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ABSTRACT.

The thesis presents a study of the interaction of paramagnetic 
derivatives of drugs with the nucleic acids, carried out using the 
electron spin resonance (ESR) technique. The general principles of 
ESR (particularly those concerned with the free radicals) are outlined 
and spin labelling techniques as applied to biological specimens are 
described. The interaction of nucleic acids with small molecules 
is also reviewed.

Most of the work was performed using the radical cation of the 
tranquilizer chlorpromazine (CPZ+). Measurements were taken at X 

and Q-band frequencies and were coupled with extensive theoretical 

simulations of the ESR spectra. The hyperfine tensor elements arising
14from the N atom of the chlorpromazine ion were determined by computer 

fitting, from the spectrum obtained from a DNA-CPZ gel. The analysis 

of the spectra obtained from oriented DNA-CPZ fibre specimens led to the 

formulation of a fibre model according to which the DNA molecules 
described a Gaussian distribution of orientations about the fibre axis 
(fith a half width in the range from 27 to k0°). The results were com

pared with data obtained by other techniques (particularly optical linear 

dichroism).
The measurements were extended to the investigation of other nucleic 

acid species and drugs and the results were discussed in relation to their 

biophysical significance.

15 June 1976.
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CHAPTER 1 . 
INTRODUCTION

The nucleic acids function throu^i their interaction with other mole
cules. For example, the translation, transcription and replication require 
large enzyme systems, which bind to the nucleic acids in highly specific 
manners. At the same time, a large number of small drug molecules, such 
as the acridine mutagens, the antitumor drugs daunomycin and adriamycin or 
the antibiotic ethydium bromide, owe their therapeutic action (or some of 
their side effects) to their ability to bind to the nucleic acids. The 
importance of studying the drug-nucleic acid interactions at a molecular 

level lies not only in the direct applicability of the results of these 

studies in pharmacology (to the design and synthesis of better drugs), but 

also in providing valuable information on the factors responsible for the 
binding and the specificityj an essential basis for understanding the nature 

of the binding of more complex molecules.
The object of the present project was to study the interaction of drugs 

with nucleic acids using the electron spin resonance (ESR) technique, and to 
investigate the possibility of correlating this information with data 

obtained from other techniques. Most of the work described in this thesis 

was performed using the radical cation derivative of the drug chlorpromazine.

Chlorpromazine (CPZ) is the prototype of a class of tranquilizer drugs, 

derived from phenothiazine (Fig. 4.1.). The psychotropic activity of these 

drugs is not fully understood. Recent studies showed that CPZ inhibits 

the cholinergic receptors in the brain (Ref. 1.). it has also been 

reported that CPZ causes structural alternations of metaphase chromosomes 
of human lymphocytes in tissue cultures (Ref. 2.), and has a photosensit

ization effect on skin. It was suggested that the latter phenomenon could 

be related to the formation of CPZ-ENA complexes under the influence of UV 

rays (Ref. 3.). A particular feature of the drugs belonging to this class
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is their long persistence in the organism after administration (Ref. 7.).
Forrest et al. (Ref. 4.), observing the metabolites of CPZ excreted by 

the organism, suggested that the biologically active form of the drug was 
that of a stable free radical, i.e. a molecule possessing an unpaired ele- 

tron. The drug could represent an active oxido-reduction system in this 
state. According to Piette et al. (Ref. 5*)» the radical is the cation 

derivative of chlorpromazine, CPZ+ , which is obtained from the neutral 
species by a one-step oxidation process (see Section 4.1.). Qhnishi and 

McConnell (Ref. 6.) showed that the stability of CPZ+ cation radical was 
enhanced upon its binding to the DNA, and presented evidence which suggested 

that the CPZ+ molecule adopted a definite orientation relative to the DNA 

helix. (Detailed references to this paper will be made in the subsequent 

chapters.)
The interaction of CPZ+ with the DNA is also particularly interesting 

from the theoretical point of view, since the chlorpromazine molecule is 

not perfectly planar, thus differing in this respect from the drug molecules 

mentioned in the beginning of this chapter. It is widely accepted that 
such planar molecules bind to the nucleic acids by intercalating between 

adjacent base-pairs of the nucleic acid helix. It would be interesting to 
see if an intercalation mechanism (which is the one suggested by Qhnishi 

and McConnell, Ref. 6.) could apply to the CPZ+-DNA interaction, because 
the CPZ+ molecule is "bent" and the existent models of intercalation do not 

make explicit provisions for such special cases (see also Section 4.2.).

It m s  considered appropriate to begin the thesis by placing this 

project in the context of related pieces of work reported in the literature. 

Although the techniques employed in this project (mainly the spin labelling 

technique) are sufficiently well established, the context in which they were 

applied is relatively new. Therefore, it was found necessary to review the 

background corresponding to these topics separately. Thus, Chapter 2 gives
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an outline of the general principles of ESR, emphasising those connected 
with the free radicals, which are relevant to this piece of work. The 

recent advances in the field of the spin labelling technique and the biolog
ical applications of ESR are reviewed in Chapter 3, which is followed by the 
presentation of the properties of the nucleic acids and their interactions 
with small molecules, in Chapter ¿h

A summary of the present project is given in Section 4.3., with the 
emphasis on its practical applicability and the justification of the tech
niques employed. Part of the information contained in this thesis has 
already been published (with Dr. E. F. Slade) in the following papers,

MA Computational Method for the Synthesis of ESR Spectra of 

Systems with One Axis of Symmetry", Journal of Magnetic Resonance,
22, 219-226 (1 9 7 6 ).

This topic is discussed in Chapters 5 and. 6 and an extension of the method 
to the simulation of some anisotropic optical properties of fibres (bire
fringence and linear dichroism) is presented in Chapter 8.

"Electron-Spin-Resonance Studies of a Chlorpromazine Derivative 
Bound to DNA Fibres", European Journal of Biochemistry, 6j>, 21-2^
(1976).

The full treatment of this topic is found in Chapter 6.

The ESR lineshape computer program (for general use with free radical 

specimens including fibres), which was developed as a research tool in the 

present project, has been made available to the University of Indiana,Quan
tum Chemistry Exchange Programs (library number QCEP 295).

The CPZ+ binding studies carried out with other nucleic acid species 
are presented in Chapter 7* The conclusions of this piece of work are 

presented in Chapter 9, which also describes the attempts made to extend 

the method developed in the preceding chapters to the study of the interaction 

of the nucleic acids with ionic forms or paramagnetic derivatives of other
drugs.
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THE THEQRY AND THE DETECTION OF ELECTRON SPIN RESONANCE.

CHAPTER 2 .

The contents of this chapter serves as a theoretical background for 
the thesis. This chapter gives an outline of the general principles of 
ESR, emphasising those connected with the properties of the free radicals 

which are relevant to this piece of work. At the same time, it was 
designed so that it can be used as a practical source of reference in the 
future. All the formulae and the numerical constants quoted in the 

chapter conform to the SI system of units.
As the general field is well documented (see Bibliography, Refs. 1. - 

5.) it was found appropriate to present the concepts in a concise form, 
reference being made to the basic textbooks for detailed arguments.

2.1. The Phenomenon of Electron Spin Resonance.
A free electron that possesses a spin angular momentum of ft S (where S is 

the electronic spin vector, | s | = £ s  (S + l ) ] 1 2, and ft « 1.05^59 x 10 *^J.S. 
is Planck's constant divided by 2 it ) has a magnetic moment u associated 

with it, so that:
Pg = -  g 6 S (1)

In this expression g is a dimensionless constant (the g factor) which in

the case of the free electron is equal to 2.002322, and g = e ft / (2 m)
(with -e and m the electronic charge and mass) is the Bohr magneton and is 

, -2^ -1equal to 9.27^10 x 10 J T The magnetic moment jjg is measured in
1 2J T = A m . An equivalent statement to Equation (l) is:

He =  -y ft S (2)

with y= g B/ ft being the gyromagnetic ratio of the electron (T~^ s”^).

The energy of interaction with an applied magnetic field B assumed to 

be along the Z direction is represented by the "Zeeman” Hamiltonian:



FIO. 2. 1 SCHEMATIC REPRESENTATION OF THE SPLITTING OF THE SPIN 
ENERGY LEVEL. IN A MAGNETIC FIELD (B) . TWO RADICALS (OF ELECTRONIC SPIN 
l /e >  ARE c o n s i d e r e d , d i f f e r r i n g  in t h e i r  G-VALUE8 (Q<>G2>. THE h y p e r - 
f i n e  GTRUCTURE DUE TO A NUCLEUS OF NUCLEAR SPIN 1/B WITH POSITIVE 
COUPLING CONSTANT IS INCLUDED AND THE POSITION OF THE EQR TRANSITIONS 
IS INDICATED. THE SEPARATION OF THE HYPERFINE LINES OF A RADICAL IS 
INDEPENDENT OF THE FREQUENCY (X VS. Q BAND). THE SEPARATION OF TWO 
SIGNALS OF DIFFERENT G-VALUE IO HIGHER IF RECORDED AT A HIGHER FREQUENCY.
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H “ 4  • a. - g 8 B Sz (3)
Hence the energy level of the electron is split in the static magnetic field

into two levels, corresponding to the two possible spin states (m - ±s
m = the quantum number:for the Z component of the spin angular momentum), s
(Fig. 2.1).

The application of the time dependent perturbation theory shows that 

transitions can be induced between the two Zeeman energy levels (A'm ■ + l) 

by applying an oscillatory magnetic field at right angles to the static 

magnetic field, the frequency (y ) of which satisfies the expressions

h •? - g B B (4)

or, in terms of the angular frequency W :

*» = i B (5)

The possibility of stimulating transitions between adjacent electronic 

Zeeman energy levels constitutes the basis of the electron spin resonance 

experiment. In thermal equilibrium the energy levels are unequally 

populated, in accordance with Bolivian's principle. The probabilities of 

the stimulated transitions upward and downward are the same (Ref. 5) and 

the rate of population change of each level is proportional to the population 

itself. This would eventually lead to the equalization of the population 

of the two levels, a situation termed "saturation". However, there are 

non-radiative processes by which electrons from the higher energy level are 

returned to the lower level to restore the thermal equilibrium population 

difference. Such processes are called "spin-lattice" relaxation (see also 

Sections 2.2 and 2.4). The excess energy in this case flows to the "lattice", 

by which one means any degrees of freedom of the system (including the 

vibrations of the crystal lattice in the case of the solids) other than 

those directly concerned with the spin. The system can be in solid, liquid 

or gaseous states.
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Thus absorption of energy takes place at resonance. In an ESR 

experiment one monitors the energy absorption as the field is varied at a 

fixed frequency which is usually in the X-band (9.5 (3 H ) or Q-band (35 G H ) 

range.

In cases when both orbital and spin angular momentum are present and if 

the L S coupling is applicable, the resultant angular momentum is associated 

with the quantum number J where J " L + S and g is given by the Lande' g 

factor:

J (J + 1) + S (S + 1) - L (L + 1)
g = 1 + ---------------------------------
J 2 J (J + 1)

so that Equation (l) becomes:

a j = - gj e j

This thesis is concerned primarily with free radicals i.e. molecules 

which have at least one unpaired electron. The essential property of a 

free radical is that the magnetism of the radical is largely due to the spin. 

Thus the free radicals give g values close to the free electron value. 

Deviations from this value indicate orbital contributions to the effective 

magnetic moment of the unpaired electron.

A useful free radical, often used as g marker, is diphenyl picryl 

hydrazyl (DPPH), which has a g value equal to 2.0036 (Ref. 12).

2.2. The ESR Lineshape.

The finite "width" of the ESR signal follows from the uncertainty 

principle as a result of the broadening of the energy levels due to the 

finite lifetime of the excited spin states.

The spin-lattice relaxation has already been mentioned as an essential 

factor for the success of an ESR experiment. This is one of the possible 

interactions of the spin system with its surroundings ("relaxations") which 

lead to limiting the lifetime of the spin states.
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There is a classical theory due to Bloch, which predicts an actual 

lineshape.

Bloch's treatment is in terms of the macroscopic property of the sample, 

M, the magnetization, which is the sum over all the spins in a unit volume 

of the individual spin magnetic momenta The basic assumptions of the

theory ares l) In the magnetic field both and M behave like classical 

gyroscopes, hence the gyroscopic equations of motion can be applied; 2) M 

tends to approach its thermal equilibrium value M , proportional to the 

static magnetic susceptibility ^  (Mq = Xq b/ u0)*

These assumptions lead to "Bloch's equations" of motion:

d ^

dt
y (B x M)z + (6a)

dM M

dt ,y T2

They describe a damped precession motion of M about B, in which the

transverse components of M decay to zero with a characteristic time T2

while M relaxes towards its equilibrium value M with a characteristic time z o

Tr
As the magnetic energy (-M.B) depends on Mz, it can be seen that T^ is 

a measure of the rate at which energy flows from the spin system to the 

lattice when the system approaches thermal equilibrium and thus T^ is called 

the "spin-lattice" relaxation time.

No energy need flow out of the system for the relaxation of and 

T2 can be regarded as a dephasing time, measuring the time in which the 

individual spins remain in phase with each other. It is called the "spin- 

spin", or longitudinal relaxation time because the interaction between the
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various spins, causing different local magnetic fields at each spin is the 

main cause of randomising the precessional phases.

Bloch's equations can be solved to give the power absorbed from an 

oscillatory magnetic field of amplitude 2 3-̂  and angular frequency to »

Bl2 Xo w “ o T2
P (to)-------------------------------(7)

1 + t 22 ( ^ - u f + y 2 ^  T2b £

In this expression w =y.B is the resonant ("Larmor") angular frequency.

Equation (7) gives the "saturated" lineshape.

Far from saturation (achieved by using small microwave amplitudes so 
2 2that the term y T2 is negligible), one obtains the "Lorentzian"

lineshape (Equation (8)), which depends only on T2 and not on T^. The

normalised "unsaturated" lineshape, the width at half height (a to i) and2
the width between the points of maximum slope (a w ) are given bys

S ( 4
» 1 + Tg ( “>- W Q)‘

2
^ 4  “ r - a2

2

A to T
32

(8)

Therefore T-̂  determines the degree of saturation and T2 the unsaturated 

linewidth.

Another common lineshape is the Gaussian, given byj

S ( u )
T2 4  T?2 (a) - % ) 2

(2 ti y-T e

2.35

h
A to •§• ' A u

(9)

Such lineshapes are usually obtained from solids or concentrated solutions



10.

in which dipolar interactions (of the form shown in Equation (12) of 

Section 2.3.1) are taking place between the neighbouring paramagnetic ions 

(Ref. 9). These interactions produce a spread in the magnitude of the 

magnetic fields experienced by the various ions, which leads to the 

broadening of the resonance. The dipolar broadening effect is treated in 

greater detail in Section 2.4.2.

2.3. The Hamiltonian for a Free Radical.
2,3.1. Introduction.

To write the full Hamiltonian applicable to a free radical, one must 

take into account the effects of the nuclear interactions. The effects 

of the electric quadrupole moment of nuclei of nuclear spin 1 or greater 

and of the nuclear Zeeman interaction are small and will be neglected.

The most important term which leads to splitting of the electronic 

Zeeman energy levels is the hyperfine interaction which derives from the 

interaction between the electron and magnetic nuclei. The hyperfine 

interaction brings extra terms of the form S. A. I in the Hamiltonian, 

where A is the hyperfine tensor which takes into account the magnitude and 

the orientation dependence of the interaction energy. S and I are the 

electronic and nuclear spin vectors.

In general the Zeeman interaction (Equation (3)) between the electron 

spin and the applied magnetic field B is anisotropic and can be represented 

in terms of the £ tensor by a term BB. £. S, Hence the expression for the 

Hamiltonian, incorporating the hyperfine interaction with one magnetic 

nucleus and including g value anistroplj.y is given by:

H = BB. £. S + S. A. I- (10)

The £  and A tensors can usually be diagonalized although not necessarily 

in terms of the same axis system (see also Section 2.3.5 a-nd Ref. l.,pp 10?, 

133). Considering the first term in Equation (10), it can be represented
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in the molecular frame of reference that diagonalize the g  tensor as:

6 (S jk  3x Sx + Syy (11)

A similar expression can be written for the hyperfine term.

The hyperfine energy consists of two parts:

1) An isotropic part, a S . I arising from the "Fermi contact inter

action" which can only occur if the electron has a finite probability density 

at the nucleus.

2) An anisotropic part, arising from the electron - nuclear dipolar 

interaction. This has the form:

y o 3 (_ye- $  (-un - &

r
(12)

where u andu are the electronic and nuclear spin moments and r is the 

radius vector between the two moments. It can be shown that this term 

follows a (3 Cos 0 - l) variation, where Q is the angle between the direction 

of the applied magnetic field and the line joining the electron and the 

nucleus.

In the liquid phase, where the radicals perform a fast and random 

tumbling motion, the dipolar term is averaged to zero (providing the tumbling 

rate is greater than the largest anisotropic component) and the observed 

hyperfine splitting gives the isotropic coupling constant a (Ref. 7.). in 

the same conditions the g tensor is averaged to l/3 of its trace, which is 

the isotropic g value.

2.3.2. Isotropic Hyperfine Spectra.

Considering the Hamiltonian:

H = g 0B1+ a I . S (13)

one can demonstrate the splitting of the Zeeman energy levels under the
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isotropic hyperfine interaction by treating the a _I . S term as a first order 

perturbation on the Zeeman energy levels. Considering only the interaction 

between the unpaired electron and one proton (I « the following four 
energy levels are obtained:

E], g M  + { a 

E2 * j S S B - ■=• a 

E-j - 4  8 &B ” i a 
g g B + ^ a

where the right hand column shows the corresponding basis spin functions
constructed with the possible electronic and nuclear spin states.

It can be further shown that two equally likely ESR transitions can take

place between the energy levels 1 - 3  and 2 - k (obeying the selection rules
A m  - ± 1, A mT ■ 0) and the two lines will be separated by a, the hyper-

fine coupling constant. This situation is illustrated in Fig. 2.1.
In a more rigorous treatment the nuclear Zeeman energy (g„ S B .i) should

be included in the Hamiltonian from Equation (13)« This term brings shifts

in the energy levels, of the order of gn ^B. Following the treatment
by the perturbation theory to second order, one obtains correction terms

a2
to the energy levels 2 and 3 of the form t ........ ... . The

^ (SB3 + gn f̂ B)
"allowed" ESR transitions will then occur at slightly different energies but 
their separation is unaltered and equal to a. However, a transition 

(A m " 1, A mj = l) forbidden under the simple treatment becomes possible 
under this treatment if the oscillatory field is parallel to the static 

magnetic field B. Most of the free radical spectra in solution can be 

adequately interpreted using the simple treatment by first order perturbation 

theory and neglecting the nuclear Zeeman effect.
The treatment can be extended to more hyperfine interactions and for 

nuclear spins greater than j. The resonant frequencies are given in the 
general case byi

h f * g  3 B + ak mk + .... + afc mk + .... (15)

‘«e «n > 

V p n  > 

Fe lb ?  

Pe Pn *
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j. y.

where is the hyperfine coupling constant with the k n nucleus and is 

one of the allowed values of the nuclear spin quantum number. The a's are 

expressed in energy units.

Thus two unequivalent protons would split the ESR spectrum into four 

equal lines (3 lines in the ratio 1 :2:1 if they had the same coupling constant) 

(Fig. 2a.) and N, with a nuclear spin 1 = 1 ,  would give 3 equal lines 

separated by a^, the hyperfine coupling constant (Fig. 2b.).

2.3.3. Information Available from Isotropic Hyperfine Spectra.

This section explains the origin of the isotropic hyperfine structure of

the free radical spectra and shows how this can be related to the electronic

structure of the particular free radicals.

As it was mentioned before, such spectra are obtained from free radicals

in solution, where the molecules can perform rapid tumbling motions (charact-
—7 —11erised by rotational correlation times of the order of 10 ' - 10 s), that

result in the averaging out of the dipolar contribution. Well resolved 

hyperfine spectra are obtained at sufficiently low free radical concentrations 

(usually less than 10”^M), when the exchange interactions between the free 

radicals are almost completely eliminated. The topics of line broadening 

mechanisms and exchange interactions, together with their practical applic

ations will be treated separately.

The analysis of the hyperfine spectra can provide information about the
12nature of the free radical. As the common carbon isotope ( C ) has zero 

nuclear spin, the observed hyperfine splittings in the radical spectra
l/f

usually come from protons or the N atoms. The emergence of complicated 

hyperfine structures in many organic radicals is explained by the substantial 

delocalization of the unpaired electron which interacts with several of the 

nuclei of the molecule.

In many cases where the Fermi contact term is expected to vanish and 

no hyperfine splittings to occur it is necessary to consider small admixtures
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of excited states with the ground state. An example is provided by the 

aromatic radicals where the unpaired electron is delocalized in the 

it molecular orbital. This has a 'mode in the plane of the molecule and 

hence the electron density at the place where the protons are expected to be 

zero (Fig2.3.)* However, proton splittings do occur and this is explained 

(Ref. 1., p 33) in terms of the it orbital of the unpaired electron acquiring 

some c character from the anti bonding G - H orbital. Alternatively one 

can invoke a mechanism of indirect coupling of the tt electrons of the ring 

with the spins of the a electrons in the G - H bond by virtue of exchange 

forces, according to which the unpaired spin in the it system induces unpaired 

spin of opposite polarisation at the proton (Fig2.3.)* For this reason 

the unpaired spin density and the proton hyperfine coupling constant are 

negative.

It follows from this theory that the hyperfine splitting (in Tesla) 

produced by a proton bonded to an aromatic carbon atom is directly prop

ortional to the unpaired electron density p- at the G atom (McConnell's 

relationship):

^  = Q (16)

with Q negative and equal to about -2.25 mT.

Another common mechanism of hyperfine coupling in substituted aromatic

radicals is "hyperconjugation", which results from the direct penetration

of the H orbitals of the substituted groups that stick up and down out of

the plane of the molecule, into the irsystem. Thus a freely rotating

methyl (-CH^) substituent gives a contribution characteristic of three

equivalent protons. The recorded hyperfine splittings are usually of

the same order of magnitude as those given by the ring protons.
14The splittings arising from aromatic N nuclei are roughly proport

ional to the unpaired electron density in their 2pz orbitals, with Q values 

about +2.5 mT •



FXS. 8. 3 INDIRECT HYPERFINE COUPLING THROUGH ft C-H BONO IN RN 
AROMATIC RADICAL« A £PZ CARBON ORBITAL BELONGING TO THE AROMATIC TC 
ORBITAL AS WELL A8 A C-H G* BOND (IN THE PLANE OF THE MOLECULE) ARE 
8HOWN. THE POLARIZATION OF THE SPINS IS INDICATED BY ARROW8«
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A large number of free radicals have been studied, which have their 
unpaired electron either localized on to one particular atom (such as N,
S or C) or delocalized over aromatic or conjugated double bond systems.
A number of such radicals will be described in Section 2.3.5. and in 
Chapter 3. In addition, one often encounters biradicals (Refs. 13., l*f.) 
(molecules with two paramagnetic centres, usually fairly separated) or 

organic molecules in triplet states (Ref. 1.), which will not be further 
discussed here.

A consultation of the Atlas of ESR Spectra (Ref. 15.) reveals that
1^gives isotropic hyperfine splittings in the range of 0.5 - 0.8 mT if N

is part of an aromatic system, or higher, (up to 1.7 mT), in the case of
introxides (Ref. 18.). . The overall spread of the proton hyperfine pattern

in the case of the aromatic radicals is comparable to McConnell's constant

Q. This property derives from the fact that the unpaired spin densities
in the radical should add up to unity. The spread of the isotropic

hyperfine pattern tends to be considerably greater than Q if both negative
and positive spin densities are present (e.g. in odd alternant aromatic

1^radicals - Ref. 1.). In heterocycles containing N, the proton splittings
lij.are normally smaller than the N splittings.

It should be mentioned that as the hyperfine interaction is independent 

of the applied magnetic field or the microwave frequency, the splittings 

recorded at different microwave frequencies should be the same. It is 

common practice to check that a splitting arose solely from hyperfine 

interactions and not from the presence of two different species, by running 

ESR spectra at X and Qrband frequencies and the spectra should be identical. 

For isotropic hyperfine spectra this statement is correct only in the limit 

of fast tumbling motions when no asymmetric broadening of the lineshape 

takes place.
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2.3.4. Anisotropic Hyperfine and g Tensors.

Considering the "anisotropic" Hamiltonians

H =  3 B . £ . S + S  . A . I (10)

the ESH spectrum can he determined for a particular orientation of the 

molecule relative to the applied magnetic field.

