - 3r,000

3I,000 31 r600

0.00112

0.00175

0.00278

0.0076s

0.023r

Tab1e 3.7

Comparison of Reflection Correction l{ethods

FiIm I has been used to calculate the reflection absorbance

of film 2 aE 3t,OOOcm-l.

Film r has been normarised at 19ro00cm-1 to fitm 2 absorbance.

Measured Absorbance at
-1 -l19,000cm-- 31r000cm !

Calculated Absorbance at

3I,0O0cm-1 for Fitrn 2

Film I

Film 2

Method 1

l4ethod 2

0 .077

0.049

0.230

0. 11I

o.2L2

0.r06
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gradient of the reference film is equalised in the first

section to that of the sample film in the dye non-absorption

region. The multiplication factor relating the sample and

reference absorbance gradients is now used to calculate new

absorbance gradients for the four other sections of the

reference film. In this wây, a table similar to Table 3.6

is produced. The new reflection correction spectrum may

then be constructed from the adjusted absorbance gradienLs

of the reference film after normalisation of the measured

absorbances of the sample and reference films at the onset

of dye absorption.

The superiority of the second method over the first

is emphasized in Table 3.7 for the case where sample and

reference films are not closely matched. In the example'

the reference film has been used to calculate the amount

of reflection of a second reference film (denoted 2 in Fig.3.4)
-'tat 31r000cm '. Only the parallel absorption component has

been employed. Whereas method 1 grossly over-estimates the

reflection correction by 0.101 absorbance units, method 2

under-estimates it marginally by 0.005 absorbance units.

Method 2 does not assume a parallel relationship between the

ref lection specf-rum. of qample and- referenee f ì lms, !:ut

assumes that such a relationship exists between their

absorbance gradients. This l^tas f ound to be the case within

the limits of experimental error for reference films I and 2.

Thus, method 2 has been used to elíminate the reflection

contribution to the measured dye spectra for the dye/DNA-PVA

fiIms.

Finally, to stress the reliability of the correction

method above, a comparíson of the 9-aminoacridine/ONa spectra
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Table 3. I

Comparison of Film and Solution Spectra

for the 9-Aminoacridine,/DNA Complex

Solution Spect.rum I

Vtavenumber Absorbance A- ---max

Maximum
-'l(cm -)

A¡ozto

Film Spectrum at g3z r.h.2

hravenumber Absorbance A*.* 3

Maximum ffio
-t(cm -)

3

23,3r0

24,630

25,9L0

30,210

0.156

0. 183

0.120

0.042

3.7

4.4

2.9

1.0

0.385

0.472

0. 314

0. 105

3.7

4.5

3.0

1.0

23 r 300

24 t650

25,900

30,300

I

2.

3

Data from Fig.5.8, Peacocke and Skerrett, L956

Data from Fi9.2.3, this work

Ratio of the absorbance at the maximum absorption
relative to the absorbance at the high wavenumber

maximum absorption.

recorded in aqueous solution and in the film environment

at g3Z relative humidity has been carried out (Table 3.8).

The agreement between the number and the wavenumber of the

absorption maxima and the ratio of their absorbances relative

to the absorbance of the high wavenumber maximum is excellent.

3.5 Soectrop hotometric Ca1 ibration

The wavenumber calibration of the monochromator of the

Zeiss PMQII Spectrophotometer was checked using the mercury

emission lines (Herzberg, J-944) . No correction was needed
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in the ultra-violet region (using the Deuterium Lamp) v¡here

the wavenumber scale was reproducible to better than 10cm-1.

However, the monochromator was found to be slight.ly in error

throughout the visible region where an average over-estinrate
-lof 20cm * to the wavenumber scale occurred. No correction

has been applied. The photometric accuracy of the instrument

has been described elsewhere (Gianneschi and Kurucsev, L974).

The standard deviation in the transmittance scale was found

to be better than 0.22.

3.6 Conclusion

Although film samples may appear clear and. homogenous '
the possibility of scatter and reflection contribut.ions to

the measured spectra shoutd not be overlooked. In this respect'

the optics of the spectrophotometer are important in

determining the final measured absorbance. In particular'

attention should be paid to
(i) the distance between the film sample and the

detector,

(ii) the light collecting surface area of the detecLor

and

(iii) the dimensions of the light. beam through the film

sample.

The spectrophotometer, the measurement and the method of

correction that have been described above, provide true

absorbances in the wavenumber range of interest with

confidence limits under 0.005 of an absorbance unit-



CHAPTER FOUR

PREPARAT ION AND PROPERTIES OF ANISOTROPIC DNA FILM SAMPLES

4.1 Current Preparative Methods

Methods that have been reported to produce anisotropic

DNA film samples may be classified into two general types;

those where the DNA has been manually manipulated and those

where mechanical devices have been used.

By far the most conìmon method, has been the unidirectional

stroking or shearing of a viscous concentrated DNA solution

to dryness on an opticalty flat surface (Seeds and Wilkins,

I95O; Fraser and Fraser, 1951; Sutherland and Tsuboi, L957¡

Rich and Kasha, 1960; Bradbury et 41, 1961; Gellert, 1961;

Falk et â1, 1963b; Houssier, L964¡ Neville and Davies, L966¡

webb and Bhorjee, 1968; Gray and Rubenstein, L968; wetzel et

â1, Lg69; Tunis-Schneider and Maestre, I970; PiIlet and

Brahms , L973). Local orientations of DNA have also been

achieved around salt crystals when solutions of DNA and

sodium chloride have been allowed to dry. The sodium

chloride crystals were dissolved in methanol while the

oriented DNA fibres remain adhered to the glass slíde

(White and Elmes, L952). Further, oriented DNA fibres have

been prepared by slowly withdrawing a pointed glass rod

from a sticky DNA gel (Wilkins et aI, 1951). The major

problem with these man"ual methods is that non homogenous

and non reproducible oriented film samples have been

obtaíned.

Mechanical devices employed in orientation of DNA film
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samples would be expected'to overcome these problems. There

have been four such methods reported and they include:
(i) the orientation of DNA by the Wet Spinning Method

(Rupprecht, 1963 and 1966 i Zdysiewicz , L969) |

(ii) the orientation of DNA by the mechanical stretching
of a pure DNA film (Kurucsev and Zdysiewicz, I97I) ,

(iii) the orientation of DNA by the mechanical stretching
of a mixed. DNA-PVA film (Kurucsev and Zdysiewicz,

]-97l-.), and.

(iv) the orientation of DNA by the mechanical streLching

of a pure DNA film supported on thg surface of a

PVA film (Kurucsev and Zdysiewicz , I97I).

4.2 The Selected Preparative Method

The wet spinning method has not been investigated because

of the difficulties associated with the aÈtainment of optimum

conditions for the orientation and further, because some DNA

samples, in particular calf thymus DNA, appear to be unsuit-
able for this process (Zdysiewicz , 19691. As there are

handling problems connected with the pure DNA films in the

stretching process (sticky at high humidity and brittle at

low humidít.y) and as there is good evidence for interaction

between the DNA and. the PVA in the mixed DNA-PVA films
(Kurucsev and Zdysiewicz, L97Ll , it was decided to prepare

anisotropic DNA film samples by the mechanical st.retching of

a pure DNA film supported on the surface of a PVA film.

There are two ways to achieve this. The DNA film can be cast

directly on the PVA film surface from a DNA solutíon
(Kurucsev and ZdysLewi-cz, 1-97L) or alternatively, the DNA

and the PVA films can be prepared independently and then
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combined under high relat.ive humidity conditions. Here, the
DNA films \^rere prepared by both methods.

4.3 The Stretching Process

High relative humidity conditions are required to orient
DNA-PVA films. Therefore, the stretching device (Fig.4.1)

consisted of two basic parts; the humidity controrring unit
and the mechanically driven stretcher. The humidit.y

controlling unit was built up from the brass water bath (l)
(base, 37cm x 21cm; height, IIcm) with V-shaped perspex lid
(2), the heating element (3) and the temperature regulator (4).

The heating element (length, 76cm¡ 500 watt), bent. into a

u-shape, \¡¡as placed 2cm from the bottom and near to the sides

of the bath. The bath in turn, was bolted to a wooden

platform (5) of convenient size to support the motor (6) and

the control switch box (7) that housed the on/off and

micro-switch circuits for the motor and heating element. The

bath was filled to a depth of 5.5cm with watero maintained

at 4SoC by a thermistor probe (8) connected to the temperature

regulator.

The mechanically driven stretcher (9) was developed

from the manual stretcher originally reported elsewhere

(Tsunoda and Yamaoka, L965). One end of the film (10) r^ras

clamped by means of a brass plate (If¡ and gasket to the

fixed arm (12) of the stretcher. The other end was

similarly attached to the movable arm (1:¡. The stretcher,
with a spur gear (14) fastened to the protruding end of its
scre\^r thread (15) , vTas placed in the water baLh and slid into
position such that its spur gear and a similar spur gear

(16) fastened to the variable speed motor (SD-15S parvalux
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motor, A.C. series wound universal 230-250 Volt with double

reduction gear box) meshed. The only requirement of the spur

gears r¡¡as to allow easy removal of the stretcher from the

water bath. The speed of the motor was controllecl by a

Variac (17), a variable voltage supply. Tvro brass threads

(18), connected to the end face (19) of the stretcher, passed

through one side of the bath and with the aid of the two

wing nuts (20) held the stretcher rigidly in p1ace. A metal

rod (2I) which moved with the movable arm of the stretcher

controlled the amount of stretch. The end of the rod was

pre-set the required extension distance from the micro-switch

(22) which when activated on the completion of the stretching

process, automatically switched off the motor and heating

element. A stretching rate of l5cm/hr. was found to be

most. suitable for the fi1ms.