The A and £ are the hyperfine and g tensors, which can be diagonalized 

as shown in Equation (ll) of Section 2.3.1. Let's assume for simplicity 

that the two sets of principal tensor axes coincide. The g value and the 

hyperfine splitting can then be worked out as functions of the principal 

g and A tensor values and the coordinates of the magnetic field in the 

molecular frame defined by the principal tensor axes. We adopt the 

formalism set up by Van, Birrell and Griffith (Ref. 6.) and let (x, y, z) 

denote the molecular frame of reference while (X, Y, Z) is a laboratory 

based system of reference.

Specifying Z to be the direction of the applied magnetic field and 

neglecting the less important off diagonal terms in Sx and Sy (that is to 

say, considering only the first order effects of the hyperfine term 

(Ref. 1.; p 100))the Hamiltonian (10) can be rewritten as:

H = 3 5ZZ B S„ + A,ZZ Z *Z Axz sz Jx + ^ Z SZ *Y (17)

with

SZZ sxx l2Zx
. ,2 
syy 1 Zy + ®zz l2x Zz

A„„ = A l2r/ + A l2 + A l2ZZ XX Zx yy zy ZZ Zz (13)
AXZ = Axx Hx  1Zx + Ayy XXy XZy + AZZ 1Xz 1Zz

^ Z  = Axx 1Yx 1Zx + Ayy 1Yy 1Zy + AZZ 1Yz 1Zz 

In these expressions g , ... A , ... are the principal g and A tensor 

values and the l's are the direction cosines between the molecular (x, y, z) 

axes and the laboratory (X, Y, Z) axes.
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The matrix elements of the Hamiltonian (17) in the | mg, mj> basis

can be worked out and used to determine the energy levels, eigenfunctions

and the relative transition probabilities (Ref. 6.). in the "high field"

approximation, the Sz Ix and Sz Iy terms of Equation (17) are neglected,

corresponding to a case in which the electron and nuclear spins are

independently aligned along the magnetic field vector. As the Hamiltonian

is diagonal under the above representation, the observed g value and

splitting will be given by the simple expressions g - g,7I7 and A - a
ZZ Z Z .

In the intermediate field approximation (with the H given by 

Equation (17)), g « gzz (as before) and A - (A2z + + A^)*, or,

in terms of the principal tensor values and the direction cosines of the 

magnetic field in the molecular frame:

®  ^xx ^Zx +  g  lj? +  gsyy Zy szz •LZz

A - (k2 l2 + A2 l2 + A2 l2 )* A Âxx 1Zx + yy 1Zy + Azz

(19)

This case corresponds to the nuclear spin being quantized along the 

direction of the effective magnetic field produced by the unpaired electron 
at the nucleus.

The allowed ESR transitions within both approximations are equally 

probable, and isotropic.

As the second order effects of the hyperfine term are usually unimportant 

compared to the effects of the nuclear Zeeman energy, the most general 

treatment should also include the nuclear Zeeman term (Ref. 1 .).

The anisotropy formulae and the transition probabilities for the most 

general case are given by Pake (Ref. 2.).

2.3-5- Information Available from Anisotropic Spectra.

It could be inferred from the previous discussion, that in order to 

detect the anisotropic terms in the Hamiltonian one has to work with
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immobilized specimens. The spectra described in the previous section 

would correspond to those obtained from single crystals of diluted para

magnetic species, in which all the paramagnetic ions have the same 

orientation relative to the magnetic field. The work with single crystals 

can provide the principal g and A tensor values, by studying the angular 

variation of the g value and hyperfine splitting, as well as the orient

ation of the molecular axes inside the crystal.

The principal g and A tensor axes need not coincide in the general case

and this makes the interpretation of the spectra more difficult. However,

it turns out that they often do coincide and they can also be directly

related to some unique directions in the molecule (e.g. the Pz orbital axis 
14 .in the case of a N atom) or directions of chemical bonds.

The "powder" spectrum is a superposition of spectra corresponding to 

all the possible orientations. This means that most of the information 

that could be obtained from a single crystal is obscured in the powder case.

However, it turns out that if one of the hyperfine tensor components 

is much larger than the other two, a feature corresponding to that splitting 

can be recognised in the spectrum, thus enabling that principal hyperfine- 

value to be determined. The feature mentioned above consists of character

istic bell-like shapes (Fig. Z.ka.). McConnell's treatment (Ref. 7») gives 

a description of how these shapes arise from the summation of "first 

derivative" lineshapes. Whether the tensors are axial or not can be 

sometimes inferred from the number of inflexions in the powder spectrum, 

as shown by Kneubuhl (Ref. 8.). At the same time, estimates can be made 

of the principal g values by examining the way the intensity builds up in 

certain regions of the powder spectra, as shown by the same author. For 

example, for an axial (or near axial g tensor) a strong peak will occur in 

the gj^ region, thus enabling one to estimate g ^  (Fig. ZAb).



FIB. S. * ESR 8PECTRA FROM 8TR0NSLY IMMOBILIZED SPECIMENS.
R).R NITROXIOE 8PIN LABEL (18-DOXYL STEARIC ACID) IN ETHANOL. THE 
SEPARATION OF THE BELL-LIKE FEATURE8 18 EQ.UAL TO THE LARGEST ANI80TROPI 
COMPONENT (A 22 ) OF THE NITROXIOE TENSOR. (AFTER REF. 3.10),
B) . THE AB80RPTION AND FIR8T DERIVATIVE LINE8HAPE8 OF A P0LYCRY8TALLINE 
8AMPLE WITH TWO PRINCIPAL O VALUE8. (AFTER REF. 3.18)
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The hyperfine coupling constants can only be determined experimentally 

in absolute value and the determination of the sign represents a separate 

problem (Ref. 1.). The knowledge of the absolute value of the isotropic 

coupling constant a, from solution work, helps the asignment because it

should be close to the average of the diagonal elements of the A tensor, 

allowing for some discrepancy due to the different polarity of the two media.

The relationship between the principal A tensor values and its isotropic 

and anisotropic parts is given by:

A = t „ + aXX XX
A = t + a

yy  yy
a = t„„ + azz zz

A„„ + AXX yy
a -------

(20)

where t^, ... are the principal values of the traceless dipolar (T) tensor, 

which has the same principal axes as A.

While A and a are obtained by experiment, T is more related to theory 

(as one can often predict theoretically the sign and relative magnitude of 

its principal values). For example, if the unpaired electron is localized 

in a pz orbital (of, for example, or 13C), the dipolar tensor should be 

necessarily axially symmetric and tu  - -2t with tu  > 0 (Ref. 1., p no).

The deviations from axial symmetry are due to unpaired spin density onto the 
neighbouring atoms.

This situation can be illustrated by giving the 5~doxyl stearic acid 

free radical as example (Ref. 16. and Fig. 2.5). This is a representative 

example for the class of nitroxide spin labels, which will enjoy considerable 

attention in Chapter 3. The nitroxides give rise to ESR spectra consisting

of three equal lines, which can be attributed to the interaction of the
1̂-unpaired spin with the N nucleus (of nuclear spin l). Both the isotropic



no. fi. o m a gn e t i c ch ar a c t e r i st ico or the n i t r o x i o e r a di c a l
Ö-DOXYL STEARIC ACID. tTHE PARAMETERS WERE TAKEN FROM REF. fi.10)
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and anisotropic spectra are well resolved, which enables the accurate 

determination of the spectral parameters.

The magnetic characteristics of the >-doxyl stearic acid radical, 

including the orientation of the principal tensor axes in the molecule, are

shown in Fig. 2.5- The near axial symmetry of the g and A tensors is
Inconsistent with the localization of the unpaired spin mainly in the N P„z

orbital. The application of Equations (20) leads to the following set of

parameters: tK  - -0.833 mT, t - -0.933 ™T and tzz = +1.817 mT. If we

define tu  = tzz and t ̂  = (t^ + t )/2 = 0.908 mT, we see that the

relationship t ^  = -2t , with t ^  greater than zero, is alums! exactly

obeyed. This is what one would have predicted for the signs and the

relative magnitude"of the principal values of the dipolar tensor if the
14spin was localized in the N pz orbital.

The observed deviations from axial symmetry are largely due to the 

delocalization of the unpaired spin density towards the oxygen atom. This 

was revealed by a more careful study (involving molecular orbital calculations 

- Ref. 18. - and the analysis of the solvent effect on the absorption and 

ESR spectra - Refs. 18, 20.), which showed that the nitroxide radical can be 

described as an intermediate structure between the two canonical forms:

+

x N Ô:

(a) (3)
Structure (A) localizes the unpaired electron on the oxygen atom (of zero 

nuclear spin) whereas structure (B) localizes the unpaired electron on the 

nitrogen atom, and is primarily responsible for the three-line 1\  splitting. 

A consequence of this description that is worth being noted is that polar 

solvents (such as water) that tend to stabilize the ionic structure (B), will 

increase the unpaired spin density on nitrogen and, therefore, increase the 

isotropic and anisotropic hyperfine splittings (Ref. 18.).
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2.4. Relaxation and Line Broadening Mechanisms.

2.4.1. The Physical Origin of the Relaxation.

In the treatment of the phenomenon of E3R Bloch introduced two 

relaxation times, T-̂  and (see Section 2.2.). The "spin-lattice" 

relaxation time, T^, determines the degree of saturation and is a measure of 

the rate at which energy flows from the excited spin system to the lattice 

when the system approaches thermal equilibrium. On the other hand, the 

"spin-spin" relaxation time, is regarded as the "dephasing time” of the 

individual spins in the system and it determines the "unsaturated" line- 

width (Equation (8), Section 2.2.). The processes causing spin-spin 

relaxation act by varying the relative energies of the spin levels rather 

than their lifetimes and there is no exchange of energy with the lattice.

The physical origin of the relaxation processes will be discussed in this 

section.

Both kinds of relaxation are caused by time dependent magnetic or 

electric fields at the electron which in turn come from the random thermal 

motions present in any form of matter.

The spin-lattice relaxation results from the phonon modulation of the 

crystalline electric field and there are three principal processes by which 

this proceeds: direct (emission or absorption of a phonon), Raman (scatter

ing of a phonon) and Orbach (intervention of a third state).

The spin-spin relaxation derives from the fluctuating magnetic fields 

due to all the other paramagnetic ions.

The theory of relaxation (based on the time dependent perturbation 

theory) (Ref. 1., p 183) shows that the interactions contributing to T^ 

must fluctuate strongly at the resonant frequency w while those contribut

ing to T2 are fluctuating forces which modulate the spin energy levels at 

frequencies close to zero, without causing transitions between them.
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Although the two relaxation processes sound different they are in fact 

closely related because they result from the same interactions of the spin 

system. For example, in the case of the liquids, the fluctuating magnetic 

interactions due to the Brownian motion cause both the modulation of the 

energy levels and the finite lifetime of the spin states (see also 

Section 2.4.3*)•

The relaxation is one of the major factors determining the linewidths 

of the SSR signals. The main relaxation mechanisms which can occur in 

practical systems will be described in the next sections, distinction being 

made between those relevant to the solid state and the solution phase.

Out of the two relaxation processes mentioned above, the effect of the 

spin-lattice relaxation (which broadens the SSR resonance by virtue of the 

uncertainty principle) is usually small and it only makes appreciable 

contributions to the linewidth in conditions of extreme narrowing (e.g. in 

solutions, in the limit of fast tumbling motions). This effect is called 

"lifetime broadening". Most of the discussion below will be concerned 

with spin-spin interactions, which usually provide the dominant contribution 

to the linewidth. Instrumental sources of broadening will also be mentioned.

2.4.2. Relaxation Mechanisms and ESR linewidths in Solids.

Dipolar broadening. The magnetic dipolar interaction which has the 

form shown in Equation (12) of Section 2.3.1. is usually the most important

cause of line broadening in a rigid lattice of magnetic dipoles.
2

Van Vleck (Ref. 9.) calculated the second moment < > of the z

components of the local magnetic fields produced at one ion by all the 

other identical ions in a simple cubic crystal. The isotropic average of 

his formula, applicable to cases such as polycrystalline specimens, where 

one is not interested in the directional properties, has the form;
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y Q 15.2
< B  2> ---------(g$n)2 S( S  + l) (21)

v 4ir 3

where S is the spin, n is the number of spins/unit volume andy is the
—7 —1permeability of the free space (equal to 4 it x 10 Hm ). In terms of 

angular frequency Equation (21) becomes:

yQ 13.2 g2 g2 2
< --------- (----2~) n2 S (S + 1) (22)

p 4* 3 n

These formulae can be extended to take into account the effect of other 

paramagnetic ions which are not at resonance simultaneously with the first 

kind (Ref. 1., p 34)• These ions also contribute to the second moment but

their effect is smaller by a factor of 4/9.
2The square root of <3^ > can be correlated with the half width of the 

ESR line. The dipolar broadened lineshape, as derived by Van Vleck's 

treatment is Gaussian (Equation (?) of Section 2.2.), a fact that is 

confirmed in practice by investigating spectra from paramagnetic diluted 

cyrstals (Refs. 17.» 2.).

Exchange Narrowing. Experimentally it is often found that the width 

of the resonance line is much narrower than expected from the dipole- 

dipole interaction. This effect, which is called "exchange narrowing" 

takes place in magnetically concentrated materials in which the wave 

functions on different ions can overlap. The exchange interaction arises 

out of the quantum mechanical principle of the indistinguishability of the 

two spins upon overlap, which makes the two electrons belonging equally 

to both atoms. The interaction tends to align the spins, which can only 

be achieved effectively at very low temperatures (a few degrees K). The 

exchange energy between two spins S]L and S2 has the form J ̂  . S^, where 

J is the "exchange interaction" and has the dimensions of energy.

The magnetic Hamiltonian (taking into account the exchange) can be 

represented following Anderson (Refs. 10,11.) as:
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H = Ho.+ Hp + He (23)

with H and H the Zeeman and dipolar energies and H = J Si , Sk. o p   ̂ e it< —  — '
the exchange term with the sum running over all the nearest neighbour ions. 

One can define an "exchange frequency"

J
01 = _ e -ft (2*)

and can imagine the effect of exchange of being to produce a precession of 

the spins at a rate u or to allow the electrons on neighbouring lattice 

sites to exchange spin states at the rate u . This causes a time variation 

of the local dipolar fields, with direct effect on the ESR linewidth.

Van Vleck (Ref. 9.) showed that the second moment of the lineshape is 

not affected tyexchange and is given by Equations (2l) or (22). However, 

the fourth moment contains the exchange and is given by:

< “/ >  = % 2 < wp2>  + < “ p2 > 2 (25)
Anderson (Refs. 10, 11.) was able to predict a definite lineshape: a 

Lorentzian with the width:

2
Aai = Jl-E (26)

« e /-----2“and a cut-off at u>Q, where oî = / <oi > is the amplitude in frequency

of the average dipolar field (the linewidth in absence of exchange) and

ai is the exchange rate. As oi »  u , the lines are usually much e » p
narrower than expected for the dipole-dipole interaction.

The treatment can be extended to account for the effect of exchange 

on spectra showing hyperfine structure. Two limiting cases can be disting

uished. In the first case, of "fast exchange" ( ue »  od ) formula (26) 

holds, with <Dp now representing the magnitude in frequency of the hyperfine 

interaction. The hyperfine structure is averaged out and a single 

"exchange narrowed" line at the average frequency occurs.
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In the second case, of "slow exchange" ( < < oô ), the hyperfine

lines are resolved but each is broadened, with a width:

e e (27)

An example of exchange narrowing is the DPFH radical in powder state (see 

Section 2.1.)» which displays an exchange narrowed line of about 0.3 mT c.f, 

the predicted 10 mT (Ref. 1.).

2.^.3. ESR Linewidths in Liquids.

In liquids, the magnetic fluctuations are due to the random Brownian 

motion of the molecules and they can lead to the averaging out of the time 

dependent interactions. It has already been seen that if the molecules 

perform a fast tumbling motion the hyperfine (a ) and g tensors are averaged 

to their isotropic values, provided the tumbling rate is greater than the 

largest anisotropic component. In the same time the local dipolar fields, 

responsible for the dipolar broadened lineshape in solids, are averaged out 

to zero (provided the tumbling rate is greater than the dipolar interaction) 

and narrowing of the SSR lines occurs. This effect is called "motional 

narrowing".

However, there are two major broadening mechanisms which operate in 

liquids. They come from:

1) The anisotropy of the g and A tensors, which produces a line 

dependent broadening.

2) The electron spin exchange, which can cause considerable broadening 

in concentrated solutions.

l) The electron spin of a radical which has anisotropic g and A tensors

will see two fluctuating random fields, one from the variation of g and the

other from A. These fluctuations are correlated because they result from

the same motion. It can be shown that the linewidth in this case varies
2

from one line to another as A + 3 m^ + C m^ (m^ = the nuclear spin
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component), i.e. the 2nd term makes the outer lines to he broader on one 

side of the spectrum while the 3rd term makes the outer lines to be broader 

than the inner ones. This effect also depends on the microwave frequency.

An explicit version of this formula as applied to nitroxide radicals 

is given in Section 3.3.

2) Exchange effects can occur if the concentration of the spins in 

solution is high and collisions occur frequently. During such collisions 

the electronic wave functions overlap and the exchange interaction J . S2 

may interchange the spins of the two radicals and this can cause both line 

broadening or narrowing depending on the collision rate. If we note that 

the exchange rate now represents the collision rate (indirectly depending 

on the concentration and temperature), the formulae (26) and (27) describing 

the fast and slow exchange can be applied to describe this process as well.

The exchange effects, as seen from the broadening of the lines, can 

become apparent as soon as the concentration of free radicals exceeds about 

10"-̂  M.

There are cases occuring with organic radicals when conformational 

changes or molecular motions involving only particular groups, cause the 

modulation of the electronic configuration of the radical, resulting in 

linewidth effects involving one or more hyperfine splittings. This 

phenomenon (which is temperature dependent) is similar to the electron spin 

exchange and, depending on the motional rate, the effect can be the broad

ening of the lines in question or the collapse of the lines onto one single 

line, the other lines remaining unchanged (Ref. 1., p 213). 2

2 A  A. Other Sources of Lineshape Broadening.

The saturation of the resonance can occur in systems with long spin-

lattice relaxation times (such as free radicals) if the microwave power is
2 2too high. In such cases the y B1 T-ĵ T2 term in Equation (7) Section 2.2



becomes important. The saturation affects the centre of the absorption 

curve and gives rise to an apparent broadening of the lineshape.

The "modulation broadening" occurs as a result of using phase sensitive 

detection of the ESR signal. if the modulation frequency is too large, 

side bands appear at both sides of the true resonant line causing apparent 

broadening. Also, if the amplitude of the modulation field is too high, 

the width of the first derivative lineshapes will be increased and the line- 

shape eventually distorted.

Other sources of broadening of the resonant line are: i) the inhomo

geneity of the steady magnetic field, which results in a spread in the 

position at which the different spins have their resonances, ii) the instab

ility of the microwave frequency, which shifts the position of the resonances, 

and iii) the existence of unresolved hyperfine structure.

2.5- The Detection of the ESR Signal.

In Bloch s treatment of the phenomenon of magnetic resonance (Section 2.2) 

it was necessary to introduce a complex magnetic susceptibility:

X (u>) -x ' («) + i x" (*>) (23)
deriving from the existence of two components of the magnetisation M, oscill

ating respectively in phase and 90° out of phase with the microwave field B

The magnetic resonance corresponds to sharp changes both in real and 

imaginary parts ofX(u>). It can be shown that the power P U )  (Equation (7), 

Section 2.2.) absorbed from the microwaves, which represents, by definition, 

the ESR lineshape, is proportional to the imaginary part of the susceptibility: 

P (oi) = 2a) Bx2 x" (*) (29)

The ESR spectrometers normally follow the absorptive part of the susceptibility 

(x") which gives the familiar ESR lineshape, but usually they can be set up 

to observe the dispersion signal (x‘) as well.

Most of the modem spectrometer systems employ resonant cavities with 

the microwave frequency tuned to the resonance of the cavity and one monitors 

the change in the power transmitted through or reflected from the cavity

27.
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The performance of a resonant cavity depends on the "quality factor" Q,, 

defined ass
energy stored at resonance

^ " “ o energy dissipated per cycle ^ 0)
which can be a very large number and is typically in the range of 5 - 10000,

depending on the mode in which they operate. At resonance the power dissipated 

is increased by an amount equal to the paramagnetic losses, which can be ob

tained from Equation (7) by integration over the volume of the sample. If the 

paramagnetic losses are small compared to the cavity losses, the change in the 

Q factor brought about by the ESR is proportional to the absorptive part of 

the susceptibility x" and given by:

AQ = Q02 x" n
where n is a "filling factor" which is a measure of the fraction of the 

microwave energy from the cavity that interacts with the sample.

It can be shown (Refs. 2., 12.) that the change in the power transmitted 

or reflected by the cavity depends directly on the change in the quality factor 

Q and that the measured power change represents essentially the microwave 

power absorbed in the ESR experiment (Equation (7)) amplified through Q.

Spectrometer Systems.The essential components required to produce ESR 

are a magnet, providing the static magnetic field B and the microwave 

circuitry providing the oscillatory field perpendicular to B. An ESR 

spectrometer would also contain a detection system, a means of sweeping the 

magnetic field and a system of stabilizing the microwave frequency.

Two conventional ESR spectrometer systems, both of "reflection cavity" type, 

incorporating the above components (Figs. 2.6a and b) were selected in order to 

illustrate the principles of the detection of the BSR signal. Further details 

on this topic can be found in the literature of speciality (Refs. 12., 19.).

The microwave power in both cases is produced by a klystron and is fed into 

the waveguide run via an isolator. The role of the isolator is to allow the 

oncoming power to pass unattenuated while absorbing any power reflected in the 

opposite direction, which might affect the stability of the klystron.



FIG.£.6.fl. REFLECTION TYPE E8R 8PECTROMETER WITH BUCKING RRM 
na USED FOR THE X-BRNO WORK ) .
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The main feature of the spectrometer a) is the bucking arm which enables 

a fraction of the power generated by the klystron to be extracted from the 

main waveguide run and fed separately to the detectors to bias the crystals, 

the reminder being fed to the microwave cavity via an attenuator. The 

advantage of this arrangement is that it permits the operation of the 

spectrometer at low incident powers while still being able to bias the 

crystal detectors at the optimum microwave power. This level corresponds 

to a compromise between the two factors affecting the sensitivity of the 

detection: the crystal noise (which is proportional to the incident power) 

and the conversion loss (which decreases with increasing power). The 

bucking arm contains both an attenuator and a phase - shifter, so that the 

amount of power fed back can be varied in both magnitude and phase to give 

the desired crystal bias. The system also incorporates a circulator which 

directs the incident power into the cavity and the reflected power to the 

crystal detectors A and B (through a hybrid T).

It is usually necessary to prevent the frequency of the klystron from 

drifting away from the resonant frequency of the cavity. The function of 

an automatic frequency control (AFC) system is to respond to such changes in 

the klystron frequency by supplying an error voltage to the klystron reflector, 

the polarity of which depends on whether the frequency has drifted above or 

below that of a reference frequency or the resonant frequency of a reference 

cavity. The AFC system employed in Fig. (2.6 a) locks the klystron frequency 

to that of the resonant cavity. This is achieved by frequency modulating 

the output of the klystron. The frequency modulation is converted into 

amplitude modulation by using the cavity as a discriminator (as illustrated 

in Fig. (2.7 a)) and after suitable detection a d.c. error voltage is 

obtained and is fed back to the reflector of the klystron. It can be seen 

in Fig.(2.7) that the phase of the error signal, and hence the polarity 

of the d.c. error voltage, depends on the frequency (f) being greater or 

smaller than the resonant frequency of the cavity (fo). The magnitude of 

the d.c. voltage is zero if f equals fo (because the error signal produced
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is twice the frequency of the modulating signal) and it increases with 

increasing difference between f and fo.

Phase sensitive detection (PSD) is used for the detection of the ESR 

signal. This involves supplying an 100 JCH modulation field to the sample 

by two coils mounted in the walls of the cavity, while slowly and linearly 

sweeping the static magnetic field through the resonances. The magnetic 

field modulation is transformed, by the shape of the ESR absorption curve, 

to microwave power modulation, as illustrated in Fig. (2.7 b). If the 

amplitude of the modulating field is small compared to the width of the 

resonance line, the output of the PSD will represent the first derivative 

of the ESR lineshape.

The main component of the spectrometer b) is a "magic T" or "bridge". 

This device has the property that when power is incident along arm 1 with 

arms 2 and 3 matched, the power is equally divided between these two arms 

and no power enters arm Power will only arrive at the detector in arm 4

if there is a mis-match between the cavity (in arm 2) and the matching arm 

(2) consisting of an attenuator and a phase shifter. At resonance a 

mis-match occurs and a signal proportional to the degree of unbalance is 

detected by the detector. The crystal can be biassed by deliberately 

taking the bridge off the balance by using the matching arm 3> It can be 

shown that any off balance in amplitude causes the bridge to be sensitive 

to absorption and an off balance in phase makes it sensitive to dispersion.

The AFC and PSD systems incorporated in the spectrometer system b) are 

similar to those described for the previous system.

The two spectrometers available for the present project, operate in 

the X and Q band frequency regions and were based on the above two systems 

(see Section 6.3.1. for further details).
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CHAPTER 3.

SPIN LABELLING OF BIOLOGICAL MOLECULES.

3.1. Biological Applications of ESR.
The aim of this chapter is to place the present work performed with 

spin labelled nucleic acids in the context of the biological applications 

of the ESR technique.
The spin labelling technique has developed in connection with the study 

of complex biological systems (enzymes, nucleic acids). A spin label is a 

paramagnetic probe of known characteristics which can be attached at specific 
sites on to the biological molecule or simply dissolved into the biological 
system. By monitoring the ESR signal of the spin label one obtains indirect 

information about the system itself.

This chapter is not a comprehensive account of the biological applications 
of ESR but it is a concise presentation of the main areas of interest, with 
particular emphasis on the spin labelling technique. The biological applic
ations of ESR can be grouped together into three major classesi the deter

mination of the molecular structure! the study of fast enzyme catalysed 
reactions! and spin labelling studies.

The application of ESR to the determination of the molecular structure 

concerns biological macromolecules (particularly metal proteins) which 

possess paramagnetic groups in their structure. Such studies (which often 

involve the use of single crystals) can lead to the determination of the 

orientation and the environment of the paramagnetic group in the molecule.
A classical example is the work performed by Slade and Ingram (Ref. 1.) 

with Myoglobin single crystals, which led to the determination of the 
orientation of the Haem plane in the Myoglobin molecule, an essential step 

in the determination of the molecular structure of the biological macro

molecule. The study was based on the anisotropy of the g-tensor, outlined 

in Section 2.3A. If © is the angle between the symmetry axis of the axial
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g tensor and the magnetic field, one has:

8q - 8 ¡f Cos2 9 + g 2 Sin2 9

One can write for this particular case, g /  « 4 (l + 8 Sin2 «), which yields 
the observed extreme g values of g - 2 and 6. Further details of ESR work 
with metal-proteins (particularly transition metal ions) are found in 

Refs. 2 - 4 .
An ESR study performed in conjunction with flow or stopped-flow tech

niques can help in the elucidation of the mechanisms of fast enzyme catalysed 
reactions, by determining the nature of the radicals formed as reaction inter
mediates. Such studies have been carried out in connection with electron 

transfer enzymes, such as Fiavoproteins (involved in redox reactions) or 

those from the photosynthetic pathway. An account of results in this area 
can be found in Ref. 5.

3.2. Spin Labelling Studies.
The pioneer work in the field of spin labelling macromolecules was 

performed by McConnell (Ref. 6.). One of the first ordered systems to be 
studied by this method was the DNA spin labelled with the cation radical of 

chlorpromazine (Ref. 7«)• (Detailed references to this paper will be made 

in Chapter 6.)
However, the most widely used spin labels are the nitroxldes (Fig, 3,1) 

which were introduced by the same author in 1969. The nitroxides are stable 

free radicals containing the group N -  0, with the nitrogen atom bonded to 

two tertiary carbon atoms (Fig. la). With the exception of the di-t-butyl 

nitroxide which is linear (Fig. lb), most of the useful nitroxide spin labels 

are five or six membered ring structures (Fig. 3.1e - f). They are listed

in Refs. 8 and 9.
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The nitroxides display a simple three-line spectrum, due to the inter-
14action of the unpaired electron with the N atom (Fig. 3-2.). The magnetic 

characteristics of a typical nitroxide free radical have been presented in 

Section 2.3.5* and Fig. 2.5.
Specially prepared nitroxide labels can be diffused in the phase of 

study ( such work has been carried out with membranes - Ref. 10.), or attached 

to specific sites by reactions involving their sidechaina and not the nitr
oxide group. Such reactions are described in Ref. 11. The main biological 
materials which have been investigated using this technique arej nucleic 
acids, proteins, membranes and model membranes.

3.3. Information Available from Spin Labelling Studies.

The analysis of the ESR spectra can provide information about1 a) the 

nature of the mobility of the spin label and b) the polarity of its environ
ment. Both these applications will be discussed with reference to work on 
membranes or model membranes.

The membranes consist essentially of lipid bilayers, in which the aliphatic 

chains are oriented perpendicular to the bilayer surface, with their polar 
terminal groups exposed to the solvent and the apolar chains Embedded in 

the interior of the bilayer. These systems can be spin labelled by 

diffusing into them specially prepared fatty acid or phospholipid molecules, 

with nitroxide groups bonded to various positions along the lipid chains 

(Fig. 3-1.c, d-).
The effect of various degrees of motion on the shape of the ESR spectrum 

of a nitroxide spin label can be followed from Fig. 3*2. For rapid isotropic 

motions characterised by very short rotational correlation times ( t <
v

11 —12.10 - 10 s) the nitroxides give three equal hyperfine lines (Fig. 3.2a).

For slower motions (10 < t  c < 10 ' s) that are still in the rapid

isotropic range, one obtains unequal broadening of the three lines, indicating
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a small anisotropic contribution deriving from the incomplete averaging of 
the dipolar and g tensors (Fig. 3.2b, c, d.). This property has been 
discussed in Section 2.4.3.

The following relationship quoted by Stone et al. (Ref. 12), which
is an explicit version of the relationship presented in the above mentioned
section, can be used to calculate the rotational correlation time t o f  the

c
nitroxide radical:

T2 (0)
T2 (m )

1 t c
bA y Bq T2 (0) M - —  bZ T2 (0) M2

where M - ±1
|b | .

A Y " " ^XX + Syy)
4 IT

b_T <4lr*i)

(3.1)

For -strongly immobilised" species, corresponding to correlation times 
greater than 10 s one obtains "powder" type of spectra (Fig. 3.2e), as 
described by McConnell (6), Kneubul (13) and VSngard and Aasa (14).

The spectra b, c and d from Fig. 3.2. reproduce a set of spectra 
obtained from membrane suspensions, spin labelled at progressively deeper 
positions along their lipid chains (Ref. 15.). it can be seen that the 

spectral lines become narrower and the splittings decrease as the nitroxide 
group is moved along the chain from the to the 0^  and finally to the 

position. This behaviour infers the existence of a mobility gradient along 

the chain, which culminates near the centre of the bilayer. Such results 

which were initially obtained by McConnell from model membranes (lecithin 
and lecithin/cholesterol mixtures) and later, by the same author, from 

biological membranes (nerve axons and erythrocytes), led to the formulation 
of the so-called "fluid model" of the membrane (Refs. 10, 15.).

A more careful analysis (Ref. 16.) showed that the motion performed by 
the spin labels in the above preparations was anisotropic. Such, motion
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commonly occurs if the molecule is not gravitationally symmetric or if its 
movement is constrained, and consists of a rapid rotation or large amplitude 
oscillations about a particular direction (Refs, 6, 17.). The result is 
that the hyperfine tensor is averaged about that particular axis only. The 
spectral parameters in this case depend on the inclination of that axis 
relative to the magnetic field as well as on the degree of order. it was 

possible to deduce in this way that close to the polar interface, the chains 
were tilted relative to the plane of the bilayer by about 30° (Ref. 18.).

Translational diffusion processes within the bilayers (Ref. 18.) or 
the fusion of erythrocyte cells (Ref. 19.) have been equally successfully 
studied by the spin labelling technique.

The second type of information available from spin labelling studies 

concerns the polarity of the medium, which can be inferred from shifts in 
the measured g-values and hyperfine splittings.

The results of Griffith et al. (Ref. 13.) in this field are worth being 
mentioned in some detail because they are of general interest. The authors 

showed that the isotropic hyperfine constant of di-t-butyl nitroxide increased 

from about 1.5 ®T to about I.73 »T when the radical passed from a hydrocarbon 
environment (hexane) to a polar environment (water or a LiCl aqueous solution). 
In the same conditions the isotropic g value decreased from about 2.0068 to 

about 2.0036. A plot of the isotropic hyperfine constant (a) against the 
g-value for a series of 33 solvents, placed all the points on to the same 

line, Implying that the shift in g and a were both the consequence of the 

same interactions. It was reckoned that the most important of the solvent 

effects was the possibility of of hydrogen bonds formation between the solvent 

and the nitroxide group. The authors also demonstrated the existence of 
a linear relationship between the isotropic hyperfine splitting (a) of the 

nitroxide in a particular solvent and the corresponding largest anisotropic 

splitting (Azz) measured from the glasses obtained by freezing the same 
solutions.
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These considerations were used by the same authors to estimate the 
shape of the hydrophobic barrier (i.e. the polarity profile) across lipid 

bilayers. The work involved the use of frozen samples of bilayers, spin 
labelled by the method already described above. A comparison of the ESR 
parameters obtained for various positions of the spin label along the fatty 

acid chains, to the "polarity scale" described above, showed that the 
hydrophobic barrier was trapezoidal in shape and it also indicated that 

significant water penetration into the bilayer occurred in both the pure 
lipid bilayers and in the membrane preparations.

It is however difficult to prove that the water molecules detected by 
the spin label actually penetrate in the absence of the spin label. This 
fact points towards the major problem in all the labelling experiments, 

namely the perturbation introduced by the label itself. One other 

uncertainty inherent in both fcwa pieces of work described above is whether 
the labelled lipid molecule was in register with the other lipids and not, 
perhaps, stretching further into the aqueous interface. However, the 
identical results obtained with both fatty acid and phospholipid labels 

seem to indicate that the first was indeed the case.
Nitroxide spin labels have been used in connection with conformational 

studies of single stranded and double stranded nucleic acids (Refs. 20 - 

22). In these studies a suitable spin label (such as label f from Fig. 3.1) 

was covalently attached to the A and U residues of the polynucleotides 

(Ref. 21.). The level of binding achieved corresponded to about one spin 

label to each polynucleotide chain. The spin label bonded to the poly

nucleotides represented in this way a probe for the mobility of the poly

nucleotide chains. The studies involved the measurement of the rotational 

correlation time (by using formula 3.1) at a series of sample temperatures 

or pH values. It was thus possible to detect, for example, the existence 

of a low mobility intermediate in the "melting" (see also Section 4.1.2.)
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of the double helical structure of polyU (Ref. 20.). This intermediate 
would correspond to the original single "hairpin" being broken down into 
a "multi-hairpin" structure, of high viscosity, and hence corresponding 

to a long correlation time.
The sharp "melting" of the double stranded polyA . polyU was followed 

in a similar manner. The plot of the logarithm of the correlation time 
against the reciprocal of the temperature consisted of two parallel linear 
regions and the magnitude of the step permitted an estimation of the 

activation energy of the transition.
Still in the field of the nucleic acids, Ishizu et al. (Ref. 23.) have 

reported a binding study of the 5-Methyl Fhenazinium radical to the DNA.
This radical, which is a tricyclic system with two nitrogen atoms in the 

central ring, can be obtained from the drug Phenazine Methosulphate by 

chemical reduction in anaerobic conditions. The interaction of this 
radical (which probably has a planar chromophore) with the DNA is interest
ing both theoretically (see Section 4.2.) and practically, especially since 
there is evidence that several similar compounds are physiologically active 

in reduced form (Ref. 23.). The stability of the radical against oxidation 
was sensibly enhanced upon binding it to the DNA (but not to RNA or denatured 
DNA). The immobilization of the radical upon binding could be deduced from 

the "powder" character of the ESR spectrum of the complex. However, it is 

apparent that in investigating this interaction, the authors did not take 

full advantage of the ESR technique, in the sense of obtaining, for example, 

orientational information, by studying oriented specimens. The use of the 

technique was confined to measuring drug concentrations in the specimens, in 

order to produce a Skatchard plot (Ref. 24.) and determine the number of 
types of binding sites (one), thus confirming the result obtained from a 

similar plot, produced on the basis of spectrophotometric measurements.



Nitroxide spin labels bound to specific residues in the active site of 
enzymes (e.g. lysosyme) have provided information about the hydrophobicity 

and the mobility of the site (Ref, 15»)• Recently, the use of Lanthanide 
ions (e.g. Gd) as spin labels has been reported (Ref. 26.). The study 
quoted showed that it was possible to combine advantageously the information 
obtained by ESR with that obtained by NMR (broadening of the peaks corres
ponding to the residues close to the binding site of the Gd ion), in an 
attempt to map the binding site of the enzyme.

The main disadvantages of the spin labelling technique arise because the 

spin labels can perturb the media to which they are added and that one obtains 
only indirect information on the local interactions and mobilities. However, 
the brief review above shows that the results obtained by using this technique 

are remarkable. In some cases (e.g. the membranes) the spin labelling 

permitted important progress to be done in the study of complex biological 
systems otherwise uneasily accessible by other techniques. In other cases 
the possibility of combining advantageously spin labelling studies with other 

techniques (NMR, X-ray diffraction, optical properties) became evident.
Although the DNA was one of the first biological specimens investigated 

by spin labelling (when the technique was just being developed), the 

attention was subsequently shifted towards other species. The present piece 

of work reconsiders the matter of spin labelling of the nucleic acids in the 

new context of the interaction of small molecules with the nucleic acids 

(see also Section 4.2.). The work does notfall exactly into any of the 

three classes mentioned above, the information gained being both orientat

ional and motional.
One of the materials of study was the radical cation of chlorpromazine 

(CPZ+). The binding of this small molecule on to the DNA is interesting 

both theoretically and practically (see Chapter 1 and 4). The CPZ+ radical 

has the special property of being a spin label in itself, so that this was 

an almost ideal system of study, free of the major inconveniences of the
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spin labelling mentioned above. An attempt was then made to extend and 

generalise the work with CPZ+ by synthesising a nitroxide type of spin label, 

based on to another small molecule, the intercalating drug Proflavine 

(Chapter 9-)•
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CHAPTER 4 .

THE NUCLEIC ACIDS AND THEIR INTERACTION WITH SMALL MOLECULES.

Most of this work is concerned with complexes of the drug chlorpromazine 
(CPZ) with nucleic acids. The properties of such a system are presented in 
this chapter, with a review of related pieces of work.

The first section presents some of the properties of the basic materials 

used in the present investigation, as they were known at the moment of the 
initiation of the project, and is followed by a section dedicated to the 

nucleic acid - drug interactions. The last section gives an outline 
** description of the project, with the emphasis on its practical applications 
and the justification of the techniques employed.

4.1. The Basic Materials.
¿i.l ,i. Chlorpromazine.

Chlorpromazine (CPZ) has the chemical formula shown in Fig. 4.1. It 

belongs to the family of phenothiazine derivatives, the members of which 

consist of tricyclic structures with Nitrogen and Sulphur in the central 
ring. Compared to the principal derivative of the class (Phenothiazine),

CPZ has in addition a Cl substituent in position 2 and a long sidechain 

attached to the N in position 10. The sidechain is terminated by a dimethyl- 

amino group. It is considered (Ref. 1.) that it is the protonation of this 

group in aqueous solution that is responsible for the water solubility of 

this compound. CPZ is colourless and diamagnetic.

CPZ is most readily available as a hydrochloride, which is a white 

amorphous powder. Chemically it represents the same species, with a HC1 
molecule associated with each CPZ molecule. One will refer to this species 

as "native CPZ" or CPZ0. The sample used was obtained from May and Baker

Ltd .
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A one step oxidation carried out chemically (Ref. 2.) or electrolitically 
(Ref. 3.) converts CPZ0 to the red coloured radical cation CPZ+ . Piette 
(Ref. 3.) verified that the charge carried by the cation radical was +1.

This species is one of the basic materials of this project. Hie main 
disadvantage of CPZ+ is its instability. The conditions of maximum yield 

of this species were established and they will be presented later (see 

Section 6.1.3*)•
A further oxidation step converts CPZ+ to the fully oxidised species 

GPZ sulphoxide which has an 0 atom attached on to S. This species, like 

QP2̂ ,is colourless and diamagnetic.
Considering the electronic structure of CPZ, the tricyclic system is not 

aromatic by Huckel's "An + 2" rule (Ref. A.), because the Ti electronic system 

of CPZ0 consists of l6 electrons on lA centres (N and S contributing each 
with two electrons), the nearest "aromatic" numbers being lA or 18.
S im ila r ly , CPZ+ has 15 electro n s (on lA cen tres) and the sulphoxide 16 

e le ctro n s (on 15 c e n tre s).

A lte rn a te ly  one can regard  the CPZ molecule as being formed o f two

orthosubstituted benzoid rings linked together by N and S bridges but this
description has the disadvantage of overlooking the participation of N and

S to the molecular 5T system, while the properties of CPZ can be better

understood if one assumes the delocalization of the trelectron cloud over

the whole system. To illustrate this, one should mention that the ESR

spectra of CPZ+ and indeed of the cation radicals of Phenothiazine and other
lAderivatives (see Section 6.3.5.) show contributions from the ring N atom 

as well as from the ring protons, consistent with a delocalization of the 

electron cloud over the entire structure.
There are no published calculations of the electronic structure of any 

of the CPZ+ species. Such calculations would be useful in the interpret

ation of the ESR spectra of CPZ+ . The nearest compound for which the



electronic structure has been worked out is Phenothiazine (fiefs. 5» 6.).
There are two reported structures for the molecular structure of CPZ, 

based on two different crystallographic forms (Refs. 7, 8.), both of which 
show the molecule being bent along one axis passing approximately through 
the N - S atoms so that the two benzoid rings lie in two planes the normals 

of which make 139 - 137°• The first figure was quoted by McDowell (Ref. 7.).
The second was calculated on the basis of the coordinates given by Dorignac- 
Callas (Ref. 8.). Recently, the molecular geometry of the radical cation 
(CPZ+) in crystals of charge transfer complex with 7» 7» 8, 8 - tetracyano- 
quinodimethan has been reported (Ref. 9-)• There are two independent 
radical cations in the asymmetric unit, of slightly different conformations.
It is apparent that the ring systems are not planar, the angles between the 

planes of the two benzoid rings in the two molecules being 143° and 147°, 

somewhat larger than the angles reported for the neutral species.
CPZ is not a unique example of a bent tricyclic molecule. Hosoya 

(Ref. 10.) gives examples to show that if the central ring contains any two 
of the atoms C, 0 or N, the molecule assumes a flat conformation. However, 

if the central ring contains one of the atoms S, Se, Te, the molecule is 
bent. This is valid for molecules, like CPZ°, containing the S in unoxid

ized form, as well as for the sulphoxides or dioxides of these molecules.

It is apparent therefore that the bending of the molecule is associated 

with the presence of the S (or Se or Te) atom, irrespective of its oxidation 

state. It is thus reasonable to assume that all the CPZ species assume a 

bent conformation and that this exists not only in crystal state but also 

in solution.

4,1.2. The Nucleic Acids.

The nucleic acids are linear polymers, the residues of which are the 

nucleotides (Fig. 4.2.). A unit consists of ajurine base (A denlne (A)
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or Guanine (G)) or a pyrimidine base (Cytosine (C), Thymine (T) or Uracil (U)), 
and a five membered sugar ring. The sugar can be of two kinds, and this 

determines the two major classes of nucleic acids» DNA (with deoxyribose) 
and RNA (with ribose). The difference between the two, lies in the presence 
of OH rather than just H in the 2' position of the deoxyribose, this being 
sufficient to cause significant structural differences (of steric nature) 

between the two species. The successive sugar rings are joined together by 
phosphate groups which form the so called 3'5' diester link.

The double stranded nucleic acids consist of two complementary chains, 

the bases of each chain forming Hydrogen bonds with those from the opposite 
chain. In all the natural nucleic acids the base pairs are of Watson-Crick 
type (i.e. A pairs with T and G with C) and the two chains (i.e. the 3'5' 
diester links) run in antiparallel fashion. This property and the equal 

size of the base pairs form the basis for the double stranded nucleic acids 
having regular double helical structures, in which the residues occupy 

equivalent positions.
In such a structure, the base-pairs (stacked on top of one another) 

occupy the interior of the molecule, while the phosphate backbones are 
exposed to the solvent. The portions between the two interwound phosphate 

backbones appear to an external observer as two independent groves running in 

helical paths along the helix. Under physiological conditions the phosphate 

groups are negatively charged and partially screened by the metal ions present 

in solution.
The DNA can assume two fundamental forms, A and B, depending on the 

external conditions such as the relative humidity and to some extent the 

cation present (Ref. 11, p 121.).
The basic feature of the B type of DNA is that the base pairs are stacked 

on top of one another, perpendicular to the helical axis. There are exactly 

10 base pairs per turn, the pitch of the helix being 33•7 - 3^.6 A°. In
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the A form, the base-pairs are moved away from the helical axis and tilted. 
Although the separation between the two phosphate backbones is almost equal, 
the depth of the two independent groves is unequal.

It is considered that in physiological conditions the DNA assumes the 
B form, because it is this form that is obtained experimentally in high 
relative humidity conditions. In experimental systems, reversible trans
itions can be induced from the B to the A form by lowering the relative 
humidity below about 80%, provided the salt concentration is not too high.
Some drugs determine the DNA to assume the B conformation even though the 

ambient conditions would normally induce the A form (Refe. 12, 15.).
The structure of the double stranded RNA (such as that occuring natur

ally in some phages) is similar to that of the A form of DNA.

Synthetic single stranded or double stranded polynucleotydes of either 

the ribo or deoxyribo type and of definite base composition are available. 
There are structural variations within these species, depending on the base 
composition and this is why when referring to them it is necessary to state 

the base composition. For example, poly I . poly G is a synthetic double 

stranded polynucleotide of RNA type, having G (Cytosine) on one strand and 
I (Inosine) on the other. Inosine is a base similar to Guanine (Fig. 4.2.). 

Poly I . Poly G can produce double helices with 11 - 12 base-pairs per turn 
and tilted base-pairs (Ref. 13.)» tut never triple helices and this is why 

this species was preferred for use over the other species, which also give 

unusual structures.
The structure of the double stranded nucleic acids in aqueous solution 

is stabilised mainly by the hydrophobic forces (Ref. 11, p 336.) arising 

from the stacking of the base-pairs and to a smaller extent by the hydrogen- 

bonding between the two strands. The metal ions (such as Na , K , Mg6 , 
Ca2+) which are normally present in the system, play an important stabilizing 

role, by screening the charges of the phosphate backbones, thus reducing the



repulsion between the two strands.
The double stranded structure can be destroyed by raising the temper

ature, when the chains separate. The denaturation occurs in a cooperative 
fashion within a small temperature range, similar to the melting of a 
crystalline solid. The stability of the double helix is insensitive to
the pH (between pH 5 and. 9) but if the pH is made more acidic than 5 
extensive protonation of the bases takes place, leading to the melting of 

the structure at low pH (Ref. l*k). The presence of the metal ions mentioned 
above, results in the stablization of the helix in the region of low pH's 

(Ref. 11, P 332.)-
Extreme values of pH can cause chemical degradation of the nucleic acids. 

For example, the extreme acidic conditions can result in the hydrolysis of 

the glycosidic link between the purine bases and the sugars, both in DNA and 

RNA, resulting in the removal of the purine bases, but thiB requires high 
acid concentrations (greater than IN HGl).

k,Z. Complexes of Nucleic Acids with Drug Molecules.

The topic defined by this heading belongs to the general field of the 
interaction of the nucleic acids with small molecules, which involves the 

study of the hydration of the nucleic acids as well as the more specific 

binding of metal ions, drugs or amino and polyaminoacids. Such studies give 

an insight into the forces responsible for the binding and the specificity, 

and represent a step towards understanding the nature of the binding of 

large molecules (e.g. enzymes) on to the nucleic acids. Such an under

standing is essential if the biological role of these systems is to be 

understood •
The study of the binding of a number of drugs having a flat polycyclic 

structure on to the nucleic acids has enjoyed considerable attention. The 

reason for this lies in the direct applicability of the results of these
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studies in pharmacology e.g. for the design of better drugs. Such 
molecules include the acridines, such as proflavine or acridine orange 
and other planar molecules, such as Ethydium Bromide, polycyclic hydro
carbons, actinomycins, etc. (Ref. 11.).