4.4 Preparation of the Isotropic Films Required for the

Preparative Method

4.4.I PVA Fílms

A 53 solution of PVA (.f .f . Baker Chemical Co., 99 100U

hydrolysed, Baker Grade) was prepared in boiling 1:5 ethanol-

water mixture. The cool-ed solution (25cc), free from air

bubbles, was poured into a glass tray (base, Ilcm x 9cm;

height, 2cm) which was floated on a pool of mercury and

left loosely covered in an air draught over three days.

The resultant film was removed from the tray, and with edges

trimmcd, bras cut into six approximately equal sections

(4cm x 3cm). As these films had a tendency to curl' they

hrere sLored between filter papers under a light weight.
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4. 4.2 DNA Films

The DNÀ films were cast in perspex trays that were

constructed from two pieces of perspex (ycm x 9cm x 1.3cm).

Nine evenly spaced cylindrical holes (I.9cm diameter) were

drilled through the top plate and both plates vrere cleaned

prior to use by wiping with ethanol and rinsing with

distilled water. The base plate was wiped unidirectionally

with tissue paper to avoid possible scouring. These plates

were held firmly together by four corner screws which passed

through the top plate and which penetrated the base plate to
a depth of 0.6cm. An appropriately shaped thin rubber

gasket was placed between the plates to ensure a water t.ight.

seal. The very thin DNA films \Árere formed from a DNA

solution (0.25å DNA in 0.1mM EDTA) poured to a height of

3mm in each of the nine holes. The tray was floated on a

pool of mercury inside a blackened desiccator. Phosphorus

pentoxide was used as drying agent and was renewed daily

until the films had formed. A period of three days was

normally required. The fragile films were then removed from

the dismantled tray, trimmed to 1.5cm d.iameter (an

approximate circular shape) and stored away from the 1ight.

4.4.3 DNA Film Cast on the PVA Film Surface

A Cast DNA-PVA Film

A PVA filrn was swollen in distilled water and rolled

flat with the aid of a glass rod on a glass plate (15cm

x 8cm) which had two symmetrically placed glass handles

useful for carrying purposes. The excess water was removed

from, and the film corners were taped to, the glass plate.

An area (2.5cm2) was outlined on the central portion of

the film using a fine brush and hexane-\{ax solution. A
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degassed DNA solutíon (0.5cc of a 0.L2å DNA solution in
0.lmM EDTA) was poured onto, and then evenly d.istributed in,
the marked area. The glass plate was placed on a bed of
mercury, covered (but not air tight) to protect the PVA film
rvith DNA solution from light and dust, and left overnight in
an air draught. By the next day, a very thin DNA film had

dried on the surface of the PVA film. With the size of the

glass plate indicated. here; two cast DNA-PVA films could

be conveniently prepared at one time.

4.5 Preparation of the Anistropic DNA Films

A Rotring rapidograph pen was used. to mark two small

dots (l.5cm apart) on the DNA film in the projected direction
of orientation. The extension ratio was defined as the final
distance between Lhe dots divided by the initial distance.

This ratio was considerably less than that obtained from

the film's total dimensionsr âs the PVA outside that section

covered by the DNA had a greater tendency to stretch.
4.5.1 From a Cast DNA-PVA Film

A cast DNA-PVA film, of the appropriate DNA thickness

to record a suitable absorbance, was oriented by the

mechanical stretching device to the requíred extension ratio.
4.5.2 From a Combined DNA-PVA Film

A PVA film that had been pre-swol1en in distilled water

and then air-dried was clamped in the mechanical stretcher.
The stretcher was then placed in high relative humidíty

conditions for a few minutes unl-iI the PVA film beca¡re

pliable. This play was taken up by a few turns of the

stretcherrs thread. The stretcher was quickly removed from

the high relative humidity conditions and the very thin DNA
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film was attached. This is most conveniently achieved by

wrapping the DNA film (1.5cm diameter) around a teflon rod

(diameter, 1.Ocm; width, 2.5crn) and then carefully rolling
it. off the rod onto the moist PVA film, to which it will

adhere under these conditions. The combined DNA-PVA film

was oriented by the mechanical stretching device to the

required extension ratio.

4.6 l"lounting of the Anisotropic DIJA-PVA Film for

Spectroscopy

The film r,rras mounted in the humidity ceII (fig.4.2)

which rvas a modification of that previously described

(Zdysiewicz, L969) , where for this design, the film and the

silica windows did not touch. The dímensions of the

humidity cell vüere such, that they al-lowed the humidity cell

to fit conveniently into the holder of the Spectrophotometer

and furthermore, allowed the incident light to pass

centrally through the film for absorptÍon spectroscopy

(Chapter Three; Section 3.2.L (b) ).
The following mounting procedure was used. The

stretcher was removed from the water bath and the film was

immediately mounted in the humidity cell between its

blackened brass block (4.3cm x 1.2cm x 1.5cm) and blackened

brass plate (4.3cm x 1.2cm x 0.3cm) by four blackened

countersunk screws. The film which had its direction of

stretching aligned parallel to the 4.3cm side of the brass

tormed a window (I5cm x 8cm, rounded edges) ín the brass

(6cm from the base, 2,5cm from each side) through which the

light could pass (Fig.4.2, Side View). A thin gasket, cut

to shape from black "ElectricÍan's" tape, was used between
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the film and the plate. The silica windows which were

countersunk into the outside sections of the block and plate

$/ere cemented in place with Apiezon grease. Next, the

relative humidity inside the cel1 was maintained by a

saturated salt solution contained in a small glass tube,

connected via a glass U-tube, to a glass 85 socket

araldited into the top of the block. All connections

were made by quickfit joints. The saturated salt solutions

used, together with their relative humidities at 20oc, are

shown in Table 4.L¡ in addition, phosphorus pentoxide was

used to obtain 0là relative humidity. Finally, the mounted

films were stored a!üay from light, in a blackened

desiccator containing the appropriate saturated salt

solution, until required for spectral measurements.

Tab1e 4.L

Relative Hurniditv Control

Room Temperature = (20 t 1) oc

Saturated Salt Solution
Percentage Relative

Humidity (Lange, 1961)

Potassium acetate

Zinc nitrate

Sodium bisulphate

Sodium bromide

Magnesium acetate

Sodium chloride

Potassium chromate

Sodium sulphate

20

42

52

58

65

76

88

93
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4.7 Comparison of the Two DNA:PVA Film Preparations

The cast DNA-PVA film was easier to handle than the

combined DNA-PVA firm (due to the fragire nature of the very

thin pure DNA film in the preparation). Furthermore, as a

reasonable absorbance for the combined film was much more

difficult to obtain (the DNA absorbance ís proportional to
the thickness of the DNA film), the properties of the DNA

were investigated sorely from cast DNA-pvA fi1ms. However,

this presented the probrem of checking for possible DNA-pvA

interaction in the cast DNA-PVA film because DNA and pvA

have been found to interact in mixed DNA-pvA films (Kurucsev

and Zdysiewicz, 1971). Thus, the properties of the cast

DNA-PVA film were compared. with those of the combined DNA-eVA

film where the interaction of the DNA with the pvA would be

expected to be negligible, for it is restricted to their
interface.

The isotropic absorption spectra for a cast DNA-pvA firm
and that for a combined DNA-PVA film are shown at OZ and

932 relative humidity in Fig.4.3. The relative humidity

was attained in each case after a 24 hour equilibration
period. There are no apparent differences in the shapes of
the absorption spectra for the portions that may be compared.

Likewise, the percentage hyperchromicity, also shown for
both films in the figure, did not reveal any differences in
the region where the absorbance of the combined DNA-pvA film
could be measured accurately. Finally, the parallel and

perpendicular polarised. absorption specLra arrd Lhe cliclrroic
spectra at 93e" relative humidity are recorded in Fig.4.4 for
the two DNA-PVA film preparations stretched to the same

extension ratio. Here again, the film preparations have
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similar behaviour. Their dichroic ratios are identical and

the shapes of their polarised absorption spectra are alike
for the same degree of DNA orientation. Therefore, it

appears most likely that the DNA in the cast DNA-PVA film

has not interacted with the PVA and so has not penetrated

the PVA surface to any measurable extent.

4.8 Relative Humidity Equilibration Time

The variation of the dichroic ratio with equilibration
time at 932 relative humidity is shown in Fig.4.5 for a cast

DNA-PVA film at the maximum DNA absorptivity (38,600cm-1).

Zero time was taken immediately the newly oríented fiÌm was

placed in the atmosphere of 93% relative humidity. A time of
15 hours was sufficient for the film to attain a constant

dichroic ratio. For the melting profiles of DNA (Section,

4.9), measured over a range of relative humidities, it ¡¡¡as

convenient to take two measurements per day at twelve hourly

intervals. This was considered to be sufficient

equilibration time since the change in the relative humidity

from one reading to the next was sma1I. In any case, the

dichroic ratio after this time was within the experimental

reproducibility from film to film.

4.9 Properties of the Cast DNA-PVA Film

The properties of the DNA film preparations were found

to be independent of the salt content (up to an extra B%

weíght NaCl to dry weight DNA was added to some of the initial

DNA film samples) for bot.h the Calf Thymus and the HerrJ-ng

Sperm DNA used throughout this work. Thereforer âs the salt

content of the films was above the minimum requírement
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(without any addition) to maintain the DNA in its native

B configuration at 93? relative humicity (refer to relevant
portion of Chapter One, Section 1.3) , it was not added to the

DNA fí1m samples presented here, nor to the dyer/DNa film
samples presented in the following chapters.

4.9.L Absorption and Dichroic Spectra

Typical absorption and dichroic spectra for the CaIf

Thymus DNA film, prepared by the cast DNA-PVA film method,

are presented for the native structure (high, 93? relative
humidity) in Fig.4.6(a) and for the denatured structure
(Iow, 20? relative humidity) in Fig.4.6 (b). Next, the

absorption spectra are compared with those obtained from two

other differently prepared Calf Thymus DNA film samples in
Table 4.2. The shapes of the absorption spectra for the

native and denatured structures, as indicated by the

wavenumber positions of the maximum, minimum and shoulder,

were the same for the three samples within the experimental

accuracy.

The ratio of maximum to minimum absorbance is listed for
the three DNA film preparations at the two relative humidities

in Table 4.3. The highest ratio was found for this work. The

difference is most likely due to a light scattering
contribution to the absorbance in the other two fil-m

preparations where no light scattering corrections were made.

The necessity for such a correction for this work ha-s been

eliminated (Chapter 3, Section 3.4.1) . In the case of the

mixed DNA-PVA film, the much lower ratio might also he the

result of iuteracLio¡r between the DNA and the PVA. This

ratio is futhermore a measure of the DNA purity, but it seems

unlikely that the difference could be attribúted to this
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Table 4.2

Abso tion ctra of Three Differen r1 Pre ared CaIf Th DNA Film S les

-1Fiim Type

cast DNA-PVA

pure DNA

mixed DNA-PVA

cast DNA-PVA

pure DNA

mixei. DNA-PVA

Relative
HumidiÈy

932

932

93e"

202

03

08

38,650

39,630

38,620

38,400

38,390

38,400

43 ¡ 400

43,290

43 ,420

43,300

43,290

43,370

v.cm
SN

35,600

35,500

35,800

35,500

35,500

35,800

-1

t 300

r 300

r 110

r 300

t 300

t 140

vcmmax v .cmmrn
-1

100

90

100

100

90

70

t50

r30
t50
r50
r 30

r50

t
t
t
f

t
+

Reference

this work

FaIk, L964

Zdysiewicz, L969

this work

Falk, 1964

Zdysiewicz, L969

o\\t

î*u* = vtavenumber at maximum absorption

vmin = uravenr:mber at minimum absorptíon

l"f, = wavenumber at point of inflection of shoulder
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Table 4.3

Ratio of Maximun to Minimum Absorbance for Three

Differently Prepared DNA Films

Film Type A/Amax' ml_n
A/Amax' ml-n

93% r.h. 0 or 20e" r. h.

Reference

casl DNA-PVA

pure DNA

mixed DNA-PVA

2.3 2.2

2.L

this work

FaIk, 1964

Zdysiewícz,
l-969

2.r
1.8 2.0 _

55

factor

At high relative humidity, the dichroic spectrum for the

cast DNA-PVA film consisted of a plateau region extending

from 36ro00cm-1 to 40,o00cm-1. At greater and lower

\^¡avenumbers the dichroic ratio increased.. A simitar
spectrum was obtained at low relative humidity, with the

exception that the dichroic ratio decreased on the low

wavenumber sid.e of the plateau region. The shapes of the

dichroic spectra are in agreement with those for T2 and T5

bacteriophage DNA at both high and row rerative humidities
(Gray and Rubenstein, 1968) and for CaIf Thymus DNA at high

relative humidity (Zdysiewícz, 1969) .

4.9.2 Hyperchromicity and Dichroic Ratio as a Function

of the Rel-ative Humidity

The similarity of t.he spectraÌ changes which occur in
the d.ehyd.ration denaturation of a solid O¡¡A fílm and the

heat denaturation of a DNA solution has shown that both
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processes involve loss of base-stacking to about the same

extent. This was demonstrated for Calf Thymus DNA where the

hyperchromicities for both processes were found. to be very

similar (Fatk, L964¡ Wetzel et aI,1969). Similarly, it
would be expected that the 372 hyperchromicity measured for
the heat denaturation of a Calf Thymus DNA solution in 0.1t4

NaCl, should compare to that obtained for the dehydration

denaturation of a cast Calf Thymus DNA-PVA film at the

maximum DNA absorptivity (3B,6o0cm-l). This was not sor as

a consistent hyperchromicity of 20? was found for many such

films. Thus, íf the DNA does not interact rvith the pVA ancl

if it. is native at 93? relative humidity and denatured at
low (0? or 202') relative humidity, then the question arises

why the amount of hyperchromicity does not conform to
expectation. In order to ans\^/er this questíon, the

hyperchromicity and dichroic ratio \^rere investígated as a

function of the relative humidity at the maximum DNA

absorptivity (38, 60Ocm-l) -

The hydration-dehydration cycle is shown in Fig.4.7 for
a cast Calf Thymus DNA-PVA film which was equilibrated at
93e" relative humidity immediately after stretching and

mounting. The relative humidity was decreased to 0? and

finally returned to 932 | with the process taking eight days

to complete. The DNA in this time had shown complete

reversibility to the original values of absorbance and

dichroic ratio.

The variation of the isotropic absorbance, A, where

[ = (Aff + 2AI) /3 (Fraser, 1960) is shown as a function of

the relative humidity in Fig.4.7 (al . A similar variation of

the dichroic ratio as a function of relative humidity is
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shown in Fig.4.7 (b). Two plateau regions were observed; one

below 508, the other above 752 relative humidity. Between

these relative humidities, a sharp transitj-on region was

observed. This was accompanied by hysteresis. The transition,

the range over which it occurred and the noted hysteresis are

in agreement with earlier reported work on pure Calf Thymus

DNA films (Falk et aI, 1962; Falk et 41,1963b). In the case

of the mixed DNA-PVA films, however, the relative humidity

range over which this transition occurred has been broadened

and lowered relative to both pure DNA and cast DNA-PVA films

(Kurucsev and Zdysiewicz , I97I). When the relative

humidity \^/as decreased, the transition was not observed

until 0% relative humidity was attained (Zdysiewicz, 1969).

In the case of the mixed DNA-PVA films, this was taken to be

good evidence for the interaction of the DNA with the PVA.

Conversely, the sharpness of the transition, the relative

humidíty range over which it occurred and the noted

hysteresis are taken to indicate that the DNA in the cast

DNA-PVA film is native at 93% relative hunrídity and is

denatured at low relative humidity. It is thus concluded

that "full" hyperchromicity is not a necessary criterion

for the complete "melting" of DllA in films. It is relevant

in this context that with fZ and T5 Bacteriophage DNA, a

comparable hyperchromicity between the heat denatured

solution and the dehydrated denatured film was not found

(Gray and Rubenstein, 1968).

One may c<-rnjectul'e LhaL l-he lack of observed

hyperchromicity may be accounted for as follows. When a PVA

film absorbs moisture it expands while oriented DNA fibres

shorten at the same time. This síze change is quite marked



7T

and may be seen as a macroscopic effect to the naked eye for
both types of films. Thus, when the two films are joined

through a common surface two opposing forces appear during

any change in the relative humidity and although the

originally mounted film is f1at, with a change in the

relative humidity (ej-ther an increase or a decrease) ,

lengthwise corrugations appear. These corrugations do not

affect the amount of scattering and produce only slight
alterations in the baseline reflection correction. At the

same time, horalever, as a result of the corrugations, the

same portion or cross-sectional area of DNA may not be in
the light path of the spectrophotometer at different relative
humidities. Moreover, the contraction of the DNA at high

relative humidity could affect the amount or thickness of
DNA viewed by the spectrophotometer relative to low retative
humidity. Either of these two effects, corrugiations and

DNA volume changes may affect significantly the comparison of
absorbance measurements obtained at high and 1ow relative

humidities (the hyperchromicity). The latter effect may also

invalidate a comparison of the dichroic ratios at different

relative humid.ities since it may change the degree of

orientation in the fi1m.

4.9.3 Dichroic Ratio as a Function of Extension Ratio

The dichroic ratio, ât the maximum DNA absorptivity
-t(38r600cm *), is shown in Fig.4.g as a function of the

extension ratio for two different film samples of DNA,

prepared by the cast DNA-PVA film method. Calf Thymus DNA

showed a slightly greater tendency to orient than Herring

Sperm DNA. For a particular extension ratio, both DNA film

samples exhíbited dichroic ratios that were reproducible
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to 10.02 units.

4.10 Conclusion

The absorption and dichroic spectra are characteristic
of the DNA native structure at high (93S) relative
humidity and of the denatured structure at low (O or 20tø)

relative humidity. However, the mechanícar properties of the

films are altered by the type of interaction of the pVA with
the DNA in the cast DNA-PVA film that is physical rather than

chemical. The properties so affected cause interference

with the magnitude of the changes in absorbance

(hyperchromicity) and dichroic ratio with relative humidity

that are characteristic of the structural changes in DNA with
relative humidity. Thus, for example, a pure DNA filrn
stretched 1.8 times its original length exhibited a dichroic
ratio of 0.45 (Kurucsev and Zdysiewicz, I97L) while for an

equivalent extension ratio, a dichroic ratio of 0.6 was

obtained for the cast DNA-PVA films (see Fig.4.8); thus

providing evidence that the PVA support has physically

interacted with the DNA by hindering its alignment. Finally,
the experimentally uniform low dichroic ratios obtained for
cast DNA-PVA films with equivalent extension ratios has

shown that this method, indeed, produces reproducible highly

oriented DNA film samples; the "physical" interactions

between DNA and PVA do not prevent either the high extent

or reproducibility of DNA orientation.