It is now accepted (Ref. 11, p 429-) on the basis of indirect evidence 

obtained by a variety of techniques, that the above drugs can bind on to 

the nucleic acids by two mechanisms.
l) The first such mechanism is the intercalation, originally proposed 

by Lerman (Ref. 15.) according to which the drug molecule is inserted between 
the two successive base-pairs. The original model suffered refinements due 
to Fuller and Waring (Ref. 16.) and Sobel and Jain (Ref. 17.) but the main 

points remain the same: i) The DNA is required to be in the B formj 

ii) The intercalation involves the movement of the adjacent base-pairs away 

from each other to produce a gap that would accommodate the drug, followed 
by the local unwinding of the helix at the intercalation site. The inter
calated molecules would thus have an orientation perpendicular to the helical 

axis.
The stability of such a system is attributed to a hydrophobic (stacking) 

effect but many models provide also for some electrostatic contribution or 

the possiblity of Hydrogen bonding. It is likely that the precise orientat

ion of the drug in the intercalation gap may vary from drug to drug, governed 

by the nature and the disposition of the substituents. Pritchard et al.

(Ref 18.) proposed a model of partial intercalation according to which 

only a part of the hydrophobic surface of the molecule is accommodated 

inside the intercalation gap but to compensate for this disadvantageous 
situation the molecule with charged basic groups can form favourable electro

static interactions with the phosphate backbone. The intercalation of 

molecules with bulky groups can also be explained by this model but so far 

no experimental evidence for this model have been observed. A review of
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the whole topic has been given by Waring (Ref. 19.).
The question of intercalation as applied, to CPZ+ is interesting since 

the CPZ+ molecule is bent and no model makes explicit provision for such 
cases. The balance of the forces involved is a delicate one, firstly 
because a supplementary energy has to be used to produce an intercalation 

gap larger by about 2 - 2.5̂  than that necessary for a flat molecule (3*^)» 
secondly because of the bulky Chlorine atom and sidechain present, and 
thirdly because of the positive charges carried by CPZ+ which must play some 

role in the interaction.
2) The second mode of binding of the drugs, by attachment of the 

molecules individually or in clusters at external sites on to the nucleic 
acids, is well documented (Ref. 11.). It is widely accepted that at levels 

of binding of about one drug molecule to each nucleic acid phosphate group,

i.e. at "phosphate to drug ratio" (p/d ) about 1, stacks of drug molecules 
can be formed along the exterior of the nucleic acid molecules. This mode 
of binding occurs because of the tendency of most of these molecules to 

aggregate in solution, probably by a stacking mechanism (Ref. 20.).

¿4.. 3. summary - Outline Description of the Project.

The discussion in the previous section revealed that a number of drugs 

were shown by various techniques to bind to nucleic acids. Biochemical 

investigations have further shown that in many cases the binding was correl

ated with the biological activity of the drug. In some cases, such as 

Chlorpromazine (see Chapter 1.) or Phenazine Methosulphate (see Section 3.3.) 
it appeared that the active forms of the drugs were the radical cation species. 

In both these two cases the radical cations were shown to be stabilized upon 

binding to the DNA.

The object of this project is to study the binding of ionic forms of 

drugs or related derivatives to nucleic acids, by using electron spin
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resonance, thus extending the range of information already available from 
other technqieus. The usefulness of this technique became apparent from 
Ohnishi and McGonnel's work (see Section 6.4.2.), who reported ESR observ
ations on solutions of DNA with CPZ+ attached. They obtained orientational 
effects by flowing the solutions through tubes, oriented parallel or perpen
dicular to the magnetic field. The observed anisotropy of the ESR spectra 
was found consistent with a preferred orientation of the drug molecules with 
their planes perpendicular to the flow direction. Most of the work in the 
present project was performed by using this particular drug, which provided 

a convenient system of study (see Section 3-3.). but the method of work 
developed is more generally applicable. The choice of this drug was also 
determined by both the practical (see Chapter 1.) and theoretical (see 

Section 4.2 ) interests related to it.
The nucleic acid-drug interactions were investigated in three phases» 

in solution, gel and fibres, the latter one being used for orientational 
studies. The gel represents the sediment obtained from the ultracentri

fugation of a solution» the process by which the nucleic acid with the 

drug attached to it is sedimented while the excess of drug that is not 
bound remains in the supernatant. The fibres are partially oriented 
specimens that can be obtained from the gel by placing a small quantity of 

gel between the ends of two tiny glass rods and allowing it to dry. During 

the drying, the nucleic acid molecules tend to align themselves parallel 

to the fibre axis, resulting in a cylindrically symmetric, partially oriented 

specimen.
By making studies on fibres it is possible to investigate the dependence 

of the ESR spectrum on the orientation of the fibre relative to the magnetic 

field and so to determine the orientation of the drug relative to the fibre 

axis . Where the drug binds externally it has so far not been possible to 

produce this type of information from other techniques (particularly from
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X-ray diffraction). It will be remembered that the X-ray diffraction (XRD) 
has been developed over a number of years as a major technique for invest
igating the interaction of small molecules with nucleic acids, and the major 
models of binding (particularly the intercalation) were based primarily on 
information obtained by this technique. On the other hand (as it became 

apparent from the review presented in Chapter 3) a range of spin-label studies 
have been pursued using ESR techniques. The work on nucleic acid fibres 
offers the possibility of carrying out ESR and XRD measurements on the same 
specimen, thus permitting a direct and valuable compairson between XRD and 

ESR data.
Apart from orientational information the ESR technique can provide 

information on the mobility of the drug attached to the nucleic acid in the 

three phases mentioned above, as well as on the degree of ordering and homo

geneity within the specimens. This information can be combined together to 
give a picture of the nature of the nucleic acid-drug complexes.

In order to understand better the stereochemical aspects of the binding, 

it was proposed to compare the behaviour of a series of complexes obtained 

by using different types of nucleic acids and drugs and to investigate these 
specimens in a variety of conditions. Among the parameters that were varied 
were: the temperature, the ionic strength, the phosphate to drug ratio and 

the relative humidity (which is relevant to comparisons with the XRD studies| 

this parameter being one which is often varied in the XRD work).

The major technique employed in this project was the X-band and ft-band 

ESR technique. The experimental methods used are presented in Chapter 6.
The quantitative description of the ESR spectra (i.e. the spectral parameters 

and the parameters describing the degree of order), was achieved by simulating 
the ESR spectra theoretically. A computer program for lineshape synthesis 

for general use with free radical specimens including fibres was developed, 

and this is presented in Chapter 5.
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The account of the experimental results starts with the presentation of 
the properties of CPZ+ in random environments (chapter 6) and continues with 
the investigation of ordered specimens (Chapters 6 - 8). The conclusions 
of the ESR investigation of fibres were compared with data obtained by other 
techniques, particularly X-ray fibre diffraction (mentioned in Chapters 6 
and 8) and optical dichroism and birefringence (developed in Chapter 7).
The final chapter contains a discussion of the significance of the results 
and of their limitations and makes suggestions for future work.
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CHAPTER 5.
A COMPUTER PROGRAM FOR ESR LINESHAPE SYNTHESIS 

FOR GENERAL USE WITH FREE RADICAL SPECIMENS INCLUDING FIBRES.

5.1. Introduction.
The need for a computer program to assist the experimental ESR work by 

the theoretical simulation of the ESR spectra was mentioned in the previous 
chapter. The literature does not contain any published program that would 
be generally and conveniently applicable to this free radical work.

The computer program which is presented in this chapter was developed 
in order to serve as a research tool in the present project and it was also 
aimed to fill the existing gap in the literature. The program contains, 

for convenience, a package of algorithms that can undertake the task of 

simulating the ESR spectra of the types of specimen most commonly encountered 
in free radical work; solutions (isotropic hyperfine spectra), single 
crystals, powders (or immobilised species) as well as fibres.

For the purpose of comparing the experimental and theoretical spectra, 

the experimental spectra were recorded on paper tape by using a magnetic 
follower (Draac), scaled by computer and replotted. The computational 

technique proved to be a powerful way of interpreting rigorously the ESR 

results. It made possible the determination of the CPZ principal tensor 

values from the "gel" spectra and the formulation of the model of a dis

oriented fibre (to be presented in Chapter 6). This computer program was 

also used to check the validity of the assignments made in various published 

papers in conjunction with spectra of different radicals related to CPZ+ .

The fact that in most of the cases in which spectral simulations were not
*

performed the published parameters failed to reproduce the features of the 

experimental spectra illustrates the value of the computational technique 

in the ESR work.
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5.2. The Theoretical Simulation of the ESR Spectra.
The synthesis of the isotropic hyperfine spectra was based, on a 

Hamiltonian of the form given by Equation (13) from Section 2.3.2., while 
the form used for the anisotropic spectra was that given by Equation (LO) 
from Section 2.3.^«

The position of a particular ESR absorption line in the magnetic field 

can be calculated in both cases from the formulas

h ?
B “ -----Z, Mt A, (1)o g 3 1 Ix ™

where 1 labels the quantities referring to the hyperfine interaction with 
the 1th nucleus and the 1 M, values represent a combination of the possible

h
nuclear spin components of the nuclei. An ESR absorption line corresponds 

to each such combination and a lineshape function of Gaussian or Lorentzian 
type (see Section 2.2.) is attached to each absorption line.

In the isotropic hyperfine case, g and A in Equation (l) represent the 

isotropic g value and coupling constant (a). In the anisotropic hyperfine 

case, g and A represent the orientation dependent g value and splitting (A), 
which are given within the "intermediate field" approximation by the 

expressions (19) of Section 2.3»^.
The synthesis of an isotropic hyperfine spectrum is the simplest applic

ation of the Formula (l) and the only required parameters are those required 

by this equation.
The synthesis of a "single crystal" type of spectrum is also straight

forward because there is just one orientation of the molecule relative to 

the magnetic field involved and this orientation is specified beforehand.
However, the "powder" and "fibre" spectra represent superpositions of 

many spectra which are summed so as to conform to the random orientation 

model in the first case or to the model of the fibre in the second. Clearly 

the latter case has greater complexity and requires a more detailed
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discussion. A model of a partially oriented fibre in which the misalign
ment is described by a Gaussian function is developed and presented in the 

next section.

5.3. The Fibre Model.
We shall refer to fibres of spin labelled DNA in an ESR experiment, but 

as the model is more general the fibre can be considered as a collection of 
"fibrils” , preferentially oriented along one axis. The species of interest 
can be either a molecule attached on to the fibril (as the spin label is 

attached on to the DNA) or it can be part of the fibril itself. The 
magnetic field direction we shall refer to is a unique direction in the 
laboratory frame, the significance of which depends on the particular 

experiment in question (e.g. it could be the direction of the electric 

vector of the plane polarised light beam, in a linear dichroism experiment).
As a specific example consider a DNA molecule within the fibre with a 

small paramagnetic molecule (spin label) attached to it. For our purpose, 

we cam regard the DNA molecule as an essentially cylindrical object because 

of its random orientation about its axis. By specifying the position of 
one labelling molecule relative to this DNA molecule the positions of other 

equivalent labels is defined; positions that can be obtained from the 

initial one by rotating the DNA molecule about its axis. Needless to say 

that the labels in each of these orientations will produce a different ESR 

spectrum, the parameters of which would depend also on the orientation of 

the particular DNA molecule in the fibre and on the orientation of the 

fibre relative to the magnetic field.

In this model it has been assumed that the DNA molecules (or segments 

of DNA molecules) describe a Gaussian distribution of orientations about 

the fibre axis, so that the probability of a DNA molecule lying on the 

surface of a cone of semiangle •« is proportional to exp (-« /26 ) where 6 is
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the halfwidth of the distribution (standard deviation). Therefore,the 
"cylindrical averaging" which takes place at the level of a DNA molecule 

is followed by a second "cylindrical averaging" process at the level of.the 
fibre. Consequently the only information needed to simulate this fibre 
specimen are the details of the binding of the label on to the DNA molecule 
and the width of the Gaussian distribution.

To describe this quantitatively, it is convenient to use the formalism 

set up by Van et al. (Ref. 1.) and attach Cartesian frames of reference to ; 
the label (x,y,z), the DNA molecule (x2»y2 >z2)» the fibre (X-^Y^Z^ and 
the laboratory (X,Y,Z) assuming the magnetic field B to be along the Z 

axis. We then need the coordinates of B in the label molecular frame.

The orientation of a label molecule relative to the DNA is specified 
by the transformations

co s^co s^cos^ - s i n ^ i n p 2 

cos^cos^inij, - sinj^cos^

sin02cos02

cos 0£ in^os^i- cos jẐ sin ̂  

- cosd^in^in^+cos^cos^ 

sind^in^

• > ■ ■
X 2 X

* 2 ■■■• L2 y

CM
N zV J > .

-sinO^os^
i
sind^in^

cosd.

where /2 describes a rotation of the label about the DNA zP axis, Q is a 
rotation about the DNA y2 axis specifying the "tilt" of the label relative 
to the DNA, «2 specifies the "twist" of the label about its own z axis,

xand I¡2 denotes the transpose of L2<

Similarly, one has three angles involved in the transformation from the 

DNA to the fibre reference framej which takes into account the rotation
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about the fibre axis, the tilt of the DNA molecule relative to the fibre 

axis and ^  the rotation about the DNA axis, which can be set equal to zero 

as this rotation has been accounted for by the angle of the previous 

transformation.
Finally, the transformation from the fibre to the laboratory reference 

frame is characterised by the angle Qq (between the direction Z of the field 

and the fibre axis) and we set » 0 (due to the invariance of the experiment 
for rotations about the Z axis) and = 0 (since rotations about the fibre 

axis were taken into account by ^  of the above transformation).

COS0-jCOS<j)̂ cosê sin<|»̂ -sinQ-j

-sin^ COS<j>.j 0

sino-jCos^ sin6jSin<i>j COS0.J
4

coseQ 0
<

"sin0o

0 1 0

sin0o 0 C0S9rt0

from which the coordinates of the magnetic field direction (Z) in the 

molecule referenced system can be found.

In the case of an ESR experiment, these coordinates can be used to 

calculate the Hamiltonian parameters corresponding to this particular 

orientation, particularly the g-value and the hyperfine splitting A. in 

this derivation the molecular frame was the frame given by the principal

Hence,
i  «

X
• 1 
X

Y ■ Lt Lt L t Lo Ll l2 y

. z .
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directions of the A and g-tensors, assumed to be co-linear which is true 
for many systems. In the general case (A and g-tensors non co-linear), 
one would need to carry the chain transformation one step further and to 
determine the coordinates of B along the principal directions of both these 
tensors in a separate calculation.

The fibre spectrum is built up by summation of spectra, which formally 

is done in two steps corresponding to the two levels of averaging mentioned 
above. In practice, however, one allows the angles <f>̂% ¡^, and to 

sample their allowed ranges (which are 0,360° for an<* an<i 0*180° for
by making each of them take systematic equal steps. The spectrum 

corresponding to each orientation defined by j i ^  and ©1 is weighted in 
the sum by»

P (¡¿2, ©1) - sin ©]_ exp (-©2/2$2)

where <5 is the width of the distribution,and P is proportional to the 
probability of a DNA molecule having an orientation in the vicinity of the 

direction defined by © ^
The first factor in the above equation is the weighting factor associated 

with changes in the angle which is involved in the cylindrical averaging 

at the level of the fibre and is consequent upon the use of spherical polar

coordinates.
The normalization of the final spectrum is done in the end by division 

of the accumulated spectrum by the sum of the weights of each component 

spectrum. This mode of normalization in one step is possible because the 

weighting factor associated with changes in the angles ©± and ^  are constants.

If the labelling molecule is not bound rigidly on to the DNA as considered 

up to here but has a range of possible orientations, then this "play" has to 

be described in terms of the two binding angles ©2 and it can be seen

that for each pair ©£, ^2* one is concerned with essentially a different 
label species to which there corresponds a different fibre-type of spectrum. 
The final spectrum can be computed as a sum of these fibre spectra, and
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weightings will also have to operate at this level. The program is only 
valid if the inverse correlation time for substantial re-orientation of the 
principal (z) axis is much less than the largest anisotropic term in the spin 
Hamiltonian. In dried fibres this will invariably be the case.

5.4. The Powder Case.
In the "powder" case the orientation of the magnetic field in the 

molecular frame is described using a set of spherical polar coordinates 
(Q, /), Q being the angle between the z molecular axis and the magnetic 
field direction. The anisotropy formulae (19) from Section 2.3.4. apply, 

with lZx» Igy and. lZz being equal to cos 9, sin 9 cos / and sin G sin <f> 

respectively.
The random distribution of orientations is simulated by allowing the 

angles 9 and to sample their allowed ranges, the probability associated 
with an orientation (G,$ ) being equal to | sin G | . Since the anisotropy 

formulae are quadradic in the coordinates one can restrict the variation of 
Q and ^ to a quarter of the unit sphere (0,90° and 0,180° respectively).
If the z molecular axis is a symmetry axis for the A and g tensors, the 
anisotropy formulae become independent on / and the only angle that has to 
be varied is G, the probability associated with orientation being still 

| sin G | .
The "single crystal" case uses the same formalism as above, with the 

angles G and 4 fixed (and specified as input).

5.5. Description of the Computer Program.

5,5,1. The Basic Flow Chart.
The main program prepares the parameters necessary for the computation 

of the ESR spectra, a task which is undertaken by a subroutine.

The construction of the program can be followed from the flow chart 

illustrated in Fig. 5*1. and commences by reading a master card,which
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specifies the functions to be fulfilled (see Section 5*5«2), in particular 
the type of spectrum to be computed (isotropic, single crystal, powder or 
fibre). One subsequently brances according to the type of spectrum and 
reads in the pertinent input parameters. The "isotropic" branch, where 
the problem of orientation does not exist is simpler and one can pass 
directly to building up the spectrum. The anisotropic spectra are treated 

in common, since in all these cases the spectral parameters (essentially 
the g-value and hyperfine splitting) are orientation dependent.

The generation of the orientations necessary in the averaging processes 

described above is done by varying the appropriate angles in predetermined 
equal steps. The procedure followed in the fibre case is shown expanded 
in the flow chart from Fig. 5«lb.

The angles 0th® Program variables ALFA, BETA, Fl) are set

to sweep their ranges in steps as specified by the input variables ASTEP, 
BSTEP, FSTEP. The nested loops are so designed as to minimise the 
computational effort.

The core of the loops deals with the calculation of the magnetic field 

components in the molecular reference frame, by an expansion of the matrix 
product (2). This is an expression in terms of the angles e^, ^  and 

as well as the given orientation of the fibre relative to the magnetic 

field Q = GAMMA) and the given details of the orientation of the molecule 

relative to the DNA (the tilt angle Q m THETA and twist angle ^  - PSI).

For each orientation, the g and A values are calculated, the ESR spectrum 

is computed, weighted and added to the accumulator. After all the cycles 

have been performed, the spectrum is normalized by division by the sum of 

the weights, ready for plotting.
The powder and single crystal are treated as particular cases of the 

fibre case, some of the variables associated with the fibre properties 

being reassigned new meanings. Thus the angles ALFA and BETA now define
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FIG. O. 1<B>. THE CYLINDRICAL AVERAGING ROUTINES 
FOR FIBRE TYPES or SIMULATIONS.
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an orientation of the magnetic field in the molecular frame.

5.5-2. Other Functions of the Program.
Several faculties »ere provided in order to cake the use of the program 

more convenient. They came Into operation after the ESH spectrum of the 
species is completed and plotted, and they .ere omitted from the flow chart 
of Fig. 5.1. The necessary parameters. BO, IABD, IPBINT, IEHAPiS, HA. iffiipsT, 

are read in from the master card.
The parameter RA is a fraction hy »hich the normalised spectrum is 

multiplied and is useful »hen summing spectra arising from different species 

(see below).
The program is based on a dual storage system, »hich functions as 

specified by IAED. If IAED is set equal to 0 (as in the normal mode of 

operation), the ne.ly synthesised spectrum is transferred to the storage 
register so that at any time before this step one can have access to both 

the newly synthesised spectrum and the spectrum synthesised previously.
This facility is used, for example, »hen one tries to analyse (by a least 
squares procedure) an experimental spectrum into a sum of two computed 
spectra, corresponding to two different species. if iadd - 1 the 
synthesised spectrum weighted by BA is added to the contents of the storage

register.
One has a choice of Uneshapes, as specified by ISHAPS, (o . Lorentz lan,

1 - Gaussian). If EHAPE - 2. the synthesis is performed using a Gaussian 

lineshape first and then repeated using a LorenUian Uneshapa. xpaIlTr . p 

(as opposed to 0) results in the print out of all the intermediate results. 
DffiPET - X (as opposed to 0) open the access to a section of the program 
in which any parameter (including the "master" parameters) can be changed 

in the desired manner and the synthesis repeated. one can use this facility 

to generate a sequence of spectra (corresponding for example to a series of
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orientations of the fibre relative to the field) or to sum up spectra of 

different species (corresponding for example to different orientations of 
the spin label which is allowed to have a "play" relative to the DNA). in 
addition, one can specify in this part of the program an alternative micro- 
wave frequency so that one can obtain spectra both at X and Q band frequen
cies.

5-5-h- „The Synthesis of the ES3 Spectra (The Subroutine SPSCral

The synthesis of the ESR Uneshape is performed by the subroutine SPSCTR 
Khich taJtes data (principals the g-value and the hyperfine splitting) from 
the main program.

The subroutine computes and accumulates spectra from successive calls 

and returns the accumulated absorption and derivative spectra to the main 
program. The same algorithm is used to compute both isotropic and aniso
tropic spectra, and was designed to cope Kith up to 10 hyperfine interactions. 
The full absorption spectrum is built up line by line, and the first derivative 

spectrum is computed simply by calculating the slopes between adjacent points.
Field dependent linewidths have also been provided for.since in many 

cases one of the hyperfine splittings, say that arising from the nucleus 

labelled 1, is dominant over the others, and one can associate a linewidth 
with each of the values corresponding to this nucleus so that the line- 
width of an ESR absorption line will be determined by the value of M 

contributing to that line. Ifo further provision for orientational depend- 
ent linewidths has been included.

A subroutine of original design for line printer plotting is also 
included in the listing.



67.

5.6. Concise Specification.

The following tupes of ESR spectra can by synthesised»

1) Solution spectra (up to 10 isotropic hyperfine interactions).
2) Single crystal spectra.

3) Powder spectra.
4) Partially oriented fibres.
A single anisotropic hyperfine interaction is accounted for in the cases 

2) to 4)above, within the intermediate magnetic field approximation. The 
theoretical background was presented in the Sections 5.2. to 5.4.

The output consists of a plot of the computed spectrum and/or a table 
showing the magnetic field values at the positions of the centres of the 

hyperfine components. Facilities are provided to use either Gaussian or 

Lorentzian lineshapes or both, and for line dependent linewidths. The 
mathematical operations involved are based on fundamental principles of 
magnetic resonance and the program allows for easy interference with its 
function. It can handle more paramagnetic species, and produce sequences 

of spectra etc.
The programming language is FORTRAN. The meaning of the program 

variables is explained in the Sections 5-5.1. and 5.5.2. above. The 

required input (from cards) is indicated in the listing.
The listing of the program is attached as appendix. The program was 

also made available to the Quantum Chemistry Exchange Programs, University 

of Indiana (Reference Number QC3P 295)*
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CHAPTER 6,
ELECTRON SPIN RESONANCE AND OPTICAL MEASIJREi'ISNTS 
OF CH LORPR QllAZ INE AND CP2~** — LNA COMPLEX'By!

The first two sections of this chapter present some of the properties 

of the C K + radical in both free state and bound to DKA, as deduced from 

absorption spectrophotoaetric measurements. Section 6.3. describes thB 

experimental arrangements for the EBB work, and is followed by the present
ation of the EBB measurements of CPZ+ in dieordered environments (solutions 
and gels), which led to the determination of the principal tensor para
meters. The final section presents the results of the orientational studies 

performed with DNA - CPZ+ fibres.

6.1. The Properties and Preparation of the CPZ* Radlra/i.

6.1.1. U.V. and Visible Absorption Spectra.
The U.V. absorption spectra of aqueous solutions of the three CPZ species 

mentioned in Section 4.1.1. are shown in Fig. 6.1a. The visible absorption 

spectrum of a solution of C K + is shown in Fig. 6.1b. Ihe concentration was 
determined on the basis of the dry quantity of drug used and assuming a 
molecular weight of 356 for the chlorpromasine hydrochloride. a e  material 

was used without preliminary purification.
The cation radical CPZ+ was obtained in aqueous solution by the chemical 

oxidation of the CPZ0 with equivalent amounts of sodium persulphate. (For 

the practical method of preparation see Section 6.1.3.) The spectrum of 

the species thus obtained is similar to the published spectra of CPZ+ obtained 

by other techniques (Ref.l.). it can be seen that although there is sodiura 

persulphate in the system, this species does not absorb in the visible and

near-U.V. ranges.
The sulphoxide (SO) was obtained directly by the chemical oxidation of 

CFZ° With excess sodium persulphate. The spectrum of this species from
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Fig. 6.1a. is similar to that reported previously (Ref. l.).

The extinction coefficients at the maximum absorption peaks of the three 
species, as deduced from the spectra from Fig. 6.1 are given below (in mole’1

-la1 cm”1):

GPZ * E256 ” 31000
GPZ s **270 " 39840, -  7980
SO : S2/+0 -  34940, S300 -  7530

They were used in the determination of the extent of binding of CPZ+ on to 
the DNA by a spectrophotometric method (6,2.2 )

6.1.2. The Stability of the CPZ* Radical.

The CPZ+ radical in aeneous solution is unstable. Ih, average llfetlm 

of the radical species ranges between about one hour, for dilute solutions

(concentration about l o A )  to a few minutes. for acre concentrated solutions
(about 10 M). At even higher concentrations, insoluMo a .' ^soluble aggregates develop
in the solution, the dark colour of which remains stable.

^Fig. 6.2. represents a family of absorption spectra of a solution of 
CPZ+. recorded at various tine intervals after the preparation of the radical 
cation. It can be seen that the spectra have common isosbestic points, which 
is consistent with the existence of a unique decay reaction. The decay

product -as identified on the basis of its absorption spectrum as the CPZ 
sulphoxide.

It -as verified that CPZ+ also decays to the sulphoxide in oxygen free 

solutions, and that the CP2 recovered in the supernatants obtained from the 

ultracentrifugation of DNA/CP2+ solutions was also in the form of sulphoxide 
The decay mechanism cannot be inferred from the present Information but it 
is apparent that it is not the proposed "dismutation" reaction, i e two 

radical cations reacting and resulting in one fully oxidised all one rZuced 
species (Ref. 2.), because this would result in a 1,1 mixture of 0P2° and 
sulphoxide, which would exhibit a different absorption spectrum.
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The decay of the CPZ+ In solution is accompanied hy a continuous drop 

in the pH, showing that protons are liberated during the reaction. Thus 
the pH would decrease from just under neutral (for a fresh CP2+ solution) 
to about pH 3.8 (when the decay is complete). As expected, the free radical 
is found to be stable in a concentrated HgSO^ solution &bout 32fo) and this 

can be understood in terms of the "mass action" of the protons (from the 
which force the equilibrium towards the free radical species. it 

should be mentioned at this point that solutions of high CPZ+ concentration 
can be obtained in concentrated medium by sodium persulphate oxidation

without the insoluble dark aggregates being formed.
Attempts were made to buffer the aqueous solutions (at various stages 

of the preparation of the CPZ+) in order to stabilize the pH, but any such 

attempt resulted in a decrease in the stability of the free radical. The 

variation of the pH does not seriously inconvenience the work with pure
radical species (i.e. without DNA); however, in the work with nucleic acid/ 

CPZ+ complexes, where it is important that the conditions do not depart too 
much from the physiological conditions (pH?.D), the pH effect outlined above 

has to be taken into account. This topic will be discussed further in

Section 6.2.2.
The stability of CPZ+ is enhanced by the presence of the ENA in solution 

and this effect is even more marked in media that have a low water content 

(gels fibres). Mention of this effect will be made in Section 6.2.2.

In practice, the instability of the free radical means that any quan

titative work with this species (except in a concentrated medium)will

he difficult.

6.1.3. Preparation of the CPZ* Radical.
The practical method for preparation of the CPZ+ radical in solution is 

presented in this section. The optimum conditions for the reaction were
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established by trial, since both the fo^tion rate of CPZ+ and its decay 
rate (Section 6.1.2.) are strongly concentration dependent. „  the con

centration of the reagents given below are used, the formation rate of the 
radical is much faster than the decay and the yield is a « a «  (practlcally

complete). Also at these concentrations no insoluble aggregates are formed.
The starting materials are lO'2« solutions of CFZ hydrochloride (m - 

3S6) and sodium persulphate ( m  - 238). A volume of sodium persulphate 
solution is poured onto an equal volume of the CK5° solution and allowed to 
stand for 1 min V  s, in which time a strong red colour, characteristic of 
the crz+ , develops. At this moment (at which the yield is maximum) the 
reaction is slowed down by a 10 or 5 fold dilution with water. The solution 
can be ccnveniently used in this form for experiments or for preparing 
nucleic acid/CPZ+ complexes (Section 6.2.1.).

An attempt to obtain CPZ+ by sodium persulphate oxidation in solution 
after CPZ° was mixed with the DNA was unsuccessful, as was the attempt to 

obtain any W  induced paramagnetism in MA/cpz complexes (solutions or 
fibres). A short wavelength Mercury lamp was used for this experiment.

One should mention in this context that the UV irratiation of a CFZ+ 
solution in (CPZ+ ooncn. - XO"2«, conon. about 3«), which

gave signs of a slow CPZ+ decay, resulted in the intensification of the red 
colour of the solution and an increase of the CPZ+ ¡¡sa signal. rtm S)rsten 

behaved as if the W  reversed the decay of the free radical. However, 

irradiation of CPZ° solutions resulted in no radical formation unless '

H2S0b was present and only after prolonged exposures (e.g. overnight).
Insoluble dark deposits occurred in the solution and a well resolved ESR 

signal having a different hyperfine pattern to that of CPZ+ was observed 

(compare Figs. 6.3. and 6.9.). The major background lineshape was missing

and the hypexfine splitting of the 17 lines was about O.l̂ f mT. No further 
mention of this species will be made.
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6.2. CPZ* Bound to Nucleic Acids.

6 The Preparation of Solutions. Gels and Fibres of Nucleic Acid/CPZ+

Complexes.
Calf thymus ENA supplied by Sigma Chemicals Co. (Type V, Sodium Salt) 

was used. This is a highly polymerised type of ENA (average molecular 

weight 1 to 1.3 million). The material contained protein impurities and 

it was necessary to purify it before use. A phenol extraction method was 
used, which consisted of shaking equal volumes of a solution of ENA (of 
concentration 1 mg/ml in 0.15 M NaCi) and freshly distilled phenol (sat
urated in the above salt solution), for 10 mins. The solution was spun 

for 15 1x1 a bench centrifuge (at ¿K)00 rpm), and the aqueous phase from
the top (containing the ENA) was collected. The ENA was precipitated out 

of the solution by Zj volumes of cold propanol, collected with a glass rod, 

washed successively in ethonal^O (70t30), ethanol and acetone, and then 
vacuum dried.

The ENA solutions were made from the dry material. The ENA concentration
in the solution was determined spectrophotometrically - 6600 mole"1

-In1 cm ;.
The synthetic double stranded polynucleotides poly I . poly G were 

obtained from Sigma chemicals. The phenol extraction removed no apparent 

impurities and the material was used without purification. Further details 
axe given in Chapter 7*

Nucleic acid/CPZ+ complexes of various phosphate to drug (P/D) ratios 

and salt contents were made by mixing CPZ+ solutions (prepared as in Section 
5 1 3 .) and nucleic acid solutions in the appropriate proportions.

To avoid the precipitation of the material which can occur if the 

negatively charged phosphate groups become neutralized by the positively 

charged drug molecules, the CPZ+ solution was added gradually to the nucleic 

acid solution using a Pasteur pipette while agitating the container. The 
ionic strength was adjusted to the desired one by adding small amounts of 

a concentration (Bi) Nafll solution.
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m  a typical preparation the P/D »as equal to 6 at M A  concentration 
of 0.7 mM (total base concentration) and ionic strength 0.04 « HaCl. This 
salt concentration »as found to be a reasonable compromise to assure the 
solubility of the nucleic acids (»hich is higher at lo» salt concentrations), 
the stability of the double helix and the ease of obtaining the gel by 
sedimentation (the latter t»o properties require higher salt concentrations).

The "gel” represents a very viscous solution, highly concentrated in 
the nucleic acid drug complex, free of unbound drug molecules. T»0 methods
»ere used for the preparation of gels. The first one consisted in spinning 
the complex do»n from the solution, in an M.S.E. "Superspeed 70" preparative 
ultracentrifuge, at 40,000 rpm for about four hours at 4°c.

The second method employed a membrane filtration system (Amicon Diaflo). 
The device consisted of a container »hich held the solution, to »hich a pre
ssure of about 2 atm »as applied. The filtrant »as passed through a mem
brane (type PM 10) in the bottom of the container, »hich retained the high 
molecular »eight components. This method »as quicker than the centrifug
ation for small quantity »ork and one also had the advantage of being able 
to stop the process »hen the desired consistency of the gel «as achieved.

The results obtained vith the M A  by using this method »ere comparable 
in all respects to those obtained by centrifugation. Ho»ever. for the 
ESA/GPZ complexes the centrifugation method gave considerably better 
preparations (in the respect of the yield of free radical in the gel),
probably because a considerable quantity of material is sedimented in the
first few minutes of the centrifugation and thus the free radical present 
in that quantity is prevented from the faster decay in the solution.

The fibres »sre mads by standard techniques (see Section 4.3.) at the 
temperature and the relative humidity of the laboratory.
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6.2.2. The Stability of the CPZ~̂  Bound to DNA.

When the D M  and GPZ+ solutions are mixed, there is a detectable change 
of the colour of the solution, from the red of the free CPZ+ to the red- 

violet of the CPZ+ interacting with the DM. Spectrophotometrically this 
represents a 3 n m red shift of the CPZ+ maximum absorption peak (Fis . 6A.).
This effect is similar to that obtained from many dyes and drugs upon their 
interaction with the D M  (Ref. 3.).

As it has been already mentioned, the binding of CPZ+ on to the DNA 
has the effect of reducing the instability of the free radical. *  practice 

this means that one has about 3 hours available for using such a solution of 
the complex before the decrease in the concentration of the free radical 
becomes appreciable. '

As « ,  1» seen from r ig .  6.5. the decay consists of a short accelerated 
step Immediately after the preparation of the complex (probably due to the 
decay of the excess ® Z + which did not bind on to the WA), followed by a 

slower decay of the remaining material. The process continues in the gel 

and fibre state but at a much slower rate, and this appears to be due either 
to the reduced hydration or to the restricted freedom of movement of the 
molecules in these states. Thus, the "half life" 0f the CFZ+ radical in a 

fibre varies from a day up to a week and also depends on the treatment of the 
fibre (variations in the relative humidity and in the temperature have an 
adverse effect upon the stability).

It is estimated (see below) that only about 15-3($ of the initial CPZ+ 

in DKA/CP2+ complex is regained in the gel obtained by centrifugation, the 

remainder either staying in the supernatant (where it is regained as eulph- 

oxide) or being converted to a different species in the gel (probably still
sulphoxide).

ihe curves from Fig. 6.5. „ere plotted in an attempt to determine the 
conditions for the best stability of the radical bound on to the DNA. The
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plots represent the time dependence of the CP2+ concentrations in fresh 

DNA/CPZ+ solutions (P/D - l) buffered to various pH values. It can be seen 
that the highest radical concentration corresponded to the unbuffered

solution, while in the preparation at the "neutral" pH 7.0, the radical was 
practically "quenched".

To ensure the most favourable conditions for the stability of the 

radical, it was decided always to allow the pH to adjust its own level.
Typical DNA and poly I . poly G solutions become stabilized at about pH 4.3 
and pH 3.8 respectively.

Fig. 6.6. (a and b) represent "dénaturation" curves plotted for DNA and 
ENA solutions (without CPZ+)in which the nucleic acid and NaCl concentrations 
were the same as in the actual complexes. The plots, which represent the 

absorption at the W  absorption peaks of the nucleic acids versus the pH, 
detect the hyperchromie effect (increase in absorption) which occurs upon 
the dénaturation of the double helical structure (see Section 4.1.2.).

Under the conditions of these experiments, the dénaturation occured at about 

pH 3-3 the case of the DNA and 3.8 in the case of the poly I . poly G.
Thus it can be deduced that the nucleic acids in the actual experiments 
were in the natural double helical form* as would be expected to occur 
under physiological conditions.

The fraction of bound free radical molecules corresponding to one phos

phate group in the final specimen differs from the one that can be calculated 

on the basis of the quantities originally mixed, because not all the orig

inal drug molecules bind on to the nucleic acid, and because some of the 

radical molecules decay during preparation. It was possible to make an 

estimate of this quantity in the gel by measuring the absorption spectrum 

of a small quantity of gel crushed between two quartz plates, using the Cary 
118 spectrophotometer. The "phosphate to free radical" ratio can be 

calculated as the ratio of the absorptions of the UV peak (mainly due to 
the nucleic acid) and the visible peak (due to the CPZ+ alone) divided by

76.
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the ratio of the corresponding extinction coefficien ts. The formula can
be improved by taking into account the contribution of the absorptions of 
CPZ+ and the sulphoxide to the UV absorption peak. This correction is  
necessary for low p/D ratios, but even so, the formula should be regarded 
as approximate, because the extinction coefficients of the bound species 
being unknown, one had to use those of the free species in aqueous solution t

*255 “W  
A530 a530 (cpz+)

% 5  ( i s oab) 
^dna

• (l +
[so ]

[0PZ+] ^

*255 N 1
- 0 .8 3 ------- 2 .3 (1 + - ----- -

*530 )

In th is expression, which i s  applicable to the DNA -  CPZ+ ge ls , the UV 
absorption is  measured at 255 n m. which is  an ieosbestic point for the 0P2+ 
radical/sulphoxide system, and is  also close to the WA maximum absorption 
peak. The ratio [so ] /  [oîz"] is  the unknown relative proportion of chlor- 
promasine sulphoxide and free radical in tha gel a t the moment of the meas
urement. Tests showed that in a fresh WA-CPZ+ gel th is ratio should be taken 
equal to about 2 or 3, indicating that under the conditions used, the CPZ+ 
radical represented only about 25-33* of the tota l quantity of drug present 
in the g e l. This to ta l quantity was consistent with that determined by 
checking the UV absorption spectrum of the supernatant, and represented 
typ ica lly  about 75% of the original amount mixed with the aiA.

I t  is  thought that the sulphoxide from the gel resulted from the decay 
of some of the bound CPZ+ radicals, decay which occured after the gel was 
formed. This interpretation i s  substantiated by the observation that the 
sulphoxide from a DNA-sulphoxide solution would not sediment by ultracentri
fugation. A formula similar to that given above was devised for the BNA 
(see Section 7 .1 .1 .) .
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The extent of binding depended on the type of the nucleic acid fl»A 

or SNA), the initial 7/D ratio, the ionic strength (low t/D ratios and 
high ionic strengths resulting in lower levels of binding), and to a certain 
extent it varied from specimen to specimen. In this respect the estimates 
proved to be rather variable. The figures of 15.3&  tor the level of 
binding quoted above reflect the range of this variability.

6.3. ESR Spectra of the CPZ* Radical.

6.3.1. Experimental Methods.

The X-band and Q-band spectrometers available for the present project 
were based on the systems described in Section 2.5. (Fig. 2.6a b )

In the X-band work the specimens were placed in a Varian rectangular 
cavity type V-b53, operating in the HQ12 mode, or a Mcrospin W-932 cylin
drical cavity, operating in the Ho u  mode. Both were high quality factor 
cavities. The first one (of loaded « about 5000) was particularly suitable 
for solution »otic, in conjunction with Varian aqueous cells (type B-2<*3).
The magnetic field was produced by a Newport Instruments electromagnet type 
D with 20 cm diameter pole pieces, and swept by using a Newport Instruments 
slow sweep unit (type A). A 10 kHz AFC system (see Section 2.5.) was used 
to lock the klystron frequency to the cavity. a .  detection system consisted 

of a Shottky barrier crystal, (optimum sensitivity at approximately 1 m A 
bias level), a low noise preamplifier (PAR type CRh) and a PAR model 120 
phase sensitive detector. The 100 kHz reference signal supplied by the 

phase sensitive detector was fed via a power amplifier to the modulation 
coils mounted inside the X-band cavities.

A similar arrangement was set up for the Q-band spectrometer. The 

specimens were placed in a cylindrical Microspin (W-981) tunable cavity 
operating in the Hm  mode. The dielectric losses due to water restricted 
the use of this cavity to dry specimens (e.g. fibres).
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For cooling the specimens d o ™  to liquid nitrogen temperatures (tA )  

a gas flow system »as used. Dry oxygen-free nitrogen gas »as cooled by 
passing it through a copper coil imnersed in liquid nitrogen, and then 
passed through a Eeuar tube in »hich the sample »as placed. n>e temper- 
ature was controlled by adjusting the rate of flow.

For temperatures down to the liquid helium temperatures (/+.2°k ) the 
system sho»ed in Fig. 6.?. was used. The liquid helium »as syphoned through 
a steel De«ar tube, provided Kith a needle wive. The rate of flo» could 
be controlled by adjusting the current through a small heater, consisting 

of a resistor immersed in the liquid helium. This system permits obtaining 
temperatures below k . Z %  by using the cooling efrect resulting from the 

expansion of the gas after the needle valve (joule-lhompson effect). The 
temperatures were measured with an Allen-Bradley resistor.

For temperatures higher than the S t d S V  a heated gas flow system »as 
devised. The temperature »as controlled by a thermocouple, in conjunction 
with a temperature control unit made by Ether.

Atmospheres of various relative humidities were obtained (at room 

temperature) by flowing an air stream which was passed through an approp
riate saturated salt solution (sodium nitrite for 66̂ , sodium chlorate for 

7̂ , sodium tartrate for 92% and potassium chlorate for relative humidity).
For the room temperature work the solutions and gels were placed in 

aqueous sample cells. For the low temperature work, quartz tubes with 

thick walls were used, in conjunction with the cooling systems described 

above. The fibres were mounted in a Varian tissue cell (for the X-band 
measurements), or on the bottom plate of the Hm  cylindrical cavity (for 
the Q-band work),(see Section 6.^.1.).

The spectra were recorded at low modulation levels (max. 0 .0 5 mT peak- 

to-peak). The maximum microwave power level used was about 25 my above 

which saturation effects occured (see Section 2 A  A.), especially at low 
temperatures.
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The measurement of the hyperfine splittings and linewidths of the 
recorded spectra, was achieved by using a "field/Cm" calibration of the 
sweep, obtained by using a proton resonance magnetometer. The magneto
meter (which consisted of a rtSttSP oscillator and a low noise amplifier) 
was built by following the design of Robinson (Ref. j>.), ^  oscillator
circuit was mounted in the metal case of an old Newport instrument* magneto
meter, the probe head and the slow motion condenser of which were incor
porated in the new system. It was also possible to obtain a calibration 
of the sweep in the region of the CPZ+ signal by using the central hyper
fine lines of the spectrum of a Mo* doped % Q  polycrystalline powder . The 
separation of the two central lines is 8 .6 9 mT.

The g values were determined with reference to the DPPH marker, using 
the above calibration. The klystron frequency was measured by using a 
Hewlett Packard counter with a transfer oscillator unit. The accuracy of 
this method was satisfactory, the greatest source of errors being the broad
ness of the lineshapes. The measurements quoted in the thesis were reprod- 
uceable within 0.C4 mT.

In order to enhance the sensitivity of detection, signal averaging equip
ment was fitted to both the X and Q-band spectrometers. The system is
represented schematically in Fig. 6.8. The central part was a Nuclear

of
Measurements (type &6G) computer/averagfe* transients, which permitted the 
accumulation of the spectra from recurrent sweeps. The triggering impulse 
for each sweep was provided by the signal from the proton resonance magneto
meter, set to resonate at a predetermined position. The interphase for 
the triggering system consisted of a phase sensitive detector and a Schmitt 
trigger (constructed according to the circuit shown in Fig. 6.8.). The 
phase sensitive detection of the proton resonance signal was performed at 
the frequency of 1 kHz, the modulation current being fed to a pair of 
Helmholtz coils (3 Cm diameter) attached to the proton resonance probe.
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-S r « * «  °f < ™ +  CPZ+.MA Somul.x»,, Disordered 
A common feature of the ESR epectra which are going to be ¿escribed in 

this section is that they correspond to samples in which the radical 
molecules are randomly oriented (either rapidly tumbling in solution or 
immobilized). These include ESR spectra from solutions of CPZ+ at various 
temperatures as well as "gel" spectra (from HiA/GPZ+ gels). The fibres, 

in which the radical molecules assume a preferential orientation, will form 
the object of a subsequent section.

Fig. 6.9. shows the BSB spectrum of a CP2+ solution at the room temp
erature. Such spectra were obtained from CPZ+ solutions in water or 

«2S<V  at 0P3+ concentrations below about 2.5 x lo ’ 2 M and at temperatures 
greater or equal to the room temperature. The same spectra are observed 

at all temperatures up to 100°0. About 16 equidistant hyperfine peaks are 
resolved, apparently superimposed on to a major line (see also 6.3.5.).
The S value at the centre of the pattern and the hyperfine sp littin g  are 
indicated in the figure.

The transition from a -solution” to an "immobilised” type of spectrum 
upon the freezing of the specimen can be followed from Fig. 6.10 (a to e) 
which represents the ESR spectra of a viscous C K ^ S O ^  solution run at 
progressively lower temperatures, in the range 0°G to -73°C (200°K)

The spectra from Fig. 6.10. exhibit a -triplet” feature which can be 

assigned to the hypeifine interaction with the ring atom of the CP2+ 
radical, as originally suggested by Ohnishi and McConnell (Ref. 4,), This 

assignment is entirely consistent with the results obtained from the CP2+ 
radicals oriented in fibres (see Section 6 A . ) t where the spectra ranged 
from a clear three line spectrum (when the magnetic field was parallel to 

the fibre axis) to a single broad line (when the field was perpendicular 

to the fibre). A detailed discussion of this variation will be given in 

Section 6A. Here it is sufficient to mentionihat this is as would be
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expected if the unpaired spin was localized mainly in the p orbital of

the atom of the CPZ+ and the magnetic field in the two cases above was

parallel and respectively perpendicular to the axis of the p orbital (see 
also Section 2.3»5*)«

The anisotropic and isotropic CPZ+ spectra can thus be interpreted in
terms of a radical in which the unpaired spin density is mainly associated 

14
with the N atom but in which there is also a considerable delocalization 
of the electron cloud over the rest of the molecule. The numerous proton 
contributions which are responsible for the complex isotropic hyperfine 
structure are not apparent in the anisotropic spectra (i.e. of frozen 

solutions, gels and fibres). The lineshapes in the latter case represent 
envelopes over unresolved proton splittings.

By observing the spectra from Figs. 6.9. and 6.10. in succession one can 
follow the stages of the transition from the situation (in Fig. 6.9.) in 
which the anisotropic terms and the local dipolar fields are averaged to zero 
due to the rapid molecular motions (Section 2.4.3.) to a situation in which 

the radicals are practically immobilized. The first anisotropic features 

to appear are those associated with the l4N hyperfine anisotropy (the two 
shoulders marked in Fig. 6.10a. correspond to the "kink" and the negative 
peak of the fully immobilized spectrum), consistent with this being the 

largest anisotropic component in the system. At the same time the isotropic 
hyperfine pattern disappears. The dipolar broadening, the next largest 
anisotropic interaction, becomes apparent as the temperature is lowered 

(Fig. 6.10b - e) and it continues to operate even below -20°G at which point 
the anisotropic features can be considered to be completely resolved.

(This is seen from the fact that below that temperature the peaks no longer 

change their position.) In fact a transition towards a very broad, feature

less spectrum, takes place around 200°K (Fig. 6.10e), illustrating a further 
restriction in the molecular motion.
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Two E3H spectra of MA/CPZ+ complexes, both of "immobilised" type 
were obtained from DNA/CPZ+ complexes.

The first one (Fig. 6.11.) was obtained from a DNA/CPZ+ gel at room 
temperature. It shows a well resolved spectrum, similar to that of the 
frozen CFZ+/U.SO,, solution at -20°C (Pig. 6.10d). The gel spectrum suffers 

a transition towards a broad, featureless signal upon cooling similar to the 
CPZ+/H2S0i( specimen, except that this transition takes place as soon as the 
temperature is lowered below about +9 or +10°C (Fig. 6.12.).

The second spectrum was obtained from a solution of a DNA/CPZ+ complex
at the room temperature (Pig. 6.13.) and exhibits several features consist- 
ent with an "immobilized" radical.