CHAPTER FIVE

PREPARATION AND PROPERTIES OF ANISOTROPIC DYEID}TA FTLMS

5.1 The Preparation in Principle

An anisotropic dye/nna film and. an anisotrop-ic DNA film

are prepared independently but with the same extension ratio,

by the orientation of the respective isotropic film on the

surface of a PVA film. The fraction of oriented DNA chains

in both samples are subsequently assumed to be the same and

may be evaluated fronr the dichroism of the DNA film by the

method of Fraser (1960), with the assumption that the purine

and pyrimidine bases are perpendicular to the helix axis

in the uncomplexed native DNA B form at high relative

humidity (Chapter One, Section 1.3).

5.2 The Initial Preparative Method

AlLhough it is an advantage to use cast DNA-PVA films

in preference to combined DNA-PVA films for the

investigation of the properties of the anisotropic DNA

films, this is not necessarily so when the properties of

the anisotropic dye/DNA films are studied. For the latter

case, a low dye to DNA phosphate rat.io, D/P, is required

(Chapter one, Section I-3) and this implies that a greater

amount of DNA is needed to constituLe a film of measurable

dyc absorbance. The excessive DNA absorbance thus produced

in the ultra-violet region is of no consequence, since it is

the dy'e spectrum (visible and near ultra-violet) that is of

interest. Thus, isotropic dye/oUe films could be prepared
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of a thickness that enabled them to be easily handled and

convenient to use, as in the preparation of anisotropic
dyer/DNA films by the combined DNA-pvA film method (chapter

Four, section 4.5.2'). Furthermore, this method of orientation
was preferred to the cast DNA-PVA film method because

it was felt, that the long drying period (at least 24 hours)

of the dyerlDNA solution on the PVA surface in the latter
method, would enable an appreciable quantity of the dye to
diffuse into the PVA matrix.

5.2.I Preparation of the Isotropic Dye,/DNA Films

The dye/DNA solutions, from which the isotropic dye/OUe

films were cast, were prepared.by the gradual addition of
the dye solution (5cc) (^pptop{rt. concentrations listed in
Table 5.1) to the IZ DNA solutíon (15cc) (Chapter Two,

Section 2.2.¡.') with constant stirring. The slow addition of
the dye solution with consËant stirring eliminated the

possibílity of DNA precipitation and produced an homogeneous

dye/DNA solution. The construction of the perspex tray and

the method of preparation of the films are descríbed in
Chapter Four, Section 4.4.2. For the dye/DNA films, each

hole in the perspex tray was completely filled with the

dyerlDNA solution. The films took approximately one week to
form and measured (3.5 t 0..5) x 10-4cm in thickness.

5.2.2 Preparation of the Anisotropic DyelDNA Film

The anisotropic dye/oua film vras prepared by the

combined DNA-PVA film method outlined in Chapter Four,

Section 4.5.2, with one exception. The dye/DNA film was

attached to the PVA film by supporting it at one edge with
the aid of a pair of pliers so that its opposite edge touched

the PVA film surface. rt was then progressively adhered to
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Table 5.1

Concentration of the Aqueous Dye Solutions

The dyes were dissolved in water with no added buffer,

pH = 5.0 t 0.3

Dye Approximate Concentration

(s/L00cc)

D/P

Proflavine

Acriflavine

9-Aminoacridine

Paranitroaniline
reporter

Orthonitroaniline
reporter

2 ,A-Dlnítroaniline
reporter

4 -ltTi tro- 1- naphthy I amine
reporter

0.007

0.006

0.018

0.027

0.070

0.030

0.030

0.002 0.003

0.002 0.003

0.004 - 0.008

0.007

0.018 0.019

0.007 0.010

0.007

the PVA fíIm by removing the support and by rolling flat

with a small teflon rod.

5.2.3 Dye Penetratíon into the PVA matrix

The study of dye penetration into the PVA matrix has

been based on the optical properties of the acridine dye,

proflavine. The shape of the monomer spectrum of the dye

in both PVÀ and DNA is similar, with only a slight red shift

in PVA relative to DNA for dried films (Strauss et â1, 1971).

Further, there are minimal changes between the absorption

spectra of the dye/oua film at low and high relative
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humidity (Neville and Davies, 1966). Therefore, little if
any observable change to the icotropic abso rption spectrum

of the dye in the combined dye,/oua-PvA film would be

expected to arise from dye penetration into the PVA matrix.
In an oriented polymer film, it may be assumed that the

major axis of the (dye) molecule aligns parallel to the

direction of stretching (Dorr, L966). For proflavine,

the transition moment direction of the firsL absorption

band is polarised. parallel to the major (z molecular) axis
(Wittwer and Zanker, L959¡ Zanker and Thies, L962; also refer
to Chapter Two, Section 2.5) and sor it is not unexpected

that proflavine exhibits a dichroic ratio much greater

than one in the oriented PVA film (Figure 5.1). However,

in the DNA film, the major axis of the proflavine molecule

must lie in, or be at a small angle to, the plane normal

to the helix axis (approximately perpendicular to the

direction of stretchirg) since a dichroic ratio of 0.32

has been reported for an oriented wet spun proflavine/oua

film at i.ts maximum absorption (Rupprecht et al, 1969). The

large difference between the linear dichroism of the dye

in the two anisotropic films may therefore be used to

determine the amount of dye penetration.

For any partially oriented sample, the dichroic ratio,

R, fixes the angle, trr, which is defined as the angle between

the transition moment vector of the dye and the orientation

axis:

(i) for a positive dichroísm where R>I, 0o<o.55o and

(íi) for a negative dichroism where R<I, 55ocr¡<90o

(Fraser, 1960).
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Thus, for any two partially oriented film samples, a change

in the dichroic ratio at a fixed wavelength from less than

to greater than one (or visa versa) indic¡.tes a contribution
to the dichroic ratio from at least two orientations of the

dye mo1ecule. This effect"\A/as observed for the combined

proflavine,/O¡la-pVe films, and so suggested that the dye had

penetrated into the PVA matrix.

5.3 The Preparative Method

fn an attempt to eliminate dye penetration into the

polymer support, the initial method was modified by placing

a layer of DNA between the PVA film and the dye,/ONe film.
The intermediate DNA layer was cast on the PVA film surface

(Chapter Four, Section 4.4.3) and the thickness of the

layer was varied b1' altering the volume and concentration

of the DNA solution spread in the outlÍned area. The DNA

solutions varied in concentration from 0.L2? to 1.0å and the

volumes applied varied from 0.4cc to 1.5cc. It was necessary

to use viscous DNA solutions in the preparation of the

intermediate DNA layer, especially when large vol-umes were

applied in the outlined area. The thickness of the DNA

layer was not measured directly on the pVA film surface but

was determined indirectly as the thickness parameter, the
product of the volume and the concentration of the DNA

solution used. The cast DNA-PVA film was subsequently

treated in the same manner as the PVA fi.lm was treated in
the fnitial Preparative Method.

5.3.1 The Elimination of Dye penetration into the

PVA Matrix

The effect of the thickness of the DNA layer on the
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extent of dye penetration into the PVA film has been

evaluated by examining the measured parallel and

perpendicular polarised absorption spectra and the wavenumber

where the dichroic ratio changes from less than to greater

than one. The parallel. and perpendicular polarised

absorption spectra are shorvn in Fig.5.2, for two combined

prof lavine/nwa-eva f ilms,' one with a DNA thickness parameter

of 0.3 (0.4cc of 0.75t1 DNA solution), the other with a

DNA thickness parameter of 1.5 (1.5cc of I.0? DNA solution).

Although the shapes of the perpendicular polarised absorption

spectra for the two samples are very similar, their parallel

polarísed spectra are not. It is apparent therefore, that

the high wavenumber side of the anisotropic absorption band

is sensitive to, and'so can be used as a measure of, dye

penetration. Likewise the dichroic spectrum is sensitive to

dye penetration, with a change being the direct result of a

change to the parallel absorpÈion component.

ft was found most convenient to describe the amount

of dye penetration in terms of a related quantity, namely,

the wavenumber where the dichroic ratio changes from less

than to greater than one (a dichroic ratio of one is

invariant to the amount of sample alignment). Thusr âD

increasing red-shift for this measured wavenumber would

indicate a greater proportion of the dye ín the PVA matrix.

The effect of the thickness parameter of the intermediate

DNA layer on the wavenumber where the dichroic ratio

changes from less than to greater than one for a series of

proflavine,/owa-pvR films is shown in Fig.5.3. The degree of

alignrnent of the samples represented in the figure may not

necessarily be the same. At zero dye penetration, such a
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plot assumes that there is a wavenumber where the dichroic

rat.io of the dye in the DNA is unity. The experimental

results indicate that this may not necessarily be so at the

greatest thickness parameter of the intermediate DNA layer

employed, since such a hravenumber would occur where the dye

absorpLivity was comparatively very low and the difference

therefore, between the parallel and perpendicular absorption

components, would be reduced to the precision of the

measurement. In some cases therefore, the wavenumber at

which the dichroic rat.io made its closest approach to unity

has been used. Similarly, the plotted wavenumber at which

the dichroic ratio changes from less than to greater than

one, measured at wavenumbers greater than 2SrOOOcm-l was

subject to experimental errorr so that any wavenumber up to
-l3Ir000cm - was equally likely. Thus, Fig.5.3 indicates that

a DNA thickness parameter of one (Icc of a 1.0U DNA solution)

is required to eliminate dye penetration. For aII further

preparative film work, I.5cc of a 1.0? DNA solution was used

to prepare the intermedj-ate DNA layer as an added precaution

against possible dye penetration. Throughout the preparative

work, the high molecular weight Calf Thymus DNA preparation

$¡as used in preference to the "highly polymerised" Herring

Sperm DNA preparation for the casting of the intermediate

DNA tayer because of the much greater viscosity of the 1?

solution. Conversely, it was more convenient to use the

less viscous LZ Herring Sperm DNA solution in the

preparatiorr <¡f Lhe ist-rtro¡ric dyer/ona fiIms.