The ESR signals shown in Figs.6.11 - 13. were obtained from CPZ+ radicals 
that are bound on to the DNA. It is unlikely that in any of the two cases 

(gel and solution) unbound radicals were present along with the bound ones.
In the case of the gel this is because only the bound species sediments with 
the DNA during the centrifugation while the unbound species remains in the 
supernatant and in the case of the solution it is because the unbound rad
icals decay very fast so that only those which are stabilized by binding 

on to the DNA remain (see Section 6.2.2.). Thus the immobilization revealed 
by the ESR spectra in these two cases can be attributed to the binding of 

the small radical molecule on to the large and less mobile DNA molecule 
and not to a simple viscosity effect.

lU '.5.iJUL— fitting the_ it Principal Tensor Values by Computer Simulation

of the "Gel" Spectrum.
IhB principal g and A tensor values of the atom (I - l) 0f CPZ+ were 

determined by computer simulation of the WA/CRJ+ gel spectrum (Pig. 6.11.). 
This particular specimen was selected because it gave one of the best resolved 

"immobilized" ESH spectra and also because the gel conditions were directly



E S R  SPECTRUM (X -G R N D )  OF R D N R - C P Z  ©EL

n o .  e. 11 EXPERIMENTAL X-SANO SPECTRUM ( 0 .0  GHZ) OP f\ ONA-CP^ 
GEL. RECORDED AT ROOM TEMPERATURE.
( THE THEORETICAL SPECTRUM IS SHOWN IN PIG. S. 14 >.



rio. e. je exper i mental x-b r nd spec t r u m or r o n r-c p z 4' g e l
R E C O R D E D  R T  4 °  C .



ne. e* » »  t h e  r o o m  t e m p e r a t u r e  x - b a n d  s p e c t r u m  or a d n a - c p z +
S O L U T I O N  ( P / D - e >  ,  R E C O R D E D  C O  M I N 8  A F T E R  P R E P A R A T I O N .



8 4 .

relevant to the DNA/CPZ+ system of interest, as opposed to a CPZ+ system 
in the absence of DNA.

The "gel" gave a "powder" type of spectrum. This system of random 
orientations was preferred for the computer simulation to the "fibres", 
because of the fewer parameters involved, it is necessary to fit only the 

principal tensor values and the linewidth, whereas for the "fibres" one also 
has to assume a particular model of the fibre (see Section 6.4.3.). The 
parameters which were obtained at the end of this work fit in a satisfactoiy 
manner the ESR spectra presented in the previous section as well as the X 
and Q band ESR spectra of the fibres.

The main simplifying assumptions were, i) The g and A tensors were
axially symmetric, i.e. g « g - g i . A  «* a - a ~°xx 6yy 6J_» Axx yy A ]_* and £zz set
equal to g 11 and Azz - A 11 . 2) The directions of the principal axes of
the g and A tensors coincided.

Three of the necessary parameters could be estimated from the "fibre" 

spectra (Section 6.4.3.). These were g^, g ^  and A( ( . The trial para

meters were fed into the computer program set for "powder" type of simulations 

and made to vary within specified ranges. The effect of the various changes 
in the parameters was appreciated by the visual examination of the computer 
generated plots. It was realized at an early stage that Gaussian line- 

shapes, which rose sharply and didn't have the extended "wings" of the lorent- 

zian lineshapes reproduced the experimental lineshapes more accurately. The 

fitting of the spectral parameters proceeded by trial and error until a good 

fit to the experimental spectrum was obtained. This was achieved by the 
following set of parameters and a Gaussian lineshape, 

gjj - 2.0025 ± 0.0002 
g ̂  - 2.0069 t 0.0002 

| A | j |=- 1.63 + 0.03 mT

I A I *  0.35 t 0.05 mT
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The fit was improved if one introduced a differential broadening of the 

three hyperfine components so that the line which occurs at the highest field 
(see Fig. 6.14.) is broader than the other two.

A B +1 - 0.8 mT, A Bq = 0.8 mT, A B ^ - O ^ m T  (2)

This feature had to be introduced in order to make it possible to reproduce 
simultaneously the g j | and g^ regions of the spectrum with the same set of 
parameters and the significance of this assignment will be discussed below.

Fig. 6.14. shows the simulation of the spectrum of the DNA/CPZ+ gel from 
Fig. 6.12. obtained using the parameters given above. The polar angle Q 
(see Section 5-4.) was varied in steps of 2° while the angle 4 was auto- 

matically kept constant as the g and A tensors were axial. a further 

reduction of the angular steps did not result in changes in the lineshape.
The detailed shape of the simulated spectrum from Fig. 6.M., particmarly 
the “kink" in the central region and the ratio of the heights of the pos

itive and negative peaks, proved to be very sensitive to any deviations from 
the above set of parameters. The X and Q-band spectra of a disoriented 
collection of crushed fibres, which are also "powder" type of spectra, could 
be simulated using the same set of parameters, except that the linewidth 
in the latter case was larger by about 10%.

The calculations were carried out within the "intermediate" field 

approximation (Section 2.2.). It was checked that when the most general 

formulae for the anisotropic g value and hyperfine splitting were used 

(Section 2.3.^.), "the corrections introduced were negligibly small (for

example the g value for a particular orientation would suffer a correction 
in its sixth decimal position).

The unequal linewidth of the three hyperfine components may originate 
from one, or possibly both of the following causes, One possibility is an 

inhomogeneous broadening of the three hypexfine lines by the mechanism
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presented In Section 2.4.3., which Is consistent with the fact that the 

gel represents a state in which molecular motions still exist (see 6.3.2.)( 
The second possibility arises from small deviations from the axial symmetry 
of the g and A tensors. Indeed, the „s - «  and 0 hyperfine lines (see 
Pig. 6.14) contribute mainly to the intensity in the g region of the 

spectrum so that the apparent broadening of that region is dependent on the 

values of g jand Aj^. A practical demonstration of this effect was diffic
ult to achieve because of the large number of variables needing to be 
adjusted, which increased the complexity of the problem.

The good fit to the experimental spectrum provided on the basis of 

assuming the axial symmetry of the g and A tensors shows that the model is 
essentially correct and that the adjustments proposed should necessarily be 
small. They would probably not be greater than the variations in the 

parameters corresponding to different preparations (differing, for example, 
in the consistency of the gel). Such variations, which can be assigned to 
differences in the local polarity of the environment related to the avail
ability of water were small and were normally neglected. The errors quoted 

with the parameters above correspond to the ranges within which most of the 
spectra (both of gels and fibres) can be accounted for. It is felt that a 
more accurate answer to the problem of axial symmetry could only be obtained 
from single crystal studies (see Section 2.3.5.).

6.3.^> Discussion.

The principal values of the hyperfine tensor (A jj and A]_) were deter

mined in the previous section only in absolute value. There are essentially 
two choices to make: in the first case A jj and A^have both the same sign, 
say positive; in the second case they have opposite signs, with, say A 

positive. A further two possibilities would be the above two cases with 
the signs changed.
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Considering the first case and applying the formula (20) from Section
2.3A, one obtains the following set of parameters»

Ltjj - +8.5 Gauss (1 Gauss - 10 Tesla)

- -4.3
a - +7.8 "

which has the remarkable properties (see below) that t 
t > 0  and a > 0.

In the second case, one obtains a different set of 
t |j +13.2 Gauss 
t- - -6.6

11 “ -2t^ , with 

parameters»

a - +3.1

which coincidentally has identical properties to the previous set.

These three properties, together with the axial symmetry of the hyper- 
fine and g tensors (all deduced experimentally) reproduce the necessary

conditions stated in the Sections 2.3.3* and 2.3.5. for the localization of
14the unpaired electron in a N zp orbital and represent a beautiful confirm

ation of the assignment of the unpaired spin density mainly to the ring^N
4.atom of CP2 made in Section 6.3.2.

The alternative choice of signs can be disregarded as there is no physical 
interpretation that could justify such a set of parameters. One is thus 

left with the problem of deciding which of the two cases above corresponds 

to the real situation, i.e. which is the relative sign of the hyperfine 
tensor components Aj. and A^.

The solution could be obtained experimentally by studying the second 

order effects on the anisotropic ESR and ENDOB spectra (Ref. 6., p 102) 
but such a study would require perfectly oriented specimens (magnetically 
diluted GPZ single crystals), which are not available.

The question could also be answered if the • %  isotropic hyperfine 

coupling constant was known from the CPZ+ solution spectrum, but this
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information is not available either. However, a comparison with other 
radical species is very useful at this stage. One observation arising 

from such a comparison is that in the case of the 13C tt -electron hyper- 
fine interactions the anisotropic hyperfine splitting parallel to the p 
orbital (A|| ) is usually approximately equal to twice the isotropic splitt

ing a (Ref. 4.), and this is also found to be true in the case of the nitr- 

oxides (Ref. 7; see also Fig. 2.5.). On the basis of such considerations 
one can see that the first case above, with a » 7.8 (+0.4) Gauss and 
Ajj = l6>3 Gauss, closely conforms to the empirical rule and thus it 

represents the preferred choice. This value of the isotropic coupling 
constant is also close to the values of 6.52 and 7.06 Gauss corresponding 
respectively to the Phenothiazine cation radical and Phenothiazine neutral 

radical (Ref. 8.). The average of the principal tensor values (g - 2.0054 
+0.0002) is close to the experimental g value measured on the isotropic 
hyperfine spectra of the CPZ+ in solution (2.0056 ± 0.0003), and also the 
relative magnitude of the g values (g,* ^ - \

is consistent with the theory of the aromatic ir radicals (Ref. 9.)

6.J.5- ■■Interpretation of the Isotropic Hyperfine Spectrum of CPZ+.

No analysis of the CPZ+ isotropic hyperfine structure is available from 
the literature although ESR spectra of CPZ+ have been published. These 

spectra refer to CPZ radicals obtained under a variety of conditions» by 

chemical oxidation (Refs, l, 10, 11.), by electrolytical generation (Refs.

1, 12.), on acid columns (Refs. 1, 10, 11.), or by enzymic oxidation (Ref. 13.)
The discussion above shoved that the rins l4N atom Is expected to con- 

tribute to the isotropic hyperfine pattern with a major splitting. The 

assessment of the contributions due to the other atoms of the radical is 

not possible at this stage but it is likely that both the ring protons and 
the side chain will be involved. Such considerations are borne out by
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comparisons between the ESR spectra cf various Phenothiazine derivatives.

The first example concerns Phenothiazine itself, which has no sidechain.

A convincing assignment of the hyperfine splittings to the various positions 
in the Phenothiazine molecule, confirmed by Molecular Orbital Theory 
calculations and by spectral simulations has been given by Platte and Forrest 

(Hef. 8.). Hyperfine splittings have been assigned to all the protons of 
the ring, some of which make substantial contributions (up to 3.67 Cause 
splittings).

A second example shows that changes in the sidechain do affect the 

hyperfine structure. Promazine* is a radical similar to CPZ+ except that 
it lacks the Cl substituent. Its "immobilized" spectrum (Ref. 11.) exhibits 
a triplet feature similar to that of CPZ+, however, there is another deriv

ative, Promethazine, which is similar to Promazine except that it has a CH 
branch in the sidechain (Pig. 4.1.). The "immobilized" spectrum of this 
species shows a four line feature (Ref. 11.) which demonstrates that changes 
in the sidechain, even when fairly remote from the ring system, do affect 

the hyperfine pattern. Possibly a hyperconjugation mechanism involving the 
CH^ protons is responsible for this effect.

A more detailed correlation between the hyperfine patterns and the 
molecular structure based on published ESR spectra is difficult because of 

the differences in the systems used by the various authors and because of the 

generally poor resolution of the published experimental spectra (Ref. 14.).

An attempt was made to simulate the isotropic hyperfine spectrum of 

CPZ+ . Although the attempt was not successful due to the insufficient 

background information, some points still emerged and are worth noting

The major "background" lineshape, with its positive and negative peaks 

and a "horizontal" section in the middle (Fig. 6.9.) can arise from the 
overlap of a large number of hyperfine lines, provided the linewidth is 

comparable to the separation between these lines. This observation
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indicates that the "background" shape is a feature of the isotropic hyper- 
fine spectrum itself and is not due to other causes (e.g. a different 
species or an incompletely averaged anisotropic contribution).

Gaussian lineshape functions reproduce these features considerably 
better than Lorentzian lineshape functions. It was also realised that in 
order to reproduce the regularity of the hyperfine pattern (particularly 
the 1.66 Gauss periodicity apparent over the entire spectrum) there must 
be some simple relationship between the various hyperfine splittings. The 

general features of the experimental spectrum mentioned above could be 
obtained by using sets of equivalent protons, with the hyperfine coupling 
constants multiples of 1.66 (Fig. 6.15.) but the fit was not particularly 
good; The observed alternation of height of the hyperfine lines in the 

centre of the pattern is thought to arise from small deviations from the 
equivalence of the protons or in the relationship between the hyperfine 
coupling constants.

The problem of interpreting the hyperfine structure of CPZ+ in solution 

remains an interesting one, because it promises to clarify the participation 
of the sidechain of the radical to the hyperfine interactions. Two 
suggestions are made for the future» a) to use the I2NDOR technique to 

investigate the hyperfine structure of CPZ+ in solutions, or b) to use the 

computer simulation technique to interpret the isotropic hyperfine spectrum 
of the CPZ+ analogue Promazine (Fig. 4.1.). The analysis of this spectrum 

should be considerably simpler because of the symmetry of the Promazine 

molecule. A high resolution ESR spectrum of this compound has been 
published (Ref. 10.).
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6.4, Studies of CPZ^-mA Fibres.

This section presents the results of orientational studies performed 
on DNA-CPZ fibres. The fibres represent essentially cylindrically 

symmetric specimens, in vhich the long DMA helices, „ith the drug molecules 
attached to them, are preferentially aligned along one direction (see also 
Sections 4,3. and 5.3.).

The analysis of the dependence of the X-band and Q-band spectra on the 
orientation of the fibres relative to the magnetic field, combined with the 

rigorous theoretical simulation of the spectra, permitted the determination 
of the preferential orientation of the drug molecules relative to the ENA, 
as well as the quantitative description of the degree of order in the fibres.

In order to illustrate the method, a particular example (that correspond
ing to a DNA-CPZ+ complex of P/D - 6) will be presented in greater detail in 

sub-sections 1-3, followed by the discussion and generalisation of the 
results 0.n sub-sections 4 and 5). The work presented in this section is 
closely related to the work on DNA-CPZ+ gels, presented in the previous 
section, and the investigation of some optical properties of the fibres 
presented in Chapter 3.

6.4.1, ESH Spectra from DNA/CPZ+ Fibres.

Fibres of ENA were made from the gel obtained (see Section 4.2.) by 

the ultracentrifugation of a DNA/CPZ+ solution of P/D equal to 6. The 

ENA concentration in the solution was 6.6 x 10"4  M and the ionic strength
0.044 NaCl. The pH of the original solution stabilized about 4.3 at 

which the DNA is not denatured (see Section 6.2.2.). It was estimated that

in this preparation about 20^ of the original CPZ+ remained as CPZ+ in the 
gel (see 6.2.2.).

The actual specimen consisted of 15 fibres (each of about 350 urn dia
meter and about 3 long), mounted side by side on the sticky face of a
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small piece of Selotape. The operations of cutting the fibres from the 
glass rods on which they were dried (Section 4.3.) and of mounting, were 

carried out under a stereoscopic microscope. The specimen thus obtained 
was suitable for use in the resonant cavities, where it was mounted using 
a small quantity of silicone grease, on the wall of a Varian tissue cell 
(for the X-band measurements), or on the bottom plate of an cylindrical 

cavity for the &-band work). This mode of mounting, with the fibres exposed 
to the atmosphere, permitted the relative humidity of the fibres to come in 
equilibrium with the chosen relative humidity of the environment (see 
Section 6.3.1.).

The X-band and Q-band spectra were recorded at about 9.5 and 32.8 GHz
microwave frequencies respectively, at power levels of about 5 mW and an
amplitude of the 100 KHz modulation field of about 50 - 80 UT peak-to-peak.
The orientation of the fibres relative to the magnetic field was varied by 
rotating the tissue cell, in the X-band case, or by rotating the magnet, in
the Q-band case..

The spectra obtained at X and Q-bands from the DNA/CP2+ fibres are 

shown in Figs. 6.16. and 6.17. for a range of orientations of the fibre axis 
relative to the magnetic field. These spectra were recorded at the lab
oratory relative humidity (about 60%) but little change was observed over a 

wide range of relative humidities produced as explained in Section 6,3.1.

Spectra similar to those obtained at Q-band with the field parallel to 
and perpendicular to the fibre axis, but less well resolved, have been 

obtained from solutions by Ohnishl and McConnell (Ref. 4.), where the 

orientational effects were obtained by passing the solutions through 
capillary tubes and not from fibres.

The examination of the spectra for intermediary angles reveals more 
detail of the specific state of orientation of the chlorpromazine ions in 
the fibre than is available from the two "extreme" spectra.
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6.4.2. The Interpretation of the Fibre Spectra.
The triplet features of the spectra from Figs. 6.16. and 6.17. are

iZj.assigned to the N hyperfine interaction and sufficient evidence to support 
this was gained in the previous chapter, where the principal 1/+N tensor 
values were determined and compared to the theory and other published data, 

(see discussion in Section 6 .3A.). It was seen that the 1^N hyperfine
interaction produced a large triplet splitting if the field was along the 
p orbital axis and a small splitting for the perpendicular direction.

14
Thus, assuming the ring N is responsible for this interaction, a large 

triplet splitting displayed in the"fibre parallel to the field" case, as 
opposed to a small splitting corresponding to the "fibre perpendicular to 
the field" case is consistent with the binding of the chlorpromazine ion 

on to the D M  so that the plane defined by the g and g , that is the 
general plane of the tricyclic system, is perpendicular to the DMA helical 
axis. This observation was made by Ohnishi and McConnell (Ref. ¿t-.),who 
proposed that an intercalation mechanism (see Section 4.2.) could be 

responsible for the binding.
A careful examination of the spectra recorded at intermediate orient

ations shows that the triplet splitting is approximately constant. The 

intensity of the triplet feature measured over the background major line- 

shape decreases as the angle made by the fibre with the magnetic field 

increases from 0 to 90°. The spectrum taken parallel to the fibre axis 

itself shows a pronounced asymmetry.

While the variation of the spectrum between a "triplet" to a "single 

line" shape can be taken as an indication of a preferential orientation 
of the drug perpendicular to the fibre axis, the constancy of the hyper

fine splitting as well as the asymmetry of the spectra infer the exist

ence of a degree of misorientation of the drug molecules inside the fibre.
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If the drug was bound rigidly on to the DNA in any well defined manner 
and if all the DNA molecules in the fibre were aligned parallel to the 

fibre axis, one would expect to obtain a perfectly symmetric "parallel to the 
field" spectrum from such an "ideal" fibre. I M s  is so because the magnetic 
field, which is the symmetry axis of the Hamiltonian, coincides with the 

symmetry axis of the fibre, so that the drug molecules have a unique orient
ation relative to the magnetic field. This situation is illustrated in 
Fig, (6.18a), for a perfectly oriented fibre with the drug molecule making 
an angle of tilt of 40° relative to the fibre axis. (The angle of tilt 

is defined in Fig. 6.19.) Deviations from the symmetry of the spectrum could 
only occur if there was some disorder present, so that there was no unique 
orientation of the drug molecules relative to the magnetic field.

Fig. 6.18b. shows the "perpendicular to the field" spectrum expected 
from the same fibre. It can be seen that the spectrum is no longer 

symmetric, because the radicals that are bound at different positions around 
the DNA molecule have a different orientation relative to the magnetic field 
(e.g. the angle between the field and the z molecular axis varies in this 

case between 50 and 130°). The recorded spectrum would represent in this 
case a superposition of different individual spectra. Thus, quite generally, 
the spectra recorded from fibres with the field perpendicular to the fibre 
axis (as opposed to those recorded with the field parallel to the fibre 

axis) are expected to by asymmetric and less informative on the degree of 

ordering inside the specimen. The only particular case when the two 

"extreme" spectra would be both symmetrical is for axial tensors, with the 
symmetry axis of the tensors parallel to the fibre axis.

Therefore, the asymmetry of the "fibre parallel to the field" spectrum 

is the first indication of the misorientation within the DNA-CPZ* fibre.

At the same time, the observation that the hyperfine splitting recorded 

at various orientations of the fibre is approximately constant and equal to
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Ajf can only be understood in terms of the existence of a considerably 

large degree of disorder, by analogy with the "powder" case, where a feature 

corresponding to A j| , the largest hyperfine component, is also displayed.
It is apparent from the comparison of the "fibre" spectra with the 

reported "flow" spectra that the misorientation existed in both cases, but 
it was probably underestimated in the latter case (Ref. 4.). To specify 

the orientation of the CPZ+ molecule relative to the ENA one must understand 
the nature of the disorder present and build up a model of the system which 
would rigorously reproduce the experimental spectra at all the orientations

6A : A ---ff>e_Gomputer Simulation of the Fibre Spectra. The Fih™

In the theoretical simulation of the spectra it was assumed that the

CPZ+ ions were bound rigidly to the DNA molecule but that the DNA molecules 
had a spread of orientations about the fibre axis.

Alternative models were also considered but they failed to reproduce the 
fundamental features of the experimental spectra. For example, in a first 

model the fibre was considered to be perfectly oriented and it was assumed 

that besides the drug molecules which were bound rigidly on to the DNA there 
was a fraction of unbound radicals, randomly distributed in the fibre or 

forming randomly oriented aggregates. (This model was suggested by the 

occasional occurence of "powder" rings in the X-ray diffraction patterns of 

the fibres.) The experiment spectrum would represent in this case the lin
ear combination of two spectra, given below?

S experimental " C1S1 (bound) + C2S2 (random) 
where cx and c2 give the relative proportion of the two species.

A least squares procedure was used to decompose the experimental spectra 

into two components. The first one, represented a symmetrical three line 

spectrum corresponding to the rigidly bound radicals. The second one



FIG. G. £0 HYPOTHETIC«!- FIBRE EQR SPECTRA (FULL LINE) CONFORMING TO 
« MODEL IN WHICH ONLY A FRACTION <33/0 OF THC CPZ RAQICAL8 WERE 
ORIENTED (DOTTED LINE). THE CONTRIBUTION OF THE RANDOM PHASE (« BROAD 
UINE8HAPE CENTERED AT THE ISOTROPIC G VALUE) IS SHOWN DASHED.
THE MODEL FAILS TO PRODUCE CONSTANT HYPERFINE SPLITTINGS AND TO RE
PRODUCE THE ASYMMETRY OF THE EXPERIMENTAL SPECTRA AT ALL THE ORI

ENTATION3.
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represented either a "powder" type of ESB spectra* (correspondins to the 
Individual radicals randoHy oriented in the fibre) or a single line (which 
would correspond to the exchange averaged line due to the radicals forming 

aggregates). The algorithm involved the minimisation of the function.

| [ r l - ( c1 rx1 + c2 Y2i)]2

where Y is a point in the experimental spectrum and Y *  and Y * are the 
points corresponding to the same abscisa, in the theoretical spectra of the 
two components, and the sum runs over all the points of the spectrum. By

differentiating with respect to the two unknowns, ^  and a,, and setting the 
derivatives equal to aero, one is led to the two norml equations given below,

| [r1 -(c1 rii + c2 ¥ )] (-T^-O

I [f1 - (c, + C2 y/  )] (. I2i) . 0

from which C;L and c2 can be obtained. For this model to describe the state

of the drug in the fibre correctly, the ratio of the coefficients c and c^ 2
thus obtained, would have to be the same for all the orientations of the 

fibre relative to the magnetic field. However, this model failed to 
reproduce the experimental features for reasons which are illustrated in 

Fgi. 6.20. It becomes clear by examining the spectra from this figure that 

a "two phase" model (one, producing orientation dependent hypezfine splittings 

and the other one producing isotropic features)cannot account for the constancy 
of the hyperfine splittings nor for the gradual variation between the two 

"extreme” spectra.

However, a "preferential orientation" model could reproduce these 

features in a satisfactory way. in the fibre model adopted it was assumed 
that the OTA molecules describe a Gaussian distribution about the fibre axis, 

so that the probability of a OTA molecule lying on the surface of a cone of
q 2

semiangle Q. is proportional to 1/6 e“ £ where . 6 is the angular half 

width of the distribution (standard deviation).



The position of the radical relative to a DMA molecule can be described 
in terms of two binding angles illustrated in Pig. 6.19. The “tilt” is the 

angle between the DMA axis and the molecular z axis (formally defined as a 
rotation about the molecular y axis. The "twist" describes a rotation of the 
radical about its own m axis. Originally the molecular a axis is assumed to 
coincide with the DMA helical axis. A third angle is used to describe the 
rotation of the radical relative to the DNA helical axis.

in the case of CPZ+, the molecular reference system (x.y.z) was based on 
the directions of the principal axes of the g and A tensors so that the z 
axis was perpendicular to the general plane of the tricyclic system. The 
axial symmetry of the tensors make the problem independent on the angle of 
•’twist'* and this angle was arbitrarily .set to zero.

The computer program based on the above fibre model was described in * 

Chapter 5- The algorithm and the mathematical formalism adopted form the 
object of Section 5.2. and the basic flow chart can be examined in Fig. 5.4.

The principal values of the g and1^  hyperfine tensors used in the 

computer simulation work, were those obtained from the theoretical, simulation 
of the -gel" spectrum (Section 6 .3 .3 .). Three of these parameters were in 

fact close to those estimated from the fibre spectra. The trial and error 
exercise consisted in the visual examination of the X-band and Q-band com

puted spectra, plotted for a number of orientations of the fibre relative to 

the magnetic field, for a systematic variation of the adjustable parameters» 
the title of the radical, the angle of Gaussian misorientation, the line- 
width and the type of the lineshape,

A large misorientation angle was required in order to reproduce the 

asymmetry of the spectra and the correct relative height of the three lines, 

especially in the -parallel to the field" spectrum. If the Gaussian spread 

was too low, the relative height of the negative peaks 2 and 3 of the X-band 
0° spectrum was reversed and also the triplet feature of the Q-band 0° spectrum 
had a "downward" slant, in disagreement with the experimental spectrum

97.
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Various degrees of t i n  «ere considered but the fundamental features 

of the experimental spectra could only be reproduced if one assumed that 

the plane of the drug «as perpendicular or approximately perpendicular to 
the helix axis. If a finite tilt angle (up to 30°) is introduced, the 
required Gaussian spread can be reduced, but the spectra recorded at extreme 
orientations cannot then be fitted using the same set of parameters.

Ihe best fit for all the orientations of the fibre relative to the 
magnetic field «as obtained with the z axis coincident with the fibre axis 

(corresponding to the plane of the molecule perpendicular to the helix axis) 
and a Gaussian spread parameter of 40°, in the orientation of the DHA mole
cules within the fibre. That is to say most of the molecules of BHA lie 

within a cone of semiangle 40°.
The theoretical spectra from Mgs. 6.16. and 6.17. «ere generated by the 

computer program set for the "fibre" type of simulation. The tilt and twist
were zero and the misalignment parameter was equal to 4o degrees. The 
principal g and A tensor values were those given in Section 6.3.3. The 
lineshape was Gaussian and a linewidth equal to about 8.7 Gauss. (The fit 

was improved if a small differential broadening of the three hyperfine com

ponents similar to that discussed in Section 6.3.3. was introduced, so that 
the widths of the three component lines were 8.7, 8.7 and 9.7 Gauss, respect
ively.) The angular steps used for the averaging angles ALFA and BETA (see 

Section 5.5.1.) were 4 and 15 degrees respectively, corresponding to a total 
of 515 component spectra, Ihe third angle was automatically kept constant 

due to the coincidence of the symmetry axes of the UNA and the CP2+ tensors.

A refinement of the above steps did not result in changes in the lineshape.

6 .4,4. Discussion.

The computer simulations presented above explain the experimental fibre

spectra in terms of a strongly immobilized CPZ* radical having its plane

preferentially oriented perpendicular to the BNA helical axis tv* The good fit



9 9 .

to the experimental spectra obtained at both X and Q-band frequencies for 

different orientations of the fibres relative to the magnetic field shows 
that the model adopted is essentially correct.

The perpendicularity of the general plane of the CPZ+ molecule to the 
helical axis has been suggested before by Ohnishi and McConnell (Ref. ¿f.) 

but their suggestion was based on a limited evidence. The present results 

show that the equality of the observed splittings in the "parallel to the field" 
and "complete random" cases is insufficient to demonstrate this perpendicular
ity because there is a considerable degree of misorientation within the 

specimen. In fact the observed splittings proved to be approximately constant 
for all the orientations.

However, the present computer simulation work proved that the perpen

dicularity of the drug molecule to the helical axis (the same as for inter

calation) is indeed a possible explanation. The computer spectra,show clearly 
that the effects of a limited degree of molecular orientation on the ESR 
spectra are the constancy, over a wide range of orientations, of the observed 
hyperfine splittings and the asymmetry of the lineshapes and these effects 

should be quite general to any system, provided one hyperfine component is 
much greater than the others.

One is inclined to believe that the misorientation is derived entirely 

from the misalignment of the DMA molecules within the fibre. This is sub

stantiated by comparison with X-ray diffraction pictures (see below) where 

the angular spread of the diffraction spots is increased compared to those 

from a fibre without the drug. However, one cannot exclude the possibility 

that a scatter of the orientation of the drug molecules relative to the DMA 

helices may make a small contribution. Such a situation would be difficult 
to envisage in the case of intercalation, but it could occur in the case of 

the binding of the chlorpromazine ion externally on to the ENA, especially 

if the binding was such that it allowed for some rotation of different parts 

of the chlorpromazine ion relative to one another (e.g. the long side chain
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relative to the ring).

The E3B studies give evidence of the total misalignment, caused either 

by a variation in the angle at which the chlorpromazine ion binds to the ENA 
molecule, or by the scatter in the DMA molecules within the fibre. Clearly 
the latter situation is more likely.

The algorithm for dealing with the alternative situation would be the 
same and the spectra obtained by assuming a Gaussian scatter in the tilt 

angle of the radicals about their preferential position perpendicular to the 
helical axis would be identical to the ESR spectra presented above. Similar 

spectra are expected from the "convolution" of the two types of misorientation 
so that the total misorientation parameter was 4o°.

In principle it is possible to distinguish between the two causes of 

the misorientation by looking at the optical dLichroism of the fibre (due to 

the drugboundon to ERA) and the birefringence (due to the ENA alone) and 
this possibility is investigated in the next section and in Chapter 8.

6.^.5. Comparison with other Techniques.

One advantage of investigating fibres is the possibility of correlating 
information derived from various techniques. The SSR results coupled with 

a theoretical synthesis, are consistent with a preferred orientation of the 
chlorpromazine ion perpendicular to the fibre axis, but it is also apparent 

that valuable information might be obscured by a large degree of misorient

ation which exists in both fibres and in the previous flow experiments.

It was found necessary to obtain a confirmation of the existence of this 

considerable degree of misorientation by evidence from other techniques 

and in the same time to investigate the cause of the misorientation.

One technique that provided evidence for the misalignment of the helices 

in the fibre was the X-ray diffraction (XRD). This technique can reveal 

the effect of the drug on the helical parameters of the ENA and on the
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molecular packing inside the fibre (Ref. 3. p 108 and Ref. 15.). An x-ray 
fibre diffraction pattern consists of spots arranged on "layer lines" (see 
Fig. 8.5.). The spacing of the layer lines is related to the reciprocal of 
the helix pitch. The "meridional" reflections (occuring at the top and 
bottom of the diffraction pattern) correspond to the repeat of the DNA base- 
pairs along the helical axis. The average lateral separation of the helices 

in the fibre can be calculated from the separation of the spots along the 
"equator" (horizontal axis) of the pattern.

Searl cameras with toroidal focussing,mounted on an Elliott G x 6 
rotating anode generator were used. The diffraction patterns were recorded 
at the same relative humidities as those used in the ESR experiments. The 
patterns were measured against the O.^f nm calibration ring of a polycrys

talline powder of Vaterite, with which the fibres were sprinkled. A computer 

program was available for the necessary conversions and the correction for 
the flatness of the film (Ref. 17.),

The XRD patterns obtained from the DNA-CP2+ fibres (p/D - 6) were diffuse 
with the reflections extended into arcs (Fig. 6.21). The angular spread of 

this diffraction pattern, as measured from a circular densitometer trace 
recorded at the radius of the meridional reflections, was estimated to be equal 

to 25 (half width at half height) but the extent of the misalignment varied 

from pattern to pattern. The value cannot be taken to represent exactly the 

misalignment of the helices in the fibre, but rather it is an underestimate. 

Reference to the simple XRD theory (Ref. 15.) shows that the meridional 
reflection, by not intersecting the sphere of reflection, is not expected to 

produce a diffraction spot unless there was a scatter in the orientation of 

the helices inside the fibre.
One can see an advantage of the ESR over the XRD technique, while the diff

raction patterns for higher degrees of misalignment become blurred and uninform

ative, the quantities of ESR work , aided by computer simulations is still

possible.
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FIG. 6. 21 X—RRY DIFFRRCTION PHOTO0RRPH 

FROM R DNR-CPZ+ FIBRE (P/D-6) , ILLUSTRRTING

THE RNGULRR EXTENTION OF THE PRTTERN.
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Other techniques that provided support for the conclusions of the HSR 

investigation were the optical dichroism and the birefringence of the 

fibres, which will be presented in a more detailed fashion in Chapter 3.
For the purpose of this discussion it is necesssry to define the dich-

in a perfectly oriented fibre with itae drug molecules perpendicular to the 
fibre axis, D should tend to infinity because the electronic transition 

dipoles responsible for the absorption lie in the plane of the chromophore 

so that A|| = 0. The experimental values measured from these fibres are 

about 1.5» showing a considerable departure from the ideal case. The theor
etical calculations presented in Chapter 8 are in complete agreement with 
the predicted total misalignment of 40° in the fibres (see also Fig. 8.2.).

There is little reference to this kind of misorientation of the fibres 

in the literature. Amott (Ref. 17.) describes various types of disorder 
in the packing of the nucleic acid helices in a fibre but the helices are 

considered to be aligned parallel to the fibre axis. However, an estimation 

of the orientation of the BRA molecules in oriented films has been reported 

(Ref. 18.). The authors, who used polarised infra-red spectroscopy to 

measure the angle e between the helix axis and particular transition moments, 

worked in terms of a model which assumed a fraction of "perfectly oriented" 

helices and the remaining randomly oriented. They found that the fraction 

f of perfectly oriented chains for calf thymus DNA varied, within this model 

between 23 and 49^ (being greater at low relative humidities). it „as 

calculated that 40° of Gaussian misalignment would correspond to a figure

roic ratio (D) of a DNA/CPZ+ fibre as the ratio of the absorptions at the

CPZ+ maximum absorption peak (in the visible)

and parallel (A , ) to the fibre axis.
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of f - 50% which is comparable to the degree of order achieved in the 

quoted experiment.
As regards the cause of the large misalignment in the KIA/cPZ+ fibres 

it was thought that part of it might be just the result of the Interference 
of the CPZ+ with the helical structure due to the relatively low initial 
P/D ratio (6) and possibly due to the adverse effect of the lowering of the 
pH following the decay of some of the CPZ+ radicals in solution.

One drawback of the BSH technique lies in the large number of fibres of 
relatively high CPZ+ content that are needed with the present sensitivity of 

the spectrometer. However, a large batch of BIA/0PZ+ fibres was prepared 
with the following changes which take into account the points raised above,

1) tte initial p/d  ratio of the solution (of ionic strength 0.05 N NaCl) 
was 12. The pH of this solution stabilized around the value of 6 5

2) The stock solutions were used cold<4°C) and the complex was centri

fuged immediately after preparation, at the increased speed of 50,000 rpm, 
at about 4°C. It was estimated that the proportion of the initial CPZ+ 

that remained as CPZ+ in the gel was equal to approximately 25^, thus 

corresponding to a P/D ratio of 43.
3) A large number of fibres was made from the freshly prepared gel.

The negative birefringence of each individual fibre was measured as a test 

for the orientation and only those fibres yielding a value greater than 0.05 
(which corresponded to about 20% of the fibres) were used in the ESR 

experiment. The X-band spectra were recorded for a series of orientations 

of the fibres, as described above.
The spectrum recorded with the magnetic field parallel to the fibre 

axis, together with the computer simulation of the same spectrum are presented 

in Fig. 6.22. Despite the rather low signal-to-noise ratio it is apparent 

that the orientation inside the fibres has been substantially improved as 

seen from the triplet feature being more regular than in the previous case



F 10. e. £fi THE ESR SPECTRUM FROM A BATCH OF WELL ORIENTED DNA-CP2
FIBRES I P / O  1 E ,  RECORDED AT X-BAND WITH THE FIELD PARALLEL TO THE
FIBRE AXIS, AND THE COMPUTER SIMULATED SPECTRUM.
C ANOULAR MI8ALI0NMENT E7 DEO., LINEWIDTH 9. £ » 7' r * B« 7 GAUSS )



(Fig. 6.16.). The computer simulation of the spectra demonstrated that a 
good fit at all the orientations of the fibre can be achieved if the drug 

is assumed to be bound perpendicular (or approximately perpendicular) to the
helical axis and the Gaussian misalignment parameter was 2?°. Deviations 
from the rigid perpendicularity to the helical axis cf up to 20° produce 
little detectable changes in the lineshape. The full batch of fibres 

produced spectra corresponding to a Gaussian parameter increased to 30°.
The optical dichroism measurements carried out in parallel yielded 

values about D - 4 ± 1, which, compared to the theoretical calculations, 
correspond to Gaussian parameters of 23 ± 4°. m  a very good agreement with 
the ESR results.

It is felt that the considerable reduction of the misalignment in the 
fibres m s  achieved mainly due to the use of a larger initial p/d  value.

Apart from bringing stronger evidence for the preferential orientation of 

0PZ+ perpendicular to the fibre axis, this experiment showed that better 
orientations can be achieved by using the fibre, rather than the fiow 
technique.

6.5. Conclusions.

The orientational study performed on the DNA-CPZ+ demonstrated the 

preferred orientation of the CPZ+ radicals with their general planes per

pendicular to the BHA helical axis, without, however, favouring at this

stage any particular mechanism of binding (intercalation vs. external bind- 
ing).

The considerable degree of misorientation which existed both in the 
fibres and in the reported flow e^eriment (Ref. 4.) was pointed out, but 

it became apparent that better orientations can be achieved in the fibres 

The disorder was assigned to the misalignment of the DNA helices in the fibre 

and this was found consistent with evidence collected by other techniques 
The misalignment was described quantitatively in terms of a Gaussian
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distribution of the orientation of the W A  helices about the fibre axis. 
The good fit to the experimental E3R spectra (and indeed, to the optical 
dichroic ratios) supports the accuracy of the theoretical fibre model.

The orientational study was made possible by the knowledge of the 
principal values of the g and hyperfine tensors, which were determined 
from the study of the "powder" type of spectrum of the UiiA-CPZ+ gel.

The experimental techniques used in this study* the "fibre" £SR tech
nique, aided by computer simulations of the ESR spectra and correlated to 
X-ray diffraction and optical studies and simulations, are thought to set 
a model of work generally applicable to systems with one axis of symmetry.

The significance of the results obtained with I2tfA—CPiî"*" complexes will 
be discussed in Chapter 9.
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CHAPTER 7.

C0HPL3X£B OF CHLORPBOMAZIN^ WITH RIBONUCLEIC AC.rn

’m e  K3R study of the interaction of CPZ+ wlth the ENA „as followed by an 

investigation of the interaction of CPZ+ with the SNA. The aim of this 

investigation was to obtain some insight, by comparison, into the mechanism 
and eventually the specificity of the binding of the free radical to these 

species.
The chapter begins »1th the presentation of the iSH work with the 

synthetic double stmnded a»A Poly I. Poly 0 (see also Chapter 4.), which 

yielded two distinct kinds of results, depending on the «ode of preparation 
of the material. In order to erplain this fact, the study of two other 

species of EHA was undertaken! natural transfer MIA and the single stranded 

synthetic polynucleotides Polyland Poly C. Ihe results reveal the different 
behaviour of CPZ+ towards these species and to the ENA.

7-1- Synthetic Eouble Stranded Polyribonucleotides.

7.1.1. General.

The synthetic Poly I. Poly G was obtained from Sigma Chemicals Company. 

The species has been characterized by Hodgson (Ref. 1.). The double 

stranded polynucleotides were obtained in that case by dissolving the single 

stranded components in water and increasing the ionic strength of the solution 

to about 0.05 H »ad. The molar extinction coefficient given for the plateau 
region at 255 n m was ^ 0 0  1 mole“1 cm“1. Poly I. p0ly c was shown to 

form only double helices in solution (Ref. 2.) unlike other polynucleotides 

which can form triple helices or other associations.
In the present experiments Poly I . Poly C was either dissolved directly 

in a 0.001 H NaCl solution (the low ionic strength giving the greatest 
solubility), prior to adjusting the ionic strength to the final NaCl
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concentration 0.05 U» ox, it was dissolved directly in a 0.05 M NaCl solution. 
The results obtained with the CPZ+ complexes from these two preparations were 
markedly different, although the UV absorption spectra of the two final 

solutions were the same, and similar to those presented by Hodgson (Ref. 1.). 
It was realised that the first preparation must have corresponded to a "looped' 
structure (Ref. 3*» P 3^3) > formed as a result of the partial strand separat
ion at the low ionic strength, followed by the rapid reannealing of the

strands upon increasing the ionic strength, while the second one corresponded 
to a regular double stranded structure. indeed, the absoiption spectrum 
of the 10» ionic strength solution of Poly I . Poly c (0.001 ¡1 NaCl) looked 
like the sum of the absorption spectra of the individual components Poly I 

and Poly <3 (Bet. 1.). The reannealing process induced by the ionic strength 

can be demonstrated Kith reference to Fig. 7.1, in »hich the hypochromic 

effect that resulted from increasing the ionic strength of such a solution 
to the intermediate value of 0.03 M.was monitored in time. This effect 

indicated the slow transition towards a double stranded structure. jhe 

specimens obtained from this preparation behaved similarly In all respects 

to the regular double stranded poly I . Poly a . Only the samples obtained 

by rapidly increasing the ionic strength from 0.001 M to 0.05 M NaCl (or more) 
behaved differently (see below). It is thought that the fast reaction 

conditions, favoured in that case the imperfect pairing ef the two strands 

leading to a structure consisting of double stranded regions interrupted

by single stranded -loops- or -bulges- and it is possible that some cross 
pairing between the molecules also took place (Ref, 1.).

Bhile the conformation of the regular synthetic double stranded ENA 
Is similar to that of the DNA. thus enabling a more direct comparison, the 
-looped- conformation is closer to that of the biological species, the 
transfer, messenger and ribosomal RNA (Ref. 3., p 343.)
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The CP3 - m  complexes „ere made by the method described in Section
6.2.1. The phosphate-to-radical ratios in the gels „ere determined by a 
formula similar to that given in the same sectiont

A255(P/D) gel = 0.62 ------3 (1 + — SO \
530 CP2+

„ith SO / CPZ+ ranging for a fresh gel between 0 and 2.

Z d - ? ^ J S n  Investigation of the Complex of CP2+ with .„»■tonned-Poiy t Q

■S»- a S£gtei.l°n <* the Experimental Result*. The initial p/b  ratios of
these complexes „ere bet„een 2 and 6 and the Poly I . Poly c concentrations 
„ere of the order of one « .  The pH of the solutions stabilized at about 

5.6 or less, and it m s  established spectroscopioaily (see Section 6.2.2.) 
that the Poly X. Poly C m s  not denatured at these pH values. Stable forms 
of the complex did not appear to form at P/i ratios above 6. It m s  estim
ated that approximately 50* of the CP2+ initially present in the lo„ p/D 
mixtures remained complexed to the RtfA.

The ESP spectra of the gels and fibres ail consisted of a single narro„ 
line, the shape of »hich m s  essentially Lorentzian, and „hich occurred at 
a g-value of 2.0063 ±0.0002 (pigs. 7.2 and 7.3). The „idth of the line 

recorded from freshly prepared samples depended on the p/D ratio and varied 

from 0.35 ml to i.O ml (the larger P/o ratio giving rise to the broader lines) 

and it also depended slightly on the method of preparation. The line„idths 
of the spectra of the solutions „ere slightly larger (about 1.5 mT). TheEe

spectra resembled those of the DHA/CP2+ solutions (Fig. 6.I3.) except that 
they were narrower (c.f. 1.8 - 2.0 mT).

The lines from the fibres showed no evidence of anisotropy as the 

magnetic field orientation was varied relative to the fibre axis Any 

change in the temperature or relative humidity of the samples resulted in an
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irreversible loss of intensity in the EBB signal and an increase in the line- 

width. 2he maximum linewidth recorded was 1.83 mT, this spectrum showing 
the "immobilized" features characteristic of a DNA-CFZ+ gel (Chapter 6). 
Figure 7 A  shows the width of the signal recorded from this particular
sample over a period of time, plotted against th e  ..’ * agamst the corresponding signal inten
sity (the doubly integrated area under the recorded resonance curve). it 

can be seen that the final signal intensity represented a drop by about a 
factor of 6 relative to the original signal intensity.

The signal recorded after cooling a sample at various temperatures 

between room temperature and b.2 K was identical to that recorded from the
same sample immediately prior to cooling, except for the expected increase 
in intensity.

Interpretation of the Experimental Results. The observed reduction in the 

intensity of the ¿SR signal with the time can be explained as arising from 
the dilution of the CPZ+ radical, as various molecules decay to the dia

magnetic species. m e  observed dependence of the linewidth on concentration 
and the fact that an increase in linewidth was observed as the concentration 
decreased as the radicals decayed, indicates that the single narrow line 
arose from an exchange narrowing process between molecules in close contact 
(see Section 2.4-,4-.),

To demonstrate the possibility of exchange narrowing taking place 

between closely packed CPZ+ radicals, concentrated pastes of pure CiZ+ were 

obtained by rapid mixing of CPZ hydrochloride and sodium persulphate pastes. 

The CPZ+ tends to form aggregates, the colour of which is remarkably stable 

when in highly concentrated form. The dried amorphous pastes gave SSR

signals consisting of single narrow lines with widths between 0.5 mT and
0.7 mT (Fig. 7*3*)•

Thus the explanation of the WZ*feoly I . Poly G spectra in terms of an
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exchange narrowing mechanism is substantiated by the observation of similar 
spectra from the dried CPZ+ pastes. The low temperature behaviour of the 

lineshape is consistent with this interpretation. Indeed, while being 
above any spin ordering temperature (Ref. A-.), the temperature is only 
expected to affect the population of the energy levels and not the relative 
order of magnitude of the terms of the Hamiltonian.

The sane drug at the same concentration bound to DMA produced broader
linee of Gaussian shape (see Chapter 6.) which exhibited hyperfine structure 
and anisotropy.

m e o reU cj..l_ C.aloulatlons. a  order to investigate the situation quantit
atively, a series of calculations «ere performed, based on the theory of 
exchange narrowing and dipolar broadening presented in Chapter 2. The

equations (24) and (25) from Section 2.4.2. „ere combined together to yield 
the following formula, which gives the half width of the exchange narrowed 
line ( Aui) in terms of the "dipolar broadened" half width ( „ ) (the square 
root of the second moment), and the exchange interaction energy (J), both of
which are functions of the separation of the paramagnetic centres:

A a) (observed) =
(calculated)

j/ti

This formula was used to obtain an "order of magnitude" estimation of J 

corresponding to the dry CP2+ paste. Ihe experimentaliy observed linewidth 
of 0.5 ml corresponded, in terms of angular frequency, to a value approx

imately equal to 4.4 x W ?  s'1. The molecular separation was net known 

exactly but it was estimated that in a closely pacxed aggregate with the 

molecules stacked on top of one another, this couid be in the range between
0.J4 and 0.5 n m. The calculated "dipolar" half widths ( m ) for these 

separations (using Bquation (22) from Section 2.4.2.) were equal to 73.7 and 
23.2 mT respectively, so that the exchange interactions required to overcome 

these large dipolar effects were equal to 6.3 x 10”^ eV (approximately lo ’ 22 J)
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and 6.9 x lcf5 eV (approximately lcf23 ,) . from the a„ove for]jula_ ^  

contribution of the hyperfine splitting to the second moment of the line- 

shape has been neglected, as being very small compared to that of the dipolar 

effect.
The first figure calculated above corresponds, in terms of temperature, 

to approximately 7.Z K, so that close to 9.2 K one would have expected to 

detect a phase transition (the sample becoming ferromagnetic) (fief. 9.).
Such a transition, which was not detected experimentally, would have resulted 
in a large broadening of the lineshape (due to the internal magnetic fields), 
similar to the effect observed in the case of the DPFH radical (iief. 5 )
The second figure quoted above is in agreement with the observed behaviour 
of the sample and its magnitude compares favourably with values obtained from 

other systems (Kefs. 6, 8.). Thus, the results of this calculation provides 
not only an upper limit for the value of the exchange interaction energy 
(10*23 J) but also a lower limit for the separation of the CPZ+ molecules 
(approximately 5 *). However, these calculations should be regarded only 

as approximative, in view of the crudeness of the assumptions, e.g. the 

simple cubic lattice approximation.
As the exchange interaction depends on the overlap of the wavefunctions, 

one expects its magnitude to diminish very quickly with the increased sep

aration of the paramagnetic centres, so that the linewidth is determined 

only by the dipolar interaction at the iaager separations. Exchange effects 

do not occur in the DNA/CPZ case, as demonstrated by the Gaussian character 

of the lineshapes and by the anisotropy of the spectra. it is interesting 

to show that the measured linewidth of these spectra (approximately O.87 mT) 
can be accounted for by a dipolar broadening effect corresponding to a 
lattice constant of 1.38 n m, value which compares favourably (as an average) 

with the separation of about 4 n m of the radicals along the helix and the 

close lateral packing of the helices. On the other hand the Poly 1. Poly G/
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OPZ+ system described above dispUys all the characteristics of exchange 
narrowing and on the basis of the calculations above one expects for this 

system a close passing of the radical molecules, with a molecular separation 
comparable to that in the dry CP2+ paste.