The practice of combining two different sources of DNA

in the one film was not intended. The Herring Sperm DNA

was originalty supplied as CaIf Thymus DNA and it was not
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until síx months after the initial "CaIf Thymus" DNA sample

had been received (the work being well under way), that

notification of the error \^/as received from the Sigma

Chemical Co. It would. be expected that little if any

alteration to the properties of the dyerlDNA-PVA films would

result, since the GC content for both Herring Sperm DNA and

CaIf Thymus DNA are almost identical at 45e" and 43e"

respectively (Mahler and Cordes, 1966). This indeed was

found to be so for the properties of the two 4-nitro-l-

naphthylamine reporter/DNA-PVA films prepared (see later in

this Chapter). fn one case, the isotropíc dye/DNA film was

prepared from the Calf Thymus DNA (ttre only example in this

work) and in the other case, from the Herring Sperm DNA.

5.3.2 Fraction of Oriented DNA Chains

As the layer structure of the combined dye/DNA-PVA film

is d.ifferent from that of the cast DNA-PVA film, it is

important to check that the fraction of oriented DNA chains,

that may be derived for the single layer of DNA in the cast

DNA-PVA film, ffiây be equated to that for the top layer of

DNA in the combined dye/oue-PvA film, under identical

conditions. It became apparent that this was not possible,

since the dichroic ratio measured for proflavine/DNA-PvA

films at the proflavine visible absorption maximum was much

smaller than that measured for cast DNA-PVA films, ât the

ultra-violet absorption maximum of the DNA bases under

identical conditions of stretch and relative humidity. Thus,

the fraction of oriented DNA chains in the cast DNA-PVA film,

obtained from the d.ichroic ratio of the DNA bases, by

assuming an orientation for them of 9Oo to the DNA helix

axis (from equation L.20), was less than that obtained from
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the dichroic ratio of proftavine in the combined

dye/om-PVA film, by assuming that its transition moment

vector is oriented at 9Oo to the DNA helix axis (any smaller

orientation angle would clearly increase the calculated

fraction of oriented DNA chains).

The orientation process r^ras investigated further by

orienting both t.he sample combined dye/DNA-PVA film and a

cast DNA-PVA film side by side on the same PVA film support.

The total length of the clamped film was stretched

approximately four-fold and the extension ratio of the

central portion of each film b/as measured. In all cases,

the cast DNA-PVA film revealed a much higher extension ratio
than the combined dyerlDNA-PVA f ilm (Table 5.2). rt appeared

therefore, that as the DNA film became thicker, the

mechanical contact between the PVA film and progressive

layers of the DNA film was reduced, such that the orientation
of the DNA, most distant from the DNA-PVA interface, was

least. It was therefore, not possible to determine the

fraction of oriented DNA chains in the dye/DNA-PVA film by a

straight forward extrapolation from the cast DNA-PVA film.
The choice of alternative orientation standards is discussed.

in Chapter Six, Section 6.1.

5.4 The Polarised Absorption and Dichroic Spectra of the

Dye/DNA Complexes

For aromat.ic molecules in solution, the totally

s1'mmetric modes of vibration appear as the most dominant

in the absorption spectra (Ir[cCoy and Ross, 19 621 . Thus,

under these conditions, not only is constancy of the dichroism

across the absorption band well approximated, but the
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Table 5.2

Extension Ratios for the Central Portion of Cast

and Combined DNA-PVA Films Oriented on the Same PVA Film

Film

Extension Ratio

Combined Prof lavine/ouA-PVA CaSt DNA-PVA

I

2

2.5

2.8

3.3

3.7

díchroism is directly related to the electronic transition

moment direction. Breakdown of the above approximation,

that is contribution from non totally symmetric vibrational

modes to the overall absorption regíon, generally occurs

at higher hravenumbers within the vibronic envelope. For

this reason, the most reliable dichroism that relates to

the purely electronic transition is obtained experimentally

from the red-end of an absorption band. Conversely, the

vibronic transition involving many different types of non

totally symmetric vibrational modes tends to produce a

dichroic ratio approaching unity at the blue end of the

absorption band.

5.4.1 The Acridíne,/oNe Complex

Typical polarised absorption and dichroic spectra for

the anisotropic proflavine, acriflavine and

9-aminoacridiner/DNA film complexes are shown in Figures 5.4,

5.5 and 5.6 respectively. All samples have an extension

ratio of 2.8 and have been equilibrated at 932 relative
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humidity over 11 2 days. The dye to DNA phosphate ratio

is 0.002 0.003 for proflavine and acriflavine and 0.004 -

0.008 for 9-aminoacridine.

The polarised absorption spectra for the proflavine and

acriflavine/DNA complexes (shown between 20 rOOOcm-l and

-'t26,000cm -) are very similar, except for the red shift of

the acriflavine spectrum relative to that of proflavine. The

shapes of the dichroic spectra are likewise very similar and

approximate most closely to a constant dichroic ratio in the

vicinity of their absorption maxima. The plateau dichroic

ratio region extends approximately 3rO00cm-1 for acriflavine
-'land 2,400cm - for proflavinei on either sid.e of the plateau

region, the dichroic ratio is seen to increase.

The shapes of the polarised absorption and dichroic

spectra for the 9-aminoacridine,/ouA complex are quite

different. In particular, the dichroic spectrum does not

display a genuine plateau region; there is a noticeable but

gradual increase in the dichroic ratio throughout the

wavenumber range spanned by the three visible absorption

maxima which comprise the major portion of the first

electronic transítion. Beyond this region (at higher

hravenumbers), there is a rapid increase in the dichroic

ratio similar to that observed for the proflavíne and

acrif lavine,/o¡la complexes. This is in agreement with the

expected effect of non symmetric modes of vibration on the

measured dichroic ratio. The spectrum of the

9-aminoaerídíne/DNA complex has been extended to the onset

of DNA absorption where a further absorption band (maximum

-'tat 30r30Ocm-') appears. The presence of this electronic

transition has caused a sudden fall in the measured
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dichroic ratio.
5.4.2 The Reporter/DNA Complex

Figures 5.7, 5.8, 5.9 and 5.10 are representative of the

polarised absorption and dichroic spectra for the anisotropic
2r4-dinitroaniline, paranitroaniline, orthonitroaniline and

4-nitro-l-naphthylamine reporter/DNA film complexes

respectively. The extension ratios and equilibration times

at 933 relative humidity are the same as those fcr the

acridine/DNA complexes. The dye to DNA phosphate ratios are

0.007 - 0.010,0.007,0.0I8 0.019, and 0.007 respectively.
The polarised absorption spectra of the orthonitro-

aniline, paranitroaniline and 4-nitro-l-naphthylamine

reporter/DNA complexes exhibit one absorption band in the

visible region. In addition, a further absorption band ís
discernible preceding the onset of DNA absorption for the

4-nitro-I-naphthylamine reporter/DNA complex. The

2 ,4-din,itroaniline reporter/DNA complex is composed of two

absorption bands in the visible region with the first
appearing as a shoulder on the low wavenumber side of
the second.

The shapes of the dichroic spectra for the ortho- and

paranitroaniline reporter/DNA complexes are very similar as

can be seen by the gradual increase in their dichroic

ratios towards higher vlavenumbers. This increase is more

abrupt in the case of the 4-nitro-1-naphthylamine reporter/DNA

complex (which has a correspondingly smaller band-width).

The next absorption band for this dye measured prior to DNA

absorption is weII demonstrated. by the approximatety constant

dichroic ratj-o. The dichroic spectrum between these two

absorption bands is not shown since it is experimentally
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uncertain at the low recorded absorbances. The dichroic

spectrum of the 2r4-dinitroaniline reporter/DNA complex

is represented by a plateau region spanning the low

wavenumber absorption band. (shoulder) and extending almost

to the maximum absorption of the high wavenumber

absorption band.. At further increasing wavenumbers, there

is a steady increase in the measured dichroic ratio.

For aLL dye/DNA complexes, the continual increase in

the dichroic ratio across an absorption band is well

accounted for by the increased contribution from non

symmetric vibrational modes at higher v/avenumbers. This

effect is not observable for the first electronic transition

of the 2r4-dinitroanilíne reporterr/oua complex. Here, the

following electronic transition has completellz overwhelmed

any effect that may have appeared from the non symmetric

vibrational modes of the previous absorption band.

5.5 Relative Humidity Equilibration Time

The effect of the relative humidity equilibration time

on the measured dichroic ratio has been investigated at

sel-ected wavenumbers for each of the dyes' observable

electronic transitions in the wavenumber region prior to

DNA absorption. The selected wavenumbers have been chosen

from that portion of the absorption band where the dichroic

ratío may be conveniently related to the pure electronic

transition, i.e., the red end of the appropriate absorption

ba:rd. This presented no difficulties when the dichroic ratio

was constant throughout this region. However, when it was

found to steadily increase (as was Èhe case for most. of the

dyes studied), it was considered necessary to choose one or
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even two further \^/avenumbers. This enabled any dif ference in

the calculated geometry of the respective dye transition

moment vector to be assessed in terms of the reliability of

the overall dyerlONa geometry (Chapter Six, Section 6.21 .

5. 5. I The Acridine,/One Complex

The effect. of the equilibation period at 932 relative

humidity on the measured dichroic ratio of the acriflavine

and the proflavine/nNa complexes (o/p, 0.002 - 0.003) is

shown in Fi9.5.11. The plotted dichroic ratios have been

drawn from the plateau region of the d.ichroic spectra. Both

dyes are represented by six film samples that have been

measured over different equilibration times. For some of

the samples, the dichroic ratio has not been plotted to its

Iimiting equilibration value (approximat.ely attained after

40 hours) because of the greater tendency of the films to

fracture with increasing equilibration time. Both dye/DNA

comple4es behaved identically, with the dichroic ratio

falling to a constant minimum value.

Fig.5.L2 shows the effect of equilibration time at 93e"

relative humidity on the dichroic ratio of the

9-aminoacridine,/DNA complex (five film samples.. D/P,

0.004 0.008). The dichroic ratios have been studied at

the three visible \^¡avenumber maxima (the first absorption

band) and at the plateau region prior to DNA interference

(the second absorption band) . The dyer/DNA complex reached a

constant dichroic ratio at the above \^ravenumbers, prior to

a twenty hour equilibration period. No measurements rdere

recorded under this time.

5.5.2 The Reporter,/DNA Complex

The effect of the equilibration period at 932 relative
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humidity on the dichroic ratio of Lhe reporter/DNA complex

is shown in Fig.5.13 for the paranitroaniline (¡ samples;

D/P, 0.007) and orthonitroaniline (q samptes:. D/P,

0.018 0.019) reporters and in Fig.5.t4 for the

2,4-dinitroaniline (S samples i D/P, 0.007 0.010) and

4-nitro-1-naphthylamine (Z samples ì D/P, 0.007) reporters.

At wavenumbers preceding the absorption maximum of the

2, -dinítroaniline reporter/ONA complex, the dichroic ratio
was constant (Fig.5.7). Thus, the dichroic ratio in this
wavenumber region together with that at the maximum

absorption were investigated. For the other reporter/nNa

complexes, the dichroic ratio was studied at two wavenumbers,

selected at the limits of the half band width of tfre visiUte
absorption band. In addition, a further dj-chroic ratio
representative of the low intensity near ultra-violet
absorption band of the 4-nitro-1-naphthylamine reporter/DNA

complex was studied.

An equilibration period of twenty hours was sufficient
for all reporter/oNa complexes to reach a steady dichroic
ratio (Figs. 5. 13 and 5. 14 ) . The 2 ,A-d,ínitroaniline
reporterr/Owa complex was ínvestigated more fuIIy, from which

it was observed that the dichroic ratio felI to a constant

value over the initial twenty hour equilibration period

(fig.5.14). The same behaviour was also apparent for the

4-nitro-1-naphthylamine reporter/DNA complex (Fig. 5. 14) .

5.6 Qualíty of the Anisotropic DyelDNA Films

The quality of the anisotropic dyerlDNA films may be

judged in terms of their appearance, their amount of

orientation and the reproducibility of their measured
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dichroic ratios. The appearance of the film mounted in the

humid.ity cell is somewhat dependent on the initial

attachment process in the preparative method. It must be

remembered that the unattached dye,/oNe film is at low

relative humidity while the DNA-PVA film is at high

relative humidity (the DNA-PVA surface must be moíst prior

to attachment.). On attachment, the subsequent contraction

of the dye,/¡Wa film, causes slightly less than total

adherence between the two films. This is further enhanced

by any surface irregularities on either of the films. At

various poínts in the combined fi1m, minute air bubbles may

appear and although they do affect t.he overall recorded

spectrum, they do not influence the final corrected.

spectrum (refer to spectra corrections in Chapùer Three,

Section 3.4.2).

The amount of orientation of the dye/DNA films is

discussed in Chapter Six, Section 6.1, in terms of the

fraction of oriented DNA chains. It is very high. If a

dichroic ratio comparison is used, this method is at least

as good as the previously reported best orientation method

(Rupprecht et al, 1969). The reproducibility of that

method was not quoted. For the method used here, the

dichroic ratio associated with each major absorpt-ion band

is reproducible to f0.03 units for all but one dye,/DuA

complex.

Throughout the preparation of the anisotropic dye/owa

filmsr ân extensior, t.aio of 2.8 has been used. This was

found to be the best compromise between degree of

orientation, reproducibility and breakage. At higher

extension ratios, the upper dye/oua film invariably
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fractured or formed small holes during the stretching
process. This allowed the film to partially relax, with a

consequent decrease in the measured dichroism. Even if the
films that fractured or formed holes were not incruded, the

reproducibirity at higher extension ratios was ress and

this was probabry due to small undetected faults (fractures

or holes) in the films.



CHAPTER STX

INTERPRETATION OF LTNEAR DTCHROTSM FOR THE DYE,/DNA COMPLEX

The model, suggested by Fraser (1953, 1956) and outlined

in Chapter One, Section L.2 in which a certain fraction, f,

of the polymer chains is assumed to be perfectly oriented

parallet to the fibre axis while the remaining fraction,

(1 f), is perfectly random, has been used here to interpret

the linear dichroism. For the dye/DNA complex, the fibre

or orientation axis is taken to be the DNA helix axis.

6.1 Estimation of the Fraction of Oriented DNA Chains

The ideal way to obtain f is to compare the fraction of

oriented DNA chains in the combined double layer dye/oua-PvA

film to that in the cast DNA-PVA film. However, such a

direct'comparíson is not possibte because of the different

physical (mechanical) properties of the two films (ChaPter

Five, Section 5.3.2).

Alternatively, Fraser (1958) has derived a general

equation for evaluating the relation between the dichroic

ratio and a parameter describing a model distribution.

He concluded that the most plausible model described the

d,istribution of crystallite orientations in a stretched

polymer containing rod-like crystalliÈes in an isotropic

matrix (Kratky, L933). The use of this model, in conjunction

with the general equation, has led to the relationship

between f and the extension ratio, v (defined in Chapter

Four, Section 4.5), as follows:
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2v3 +1 tan v-1 3

3

,2
l-- 1) (6.1)

3v (v 1)

and this function is plotted in Fig.6.1. provided that the
rerationship between f and v hoIds, Ro can be evaruated by
substituting the value of f and the measured dichroic
ratio, R, in equation L.20. For an extension ratio of
2.8 which has been used throughout all preparations of
the anisotropic dye/oNA film samples, f is o. 60 (r'ig.6.1) .

The measured dichroic ratios of the acriflavine/oua and

4-nitro-1-naphthylamine reporter/DNA films may be used

to demonstrate that under the current experimental
conditions this is a considerable under-estimate. por

R - 0-25 (chapter Five, Figs.s.lr and 5.14), an f value of
0-67 is obtained when it is assumed that for perfect
alignment of the films the dichroic ratio, Ro, wilr approach

zero- rt is therefore more appropriate to setect the
dichroic ratio of the acriflavine/DNA or the
4-nitro-1-naphthylamine reporter/DNA films as the reference
basis to estimate f. rn this wây, the rower rimit for f is
seL at 0.67 under the current experimentar conditions.
(rt Ro r¡/ere to approach a non-zero value for the perfect
arignment of the dye/DNA complex, a higher varue for f would
be found.) The difference between f obtained from Fig.6.l
at v = 2.8 and that obtained using either the dichroic
ratio of the acriflavine/otitA or the 4-nitro-r-naphthylamine
reporLer/DNA complex f1lms may indicate that the oríentation
of the complex increases after the initial stretching process

in the confines of the humidity ceII.
An upper limit for f may be estimated from an
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examination of the many reported díchroic ratios for

anisotropic DNA film samples (Table 6.1). The tabulated

dichroic ratios refer to the 26Onm maximum absorption band

which is a composite band due to fi*<-T transitions in the

plane of the purine and pyrimidine bases (Falk et â1, 1963b;

Kasha, L96L¡ Vüilkinson et â1, 1959). For perfect alignment

of the DNA film sample, RO would approach zero for an angle

of 9Oo between the helix axis and the plane of the bases

(Chapter One, Sectíon 1.3). The lowest ever reported

dichroic ratio of ft = 0.16 leads to f = 0.78 (Table 6.I).

However, this value was discarded as the upper limit for

the fraction of oriented DNA chains for the following

reason.

The dichroíc ratio of proflavine/DNA complex films
(neasured at maximum absorption) prepared here and prepared

by the "wet spinning method" are very similar (Table 6.2) .

Consequently, the fraction of oriented DNA chains in both

samples would be expected. to be approximately the same. If

f is evaluated for the wet spun proflavine/oua film from

the dichroic ratio of the wet spun DNA film (where RO

approaches zero), a value of 0.63, slightly smaller than

the lower limit of 0.67 set here, is found (Table 6.2).

Thus, a comparison between f. I estimated for the dyerloue

complex for the current experimental conditions (0.67 to 0.78)

and a value that may be calculated for the "hret spinning

method" (0.63), suggest that the lower limit of f = 0.67

is the more rel-iable value, whilst the upper limit of

f - 0.78 is most like1y a considerable over-estimate.

Therefore, for this work, f has been confined to the range

0.67 0.72, with the new upper limit being calculated from



Table 6.1

Orientation of DNA Films

Method of Alignment DNA Origín

Shearing gel bet\^reen
coverslíp and slide

8r. h. lVavenumber
-Icm

92 38,460

38,460

Stroking gel on
quartz disc

Stroking ge1 with
spatula on fluorite
disc

Wet spinning

Drawing out gel
between two quartz
plates

Stroking ge1 with
quartz slide on
another slide

Stroking gel on
quartz slide

Stretching gel ínto
microscopic fibres

Reference

Thymus 90 37 ,040 0.21 0.72 Seeds, 1953

CaIf
Thymus 38r460 0.16 0.78 Rich and Kasha,1960

CaIf
Thymus 93 37 ,040 0. 31 0.60 Falk et aI, I953b

Thymus 93 37,040 0.28 0.63 Rupprecht, 1963 and
t966

98 0.36 0.54 Houssier, 1964

R

0.2L-
0. 35

f

0.72-
0.55

0.61-
0.40

ro
(,

T5st 0
4 samples
T2H
2 samples

Calf
Thymus

92 38,460 0.26 0.65

Gray and Rubenstein,
1968

Vtetzel et â1, L969

Thorell and Ruch,
19 51

0. 3-
0.594

38,460 0. 31 0.60
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Table 6.2

Calculation and Comparison of f

IFilm Sample R, at Maximum

Alosorption
f Reference

Acrif Iavine,/oua 0.25

DNA 0.16

Prof lavine/o¡¡a 0. 3t 1 0.02 0.67 0.78
5

Wet Spun DNA 0.28 0.63 2

o .672

0.782

This work,
Fig.5.11

Rich and Kasha,
1960

This work,
Fig. 5 . 11

Rupprecht,
1963 and L966

Rupprecht et â1,
L969

3

Wet Spun
Prof lavine,/¡¡¡a

0. 317 0. 331
L0.63'

I

2

3

Reference refers to R, at Maximum Absorption

f has been calculated from equation I.20, assuming

Ro=o
The limits of f have been set by the first two entries

of the table (see text)

f is assumed to be the same as that for the wet spun

DNA film

4.

a dichroic ratio of 0..2L. This value represents the second

best degree of alignment of DNA chains achieved by any

previous method (rabte 6.I), and seems to be more in keeping

with the distribution of the lowest dichroic ratios listed

in Table 6.I.
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6.2 Determinatio n of the Ang le between the Transition

Moment Vector of the Dve and the DNA Helix Axis

Tables 6.3 and 6.4 present the angle between the dyes'

transition moment vector(s) at selected wavenumber(s) and

the DNA helix axis for the acridine and reporter molecules

respectively. The dichroic ratio, R (Figs.5.11 5.14), and

the limits of f (set in the previous section) have been

substituted in turn, into equations l.2O and 1.16 to

calculate Ro and û), the angle between the transition

moment of the dye and the DNA helix axis. The last column

of Tables 6.3 and 6.4 lists the total d.etermined angle range.

This angle range has made allowance for both the experimental

variation in R (the measured dichroic ratio) and. the

calculated variation in f (the fraction of oriented ONA

chains).

The dichroic ratio, measured throughout the plateau

region of the dichroic spectra for the proflavine and.

acríflaviner/One complexes, is representative of the totally

symmetric mode of vibration for the electronic transition

and so has been used in the calculati-ons. For the first

electronic transition of the 9-aminoacridine,/DNA complex'

the dichroic ratios, measured at the three vibronic

absorption maxima, have been used to calculate rrt. Although

the dichroic ratio is slightly greater at the two higher

wavenumber vibronic maxima, the difference in the determined

angle range is minimal (Table 6.3). Moreover' as the

dichroic ratio measured at the wavenumber corresporrclirrg Lo

the first vibronic maximum is most representatíve for the

symmetric mode of vibration of thís electronic transition,

the angle range determined at this wavenumber only, will be



Table 6.3

The Angte between the Transition Moment Vector of the Dye and the DNA IIeIix Axis

for the Acridine Molecules

f - 0.67 f = 0.72

Dye

Acrif 1a'¡ine

u-l
cm

20 ,600-
23,600 0.25 t 0.02

20,800-
23,200 0.31

RR Angle
(Degrees)

78 74

77 -73
76 72

6V 62

70 64

R

0.13

0.15

0.16

0. 39

0. 3r

Angle
(Degrees)

Angle Range
(Degrees )

0 0

0 - .024 90 84 .023 .069 84 80 85 t s

.060 .096 80 78 0.r0 0.14 77 75 774! 24

ro
Oì

Proflavine

9-Aminoacridine 23,200

24 ,600

25,800

30, 3oo

30, 300

0.35

0. 37

0.39

0.61

0. 54

r 0. 015

r 0.03

r 0.03

r 0.04

I 0.07

t 0.074

.084

0.11

0.L2

0.36

0.27

0.16

0.18

0.22

0. 55

0.4s

0.20

0.22

0.26

0.57

0.48

76 72

75 72

74-70
66 62

69 64

75r3
7 4\! 2r1

73r3
64Ut 2'

67r3

5

(a) Calcrrlated, non-experimental va1ue.



Table 6.4

The Ang1e between the Transition Moment Vector of the Dve and th

for t.he Reporter Molecules

f = 0.67

e DNA Helix A¡<is

f - 0.72

R
0

AngIe
(Degrees)

.023 .069 84 80

.081 0.13 79 76

0.41 0.46 66 64

Dye v_1
cm

4-Nitro-l- 20,800

naphthylamine 23,800

reporter 30,800

23 ,200-
2,  -Dínitroaniline 27, 900

reporter 28,100

RR Angle
(Degrees )

Ang1e Range
(Degrees)0

0.25 f 0.02

0.30 r 0.02

0.57 t 0.02

0.44 r 0.02

0.46 r 0.03

0

.036

0.37

o.2L

0.22

0. 40

0.48

0.68

0.75

.024

.084

0.43

0.26

0.30

0.59

0 .67

0.77

0.84

84

78

65

70

69

62

60

58

57

90

82

67

72

72

66

64

60

59

85r5
79 r 3

6s4t L\

7 0\! L\

70!2

63\! 2U

62!2

59 11
58r1

\o{

Orthonitroaniline 20,600

reporter 25,200

0.64 r 0.07

0.70 t 0.07

0.25 0:30 7L - 69

0.26 0.33 70 68

0.43 0.61 65 61

0.51 0.69 63 60

0. 70 0. 78 s8 58

0.77 0.85 58 57

Paranitroaniline 23,600

29,200

0.81 t 0.03

0.86 r 0.03reporter
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used in further d.iscussion. The smalr difference in the

angle range, determined at the following two vibronic maxima,

emphasizes the negligibre effect that small but. noticeable
increases in the dichroic ratio have on this calculation.

The dichroic ratio listed in Tabte 6.3 for the second

erectronic transition of the 9-aminoacridine/DNA complex has

been measured at the 30,3OOcm-l ma*imum (see Fig.5.6). At

this wavenumber, the dichroic ratio would be representative
of the electronic transition provided that there is no

interference from the preceding electronic transition.
However, a visual extrapolation of the first absorption

band would suggest a probable 20e" contribution to the

isotropic absorbance at. this wavenumber (refer Fis.5.6).
Table 6.5 shows the effect of such a contribution to the

experimental absorbance at 30, 300cm-Ì.

It has been assumed that the dichroic ratio of the first
electronic transition at 30,3oocm-l will be composed of many

non symmetric modes of vibrationr so that the overall dichroic
ratio would approach unity. This approximation allows the

calculation of the minimum dichroic ratio that would be

obtained at 30r300cm-I for transit.ion two, without

interference from transition one. The dichroic ratio thus

calculated is 0.07 units lower than the experimental value.

such an overall lowering of the experimental dichroic ratio
is shown in the final entry of Table 6.3, where the range

of rrl has been altered by 30. For further discussions

lnvolvJ-ng this eLectronic transition, o has been contined to
the range that covers both determinations.

For the first electronic transition of the orthonitro-
aniline, paranitroaniline and 4-nitro-t-naphthylamine
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Table 6.5

Effect of a 202 Absorbance Contribution from Transiti on One

-1to the Dichroic Ratio of Transition Two at 30,300cm for the

9 -Aminoacridine,/DNA Complex

2A11 AI A R

Experimental Measure*errtl

Estimated Contribution from
Transition One

Remaining Contribution from
Transition Two

0.078 0 .L2I 0.107 0.64

0.020 0.020 0.020 I.00

0.0s8 0.101 0.087

5

c.57 
4

I

2

The experimental measurement has been taken from Fig.5.6
The isotropic absorbance, A - (Otf + 2AL)/3 (Fraser,I96o)

reporterr/DNA complexes where t¡ has been determined from the

dichroic ratios measured at two different wavenumbers

(representing the low and high wavenumber side of the

absorption band respectively), it is found that the difference
in the calculated angle range is small (Table 6.4). Since û)

is more reliably evaluated at the lower wavenumber dichroic
ratio, this value alone has been used in latter discussions.

The determinaLion of o for the second electronic transition
of the 4-nitro-I-naphthylamine reporter/DNA complex has been

carried out at 30r8OOcm-I (Table 6,4). At this wavenumbe::,

there is no overlap from the previous absorption band

(see Fig. 5. I0) . For the 2, 4-dinitroaniline reporter,/Ol¡e

complex', there is no dichroic ratio change in the region
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where the two absorption bands initially overlap. Ttris

is good evidence that o is the same for both electronic

transitions. Thus, trl has been conveniently calculated for

both visible electronic transitions from the constant

dichroic ratio recorded across the first absorption band

(Fi9.5.7 ) as shown by the fourth entry of Table 6.4. The

fifth entry of the table shows just how small the angle

range would be changed if it were calculated from the dichroic

ratio at the maximum absorption of the second electronic

transition. The one degree increase in the determined angle

range has not been included in latter discussions.

A summary of the relevant information is presented ín

Table 6.6. The quantities, RO, the dichroic ratio for
perfect alignment and o, the angle between the transition
moment vector and the DNA helix axis (both determined from

the experimental data), have been grouped with 0, the

theoretical transition moment vector (calculat.ed relative to

the dye z molecular axis) for each of the dyes'observable

electronic transitions.

6.3 Geometry of the Dye Molecu1e in the Dye,/DNA Complex

The dyes may be placed. into two general categories;

those that fu11y intercalate and those that do not. The

geometry of the latter group of dye/DNA complexes, which

includes the orthonitroaniline and paranitroaniline

reporters, may not be interpreted uniquely since either a

fraction of the dye molecules fully intercalate with the

remaining fraction externally bound or alternatively, all

the dye molecules equally, but only partially intercalate.

Both models are consistent with the viscosity data.



Table 6.6

The Quantities R u¡ and. ô for each of the Dyes' Observable Electronic Transitions0t

Angle of Moment with AngJ-e of Moment with Dye

Dye

Acriflavine

Proflavine

9-Aminoacridine

4 -Ni tro-I -naphthylamine
reporter

2 ,  -Dínítroaniline
reporter

Orthonitroaniline
reporter

Paranitroaniline
reporter

DNA He1ix Axis
(Degrees )

80 90

75-80
72 78

62 70

80 90

64 67

69 72

69 72

61 66

z Molecular AxÍs
(Degrees)

0

0

90

0

84

s6 69

13 20

88 90

7- 8

R
0

0

0.060

0.084

0.27

0

0.37

0.2L

0.2L

0.40

0.069

0.14

0.20

0. 57

0.069

0 .46

0.30

0.30

0.61

Ho

0. 68 0. 78 58 60 90
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For the first modeI, the geometry of the intercalated

dye molecule may not be solved because of the unknown

contribution to the overall measured dichroic ratio from the

externally bound dye. Although the relative proportions of

the externally bound to the fully intercalated dye may be

est.imated from the ratio of the viscosity of the dye/DNA

complex relative to some other fu1ly intercalated dyer/DNA

complex, the dichroic ratio of the externally bound. dye

species remains an unknown. ff the second model is assumed,

then the geometry of the partially inÈercalated dye

molecule may be treaÈed in exactly the same manner as that
for the fully intercalated dye molecule and may be evaluated

in terms of the tilt. and. twist angles defined previously in

Chapter One, Section L.2.3, with the aid of equatíons L.22

and L.26. Ir{oreover, because of the symmetry of the dyelOma

complex, aII unique combinations of the tilt and twist
angles, to be represent.ed here by f (ß,y), may be conveniently

determined in the range ß = 0 90o with y = O 18Oo since

In Figures 6.2-6.7, the shaded areas represent the

total permissable range of f(ß,y) and include both the

uncertainty in f and. RO and cover the total variation in

the theoretically determined. transition moment vecÈors (see

Chapter Two, Section 2.5). The shaded areas in Figures 6.2

aird 6.3 represent the allowed combinations of the tilt. and

twist angles for the orthonitroaniline and paranitroaniline

reporter/Ona complexes respectively. ft should be

emphasized that for these materials the futl intercalation
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moder rnras assumed. For the orthonitroaniline reporter, the
t.ilt angle has been restricted to a smarr range between

55o and 75o, while the twist angre remains unrestricted.
The geometric range of f(3,y), shown in Fig.6.3 for the
paranitroaniline reporter, is best considered in conjunction
with prausibre hand-constructed molecurar moders. Thus,

tilt and twist angles between Oo and 40o appeared

prohibitive. A similar plot is represented in Fig.6.4 for
the dyes proflavine and acriflavine. Here, the tilt angres

hrere determined at 75o B0o and goo 90o for each dye

respectively. However, no restriction may be calculated for
the twist. angles, although an examination of possible
molecular moders of the intercarated dye/oma complex

revealed that twist angles between Oo and 40o were

prohibitive.

For the molecules discussed so far, rimíted geometrical

information has been obtained for the intercalated dye/osa

complex since dichroic ratio measurements, representatíve
of only one transition moment vector were obtained and so

used to interpret the geometry; subsequent refinement being

possible only after inspection of morecular models. A

totarly different situation occurs when dichroic ratio
measurements arising from two different transition moment

vectors are used to elucidate the tilt and twist angle

geometry of the dye in the intercalated DNA complex. rn this
case, a considerable restriction is imposed. on f(ßry) as can

be seen in Figs.6.5 ancl 6.6 for the molecules 9-amlnoacriCine

and 2r4-dinitroaniline reporter respectively. The

intersection of the shaded areas now represents the only two

allowed combinations of ß and y that solve the relevant
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Table 6.7

Tilt and Twist Angle Geometry, f(ß,V)

Dye Tilt Angle, ß

(degrees )

T\¡¡ist Angle, y
(degrees )

9-Aminoacridine

2 ,4-Dinitroanil-ine
reporter

62 70

60 68

73 79

70 75 and I05 110

109 116

68 72

equations. The results are also shown in Table 6.7. The

possible geomet,ry, f (ßry), of the 4-nitro-l-naphthylamine

reporter ís presented in Fig.6.7, as the intersection of

the shaded areas. For this particular molecule, the overlap

area, representing the allowed combinations of f(ßry) for

each transition moment vector, is consid.erably greater than

that for the 9-aminoacridine or 2r4-dinitroaniline reporter

molecules. This is partly because of the uncertainty in the

direction of one of the transition moment vectors (560 690)

and partly because of the small difference in the orientation

between it and the other transiti-on moment vector (84o).

However, the major portion of this overlap may be discounted,

as onty tilt angles greater than 4Oo are sterically possible

for fuII intercalation. Thus, the range of f(ßrV) can be

considered to form a triangle with the apices represented by

f (40, BI) , (40 , 94) and. (57 , 82 ) .

6.4 Conclusion

Overall, the method that has been used here to study
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the geometry of the intercalated dyerlDNA complex, is suitable
to define the plane of the dye molecule with respect to the

DNA helix axis by the tilt and twist angles, when

measurements based on two of the molecule's transition

moment vectors may be carried out. This method has overcome

the associated experimental difficulties in defining R0,

and to a lesser extent f, so that provided the transition

moment vectors of the molecule are known, then the tilt and

twist angles may be accurately determined withín a sma1l

range (e.9. 9-aminoacridine). When the transition moment

vectors are known with less certainty (e.g. 2r4-dinitroaniline

reporter), the precision of the resulting measurement is

somewhat reduced until finally, when the transition moment

vectors are more uncertain and both are oriented at a small

angle to each other, considerabl-e imprecision in the final

measurement results (e.9. 4-nitro-l-naphthylamine reporter) .

However, with the aid of hand-constructed molecular

intercalation models, some of the latter difficulties may be

overcome.

A refinement of the molecular structure of DNA has

shown that there is a very slight departure of the plane

of the base pairs from the perpendicular to the DNA helix

axis. the tilt of the base planes about the diad axis

(relating the two glycosidic links in each base pair) is

-z.Lo while the angle by which the base pairs are twisted

about an axis perpendicular to both the helix axis and the

diad axis is 4.Oo (Arnott et aI, 1969). This minor

refinement does not alter the fact that for some of the

intercalated dye molecules studied, the plane of the dye

molecule does not lie paralle1 to the plane of the DNA base
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Table 6. I

TiIt Ang1es for the Acridine Dyes

Dye Tilt Angle
(Degrees )

9-Aminoacridine

Proflavine

Acriflavine

62 70

75 80

80 90

pairs (as has been implied many times previously), but is

instead, inclined at a small angle to it.

According to the intercalation model proposed by
Il,e-'b, L^1 .l

Datgleish ,et aI (1969 and I97L),f 9-aminóacridine would Èid
ln"- Jl^^j oL

differe€ {nr"ttlavine and acriflavine, since these latter

two acridines possess a common sub-structure, namely the

7-aminoquinoline moiety, not possessed by 9-aminoacridine.

Thus, it would be expected that their intercalation geometries

would be different. Although the twist angles for these

acridines have not been determined, their tilt angles do

reveal a marked difference (Table 6.8). This result is in

excellent agreement with the above model in that the

geometries of proflavine and acriflavine are different from

that of 9-aminoacridine; although it is inconclusive as to

whether or not the geometries of proflavine and acriflavine

are the same

The non-fully intercalated reporter molecules have not

been included in any discussion of possible intercalation

models because of the difficulties associated with the
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interpretation. The geometries of the two reporter molecules

that fully int.ercalate are different (fable 6.7). Whether

this is caused by the difference in the length of the

positively charged alkyl "tails" that bind to the DNA

phosphate group¡ or whether it is a property of the aromatic

moiety is open to question. hlhat. ís relevant, is that the

geometries, when grouped with those of the acridine molecules,

present a series of different relative intercalation
geometries. Thus the work presented here, supports the

current hypothesis that the geometry of the intercalated

dye/ONe complex is not determined solely by the conformation

of the binding site but is also determined by the properties

of the intercalated dye.



APPENDIX

Exciton fnteractions in Molecular Aqgreqates in Solution

It is being increasingly recognised t.hat exciton

interactions are important in biological processes as well

as in the technological applications of dyes.

Two types of studies have been carried out. Firstly,

the exciton interaction has been studied quantitatively

between dimer molecules of the important wool dye

Rhodamine B. This work has lead to the novel concl-usion

that light fastness of dyes has a dependence on the

magnitude of the exciton coupling in their aggregates.

Secondly, the two purine derivatives, caffeine and

6-methylpurine have been studied in aqueous solution and

the existence of energy transfer by the exciton mechanism

in their aggregates has been established unequivocally.

All results and conclusions relating to the above work

have been published previously. The copies of the relevant

articles are included in this thesis.
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