If the C?z+ radicals were distributed uniformly along the 
Poly I . Poly G molecules, then at the concentrations used, the separation 
between neighbouring ions would be too large (especially in the P/D - 6 
case, where it would be around 2.2 n m) for any exchange interaction to occur. 
One would then expect a similar type of spectrum to that observed for the 
equivalent DNA preparations. The narrow line, therefore, leads to the 
postulate that the CFZ+ binds to the Poly I . Poly c in clusters giving rise 

to the exchange narrowed lines. F*om the observation that a 6 fold decrease 
of the radical concentration resulted in a limiting spectrum similar to that 
of a DNA-CPZ gel (where exchange narrowing does not occur) it is inferred 
that the number of radical molecules in a cluster is equal to about six.

There does not seem to be any evidence to suggest a preferred orient
ation of the CPZ+ molecules or clusters relative to the fibre axis, either 

from the fibre ESR spectra or from the measured dichroic ratios, which were 

close to one in all the cases.
X-ray diffraction and birefringence measurements which were carried 

out in the same time showed that the degree of orientation of the RNA in 

these fibres was worse when compared to that in the regular double stranded 

Poly I . Poly G fibres (see Fig. 8.6.), but the basic helical structure seems 
to have been preserved. One noticeable feature of the XRD pattern from 

Fig. 8.6b is the build-up of the intensity in the centre of the pattern, 
particularly the intensity of the first layer line (which has the appearance 
of a streak), being stronger than that of the others, contrary to the pattern 

observed with the other nucleic acids. According to the helical X-ray 

diffraction theory (Ref. 7.) the odd-numbered layer lines could only be 

expected to be stronger than the even-numbered ones if the set of dyad axes
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(perpendicular to the helical axis), which relate the two strands in all the 
double-stranded nucleic acids were lost. Such a situation could result 
either from the separation of the two strands or from the filling of the 
deep groove with drug molecules so that the double helix acquires the appear
ance of a single helix, and both these structures could well occur in this 
particular complex.

The formation of remar ¡ably stable clusters along the Poly I . Poly C 
in the "looped" conformation is particularly interesting, especially as the 
complexes with the DNA and with the regular double stranded Poly I . Poly G 
behave in quite different manners.

7.1.3. Regular Double Helical Poly r . p0iv g.
The binding of the 0 K + to the “regular” double heiical Poly I . Poiy c 

(see Section 7.1.1.) can be deduced from the change in the colour of the 
solution. This change, which has accompnaied the binding of the CP2+ 

to all the nucleic acid species mentioned up to now (Sections 6.2.2. and 

?.1.2.) is taken as an indication that a favourable interaction, that allowed 
for a close contact of the chromophores, took place between the CP2+ and the 
nucleic acids in question.

However, considering the stabilization of the colour of the radical m  

solution and gel. a different pattern is encountered with the "looped" 

structure, although, like in that case, a P/d dependence, with a distinct 
behaviour at low and high P/D ratios is observed, whiie red coloured gels 

can be obtained in the case of large P/d ratios (greater than about 6), 
completely transparent gels are obtained from small p/p ratios. m i s  

behaviour associates the increase in the concentration of the drug with the 
accelerated decay of the radicals and infers that the decay consisted in a 

a reaction between the radicals themselves, probably of the "dismutation” 
type, as mentioned in Section 6.1.2. It is possible, in view of the noticed
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tendency of this drug to for* aggregates (section 7.1.1.), that aggregation 
(or dimerization) of CPZ+ along the regular Poly I . Poly q chaln does 0Mur

at 10» P/B ratios, hut the particular configuration of these aggregates, as 
imposed by the drug-polynucleotide interactions and by the conformation of 
the polynucleotide chain, is so that the decay reaction is favoured.

Hhen making fibres from the red coloured gels of high P/D ratios it 
was realised that the colour faded quickly as the gel dried, so that one 
ended up with fibres that were almost transparent. Ihe extremely email 
radical concentration in these fibres made it impossible to record any e ;h 

signal from them. However, the wean intensity of the colour was just 
suitable for optical dichroisa measurements and the results obtained by 
taking advantage of this fact are presented in Chapter 8

The decay of the CPZ+ radicals bound on to the regular Poly 1 . Poly c 
observed upon drying the fibres (and hence upon the helices packing closer 
together) is on interesting property of this complex, that provides more 

information about the binding forces. A possible emanation is that the 

radical molecules are determined, as a resuit of the packing of the helices, 

to break their interactions with the exterior of the heilx and are pushed 

towards the interior of the helical groove, where they are free to move along 
the groove and have the chance to mutually interact and decay. This hypo

thesis is consistent with the optical dichroism results (presented in Chapter 
8) and also with the finding that the intermolecular separation of the 
helices, as measured from the X-ray diffraction pattern from Fig. 3.6a was 

the same as in the specimen without drug (at the same relative humidity).

7.1.4. Final Remarks on Poly I , poly q .

The main findings connected with the Poly I . Poly C/CPZ+ complexes 

were collected in a schematic form in the table from p w  o
Some of the

conclusions, that have already been presented in the above sections, were
also entered in the table. Reference to this table win

be roade With the
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occasion of the general discussion that will follow in Chapter 9.
Ifce only difference between the a w  two Poly I . Poly c preparations 

that can be invoked to account for the different results obtained, is the 

conformation of the polynucleotides. It was shown in Section 7.1. that the 
so-called "looped" Poly I . Po!y a was suspected to contain single stranded 
bulges, because chance was given in the initial stage of U s  preparation 
to the two strands to come apart.

The evidence suggests that the -looped- structure favoured the formation 
of clusters of radicals, which displayed the property of exchange narrowing. 
The formation, in a very reproducible manner, of -exchange narrowing" clusters 
along the "looped- Poly I . Poly c is interesting, especially in view of the 
remarkable stabilisation of the radical in these complexes, which might be 
of interest in practice. It is possible that the clustering is made 

possible by a definite steric feature existent in the -looped- conformation 
and/or by the possibility of the radicals to bind to particular chemical

groups of the Poly I or Poly a that now became exposed in the single stranded 
regions.

In order to investigate these possibilities, it was decided to study
•J»

the interaction of the GPZ with the natural transfer RNA, which has a 

"looped" structure itself (see below) as well as with the single stranded 

Poly I and Poly G species.

7.2v_JTransferjm and Single Stranded PolynucW.™»»
Transfer fflA.iW / 0 .- The transfer SNA-s are the molecules which transport
the specific amino acids to the ribosome, which is the site of the protein 
synthesis in the cell.

The tfflA molecules are folded up in a branched structure, known as the
-clover leaf pattern- (tar. 3-, , « 3), consisting of double stranded regions
and single stranded loops. The molecular weight of the known tBIA species
is relatively small (about 30,000) and the base sequence apart f ̂  ̂̂ irom soiUQ
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regularities, depends on the tBNA species concerned.

The material used in the present investigation was the tHNA fraction 
from yeast. It was obtained from Sigma Chemicals Co. (Type III) and it

»as used without further purification. Solutions of a weak yellow oolour
were readily obtained by dissolving the material in aqueous MaCl solutions 
(o.o5 ii).

No change in the position of the visible absorption band of the radical 
was detected upon mixing CP2+ and tBNA solutions, suggesting that the inter
actions between the two species were not particularly strong. The radical 
was weakly stabilised upon mixing, if the p/d  ratios were small, but the 

oolour faded almost instantly if large P/D ratios were prepared. The pref
erential stabilization of the radical by the tSKA at small p/d  ratios 

ressembled the behaviour of the »looped” Poly I . Poly c, rather than that of
the "regular” species.

It was impossible to obtain the sedimentation of a gel by ultracentri
fugation, tecause the molecular weight was too small. At the same time, 

the membrane filtration method (Section 6.2.1.) couldn't be used successfully
either, because the chemical decay of the radical molecules was much faster 
than the rate of filtration.

weak 1SB signals could be obtained from sdutions of P/D less than about 

^  The signals ressembled the unresolved isotropic hyperfine spectra cf the 
DHA/CPZ+ solutions (rig. 6.13.). The linewidths of 1.7 - 2 mT (measured 
with some uncertainty due to the small signal to noise ratio) fell m  bet„een 

the values obtained in the case of the DHA and of the »exchange narrowing” 
complex formed with the Poly I . Poly C.

In conclusion, the interaction of CPZ+ with the tRNA is weak, as seen
from the poor stabilisation of the colour of the radical and the lack of

colour change upon mixing the two species. However, similarities of the
behaviour of tRNA with that of the "looped" Poly r n uj r . roiy a have been noted,
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particularly the distinct behaviour at low and high P/d  ratios and the
linewidths of the ESR signals being smaller than that in the DNA case.

It is thus possible that CPZ+ follows the seune basic pattern of binding
(see the table from Fig. 9.1.) to both these polynucleotide species (tRNA 
and "looped" Poly I . Poly C).

â s p ^ . r ^ r .isasj^. ae single atranded m t a u c l e o l l t e  

Poly I and Poly a were obtained from Sigma Chemicals Co. The two species 
have been characterised (Hef. 1, 2.). Particularly it has been noted that 

Poly C becomes protonated at low pH values (about 4 - 5) and can form double 
stranded associations. A self association of Poly 1 also occurs under high 
ionic strength conditions (l M NaGl).

complexes of Poly C and Poly I with CPZ+ were made as described above, 
but the colour of the radical, for all the P/D ratios, faded rapidly (in 

fact more rapdily than in the case of the aqueous pure CPZ+ solutions), and

completely transparent gels were obtained. A similar behaviour was observed 
using Poly A.

Ibis behaviour shows (with reference to Section 7.1.4.) that the affinity 
of CPZ+ to particular chemical groups in the single stranded polynucleotides 
cannot be made responsible for the stability of the complex obtained between 
CPZ+ and the Poly X . Poly c in the "looped" conformation. One is led to 

the general conclusion that a well defined double stranded structure (not 
necessarily a regular double helix) is required for the binding and the 

stabilisation of the radical oh to the nucleic acids. a le topic, together 

with the possible biological significance of the above results will be 
discussed in Chapter 9*
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CHAPTER 8.
OFTICAT, PROPERTIES OP THE NUCLEIC ACID - EHLORPROMAzranp 

8.1. Introduction.

This chapter descrlhee the optical properties, birefringence and ilnear 
dichroism of the nucleic acid - chlorproaasine+ fibres. the value of the 

optical measurements lies in the fact that they can confirm the existence 
of a preferred orientation of the drug molecules in the fibre and provide 

independent measurements of the degree of order in the fibre (reference to 
this method has been already made in Chapter 6.),

The investigation of the optical properties »as carried out using 
techniques and equipment developed by H. Porumb (Kef. 1.). It ^  po„ lble

to present the theoretical results in a quantitative »ay by performing 

computer simulations of the birefringence and dichroism, by using an extension 
of the FIBRE computer program. (The task »as divided betveen a number of 
subroutines, not included in the Appendix.)

The theoretical section is foll„»ed by a presentation of the experimental 
results obtained vith three different kinds of nucleic acid - CPZ+ fibres,
DBA, regular double stranded SNA (Poly I . p0iy 0), and the rarely securing 
form of "stretched- DNA (Ref. 2.). The evidence provides support for the 

approximate perpendicularity of the CPZ+ molecule to the UNA helical axis
but suggests that CPZ+ adopts external modes of binding to both the UIA and
the double stranded RNA.

8.2. Theoretlcal_Slmulatlons of the Fibre Plchroism and »lrefrlo^o.
8.2.1. The Dichroism.

The absorption of plane polarised light by a chronophers (drug molecule) 

is proportional to the square of the cosine of the angle bet»een the direction 

of polarisation of the light and the relevant electronic transition moment
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(Ref. 3.). The same fibre model which was developed in connection with 
the interpretation of the ESR results (chapter 6) was adopted, i.e. the 

drug molecules were considered to be bound rigidly on to the nucleic acid 

molecules, which were assumed to have a Gaussian distribution of orientations
about the fibre axis. The computations were carried out using the FIBRE 
computer program described in Chapter j>. The algorithm operated cylin

drical averaging routines at the level of both the fibre and the nucleic acid
helix, in which the individual contributions of each molecule to the absorp
tions of light polarized perpendicular and parallel to the fibre axis were 

accumulated separately, by talcing into account the weight of each orient

ation (see Section 5.3»)• Th© two results were divided into one another to 
yield the dichroic ratio D.

Fig- 8.1. represents the calculated dichroic ratios for drug molecules 

bound in fibres of various Gaussian half-widths, against the degree of tilt 
of the drug molecule, relative to the nucleic acid helical axis. The tilt 

is the angle between the normal to the plane of the drug and the helix axis. 
The absorption is considered to be due to an electric transition moment with 

the coordinates (l, 0, 0) in the molecular frame (Section 5*3*)* which is so 
that the angle between the helical axis and the transition moment is the 

complement of the angle of "tilt”. The curve from Fig. 3.1. referring to 
a perfectly oriented fibre, reproduces the features of the theoretical 

calculations performed by Fraser (Ref. 3.). It should be noted that as 

the orientation of the electric transition moment in the chromophore deviates 

from the above one, the crossover point moves towards 90° of tilt, after which 
the curves do not intersect the D - 1 line and the reversal of the dichroism 
will not occur.

Except for a few cases, the exact orientation of the electric transition 
dipole in the chromophore is not known. In the case of planar or approx
imately planar it electron systems, such as Proflavine (Refs. 4., 5.),
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Ethidium Bromide (Bef.6.) or Ihenothiasine (Sef. 7 .). the Yislble absorp_
tion lands were shown to correspond to strongly allowed n . E * transitions

Kith the transition dipoles lying in the general plane of the chromojhores
In symmetrical molecules which have mirror planes, the transition dipole
is expected to he parallel or perpendicular to the mirror plane. Tor

example, calculations have shorn that in the case o f the symmetric Proflavine
chromophore (Pig. 9.30, the transition is along the long axis of the tri- 
cyclic system (nefs. 4 ., 5 .).

To compute the dichroic ratio in casea (such as CPZ+) for which the 
orientation of the transition dipole in the molecule is not known, it was 
decided to consider the absorption of the light being isotropic, in the plane 
of the chromophore. It turned out (see below) that this was aieasonable
approximation, especially for small angles of tilt (the molecules approx
imately perpendicular to the helical axis), when the dichroic ratios are 
determined primarily by the degree of ordering of the helices in the fibre, 
and are not sensitive to the particular orientation of the transition dipole 
in the chromophore.

The fibre dichroism simulation based on this assumption is shown in 
Pig. 8.2. The crossover point occurs on the D - 1 U n a at y ?  of t m

(This corresponds, in the first model above, to some -intermediate” orient
ation of the transition dipole), and D varies between 0.5 and infinity. ft. 
vertical axis is intercepted at the same values as in Pig. 8.1., which means 
that for small angles of tilt (less than about 7-5° for a misalignment para
meter of 15°, or about 2 5° for a misalignment parameter of ho0) both models 
would be applicable, with the same results. (These figures correspond to 
the angle of tilt for which there is 10* discrepancy between the dichroic 
ratios calculated on the basis of the two models from Pigs. 8.1. and 8.2)
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8.2.2. Birefringence.

birefringence of a ion* object(e.g. a nucleic acid molecule or
fibre) is defined as the difference between the refractive indices for light
polarised parallel (n, () and perpendicular (n ) to the long axis of the 
objecti

- “ ■ a , r ai

m  the case of the nucleic acids, the birefringence has two terms 

(Refs. 8.. 9.). 1) the -intrinsic birefringence-, arising from the anise 
tropy of the polarizabilities of all the bonds in the system, 2) the -form 

birefringence-, arising from the pacing of the long heUces i n  the fibre.

The contribution of a bond to the polarizability of a molecule in a
particular direction is proportional (Refs. 1 0 3 1 W «  * * 2 ?' xx.; to b L cos + b sin n ,
where „ is the angle of the bond with the given direction and b and b are 
the polarizabilities along and perpendicular to the bond.

Tsvetkov (Ref. 9.) showed that the teses of the nucleic acids are highly 
anisotropic with the maximum polarizability in the plane of the base, while 

the sugar and the phosphate groups are practically isotropic and contribute 

little to the birefringence. m  the theoretical simulation of the intrinsic 
birefringence (which involved the same averaging routines as above) it was 
assumed that the polarizability was isotropic in the plane of the bases.

The calculations showed that the results are dependent only on the difference 

of the -in plane” and -normal to the plane- polarizabilities and not on the 
actual values assumed. These results, normalized for convenience, for 

a maximum negative birefringence of 0.1, are presented in Fig. 3.3.
The form birefringence is always positive and it would arise even if 

the helices were isotropic. (Its origin is in the alternaW of regions 
of different refractive index, in this particular case of the helices and 
the intermolecular spaces, filled by solvent.) its magnitude, although 
not at all negligible (Ref. 8.) is certainly sralier than the intrinsic term
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or otherwise one oould not account for the negative birefringence of the 
nucleic acids. In one particular system (aef. 9 .) it ^  estimated to 

represent about half (in fact jt*> of the magnitude of the intrinsic tern.
The form term was computed by assuming that the fibre consisted of 

bunches of helloes distributed in a Gaussian fashion about the fibre amis.
The value of the form birefringence of a bunch was taken to represent a 

specified fraction of the intrinsic birefringence of a perfectly aligned 

fibre with sere tilt. A bunch is analogous to a -bond- oriented along the 

bunch axis, because its polarizability (refractive index) is maximum along 
this direction. Based on this analogy the calculation of the form term 
became equivalent to that of the intrinsic term.

It can be seen in P ig . 8.4. that the introduction of the form term, 
which is sensitive to the misalignment of the fibre but is independent of 

the base tilt, resulted in the displacement of the crossover point towards 
lower angles of tilt. For example, choosing the form term to represent 

arbitrarily of the magnitude of the maximum negative intrinsic term, 

the theory predicts that ths birefringence of a fibre should change sign  

for 32° of base tilt. This angle is close to the 30° recently predicted 
in connection with the conformation of the -stretched” WA. the birefringence 
of which is close to zero (Ref. 12.). it can be seen that the plots ft».

Fig. 8.4. (normalized to a maximum negative birefringence of 0.1, which is 
close to the maximum value one recorded experimentally) also provide a 

reasonable fit for the experimental values obtained from a variety of fibres 
at the room relative humidity (see next sections),

As regards the sweUing of the fibres upon the water uptake at high 

relative humidities, it is considered that its effect is to decrease both
terms of the birefringence in proportion to the dilution A .448 wen  as to change
the relative contribution of the form term in accordance to the classical 

formula derived by Weiner for a collection of oriented rods (Ref. 13.).
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The contribution of the drug molecules to the fibre birefringence «as 
not considered explicitly, but it is thought that, by analogy with the 

nucleic acid bases, they would have a high polarizability in the plane of 
their chroraphores, which should produce detectable effects at low p/D ratios 
Both the above two effects have been demonstrated experimentally (Ref. l.).

8.3. Experimental Methods and Results.
8.3.1. Methods.

Nucleic acid-drug complexes of initial P/d  ratios about 12 were obtained 
from calf thymus DNA and double stranded RNA (Poly I . Poly C) as described 

in Chapters 6 and 7. The gels contained approximately 2 %  and 18$ respect
ively of the original CPZ+. Well oriented fibres were obtained, which were

sufficiently transparent (especially the RNA ones) to permit the measurement 
of the optical properties.

Hie birefringence of the fibres was measured in white light by using a 

Berech compensator (Ref. 1*k ). 1110 ¿ichroic ratios in the visible absorp
tion hand of the drug, D (*jj), were measured with a microspectrophotoraeter 

(Ref !•)» which permitted recording the absorption spectra with the incident 
light polarized parallel and perpendicular to the fibre axis. The absorp

tion spectra were corrected for the effect of light scattering by the specimen, 

by reference to the regions in which -the drug does not absorb, as suggested 
by Fraser (Ref. 3-), hut a tilted baseline (higher at lower wavelengths) 

was used. This was similar to the absorption spectrum obtained from the 

nucleic acid alone. The effect of considering a shifted and inclined base

line rather than a horizontal one, represented an increase of about 30$
(for both the DMA and the RNA) in the dichroic ratios, but this had the 

advantage of yielding a constant D value over a wider range of the absorption
band.
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q.3.2. Results.
The measured dichroic ratios of the batch of DNA/CPZ+ fibres were in 

the region of 4 t 1. These values are relatively high when compared to 
those obtained with "intercalating" drugs which bind strictly perpendicular 
to the helix axis, such as AcLriamycin and Daunomycin (D - 3 - 6) (Ref. 1.), 
or Proflavine (Ref. 16.). The negative birefringence of the same fibres 

at the room relative himidity (50$) ranged from 0.05 "to 0.1 (average 0.06), 
occasionally higher than that of the DNA in the same conditions (0.06).

One of the DNA/CPZ+ fibres presented a long, thinner region, correspond

ing to the "stretched" DNA form (Ref. 2.),in which the bases are thought to 
he tilted by a larger angle than in any other known forms of the nucleic 
acids. The dichroism in this region was reversed relative to the normal 

region (D = 0.6^) and the birefringence was close to 0 (in fact it became 

positive at 0.005). The "stretched" region returned to "normal" upon the 
exposure of the fibre to a higher relative humidity during 3 days X-ray 
diffraction run. The birefringence became negative (at -0.07) like the 

rest of the fibre but it was impossible to measure the dichroic ratio because 

the drug bleached in the intervening period.
The dichroic ratios of the RNA.CPZ+ fibres were relatively high, at 

about 2 - Z A  and these values were similar to those obtained from the 

"intercalating" drugs Adriamycin and Daunomycin bound on to the RNA. The 

measured negative birefringence ranged between 0.053 and 0.073 (average 

0.06).

A U. Interpretation of the Results. 

r .U.1. DNA/CPZ+ Fibres.
The dichroic ratios in the three cases above were significantly different 

from one (the value expected for complete disorder), showing that there was 

a considerable degree of orientation of the drug molecules in the fibres
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in all cases. In fact the properties of the DNA/CP2+ fibres were comparable 
to those obtained with the "intercalating- drugs. This comparison can be 
taken as a further evidence for the preferential orientation of the CPZ+ 
with its plane perpendicular to the DNA helical axis, as suggested by the 
ESfl results (Chapter 6).

The quantitative analysis of the dichroism results shows that the limits 
within which this perpendicularity has been demonstrated are the same as 
those obtained from the simulation of the JESR spectra. Indeed, the measured 

dichroic ratios (4 ± l) correspond, with reference to Fig. 8.2., to Gaussian 
misalignment parameters of about 23 ± 4°, 1$ ± f  and about 0° if the assumed 
tilt angles of the drug molecule relative to the helical axis were 0°, 20° 
and 30 respectively. The third case, predicting a perfectly aligned fibre, 

can be ruled out as it disagrees with the X-ray diffraction patterns (Fig.
8.5-)* which show the existence of a considerable degree of misalignment.

This clearly excludes the possibility of the CFZ+ being bound along the 
groove of the DNA helix (e.g. along one of the phosphate chains),because 
this would impose a tilt angle equal or greater than the angle of ascent 
(30°) of the DNA helix (see also next section).

On the other hand, the misalignment angle predicted in the first case 
is in very good agreement with the value obtained from the simulation of the 

ESR spectra (27°), on the basis of the same binding model. Like in that 

case, the measured dichroic ratio reflects the total misorientation, which 

could be considered to arise from the convolution of the misalignment of the 
helices with a scatter in the angle at which the drugs bind to the helix 

The birefringence value itself corresponded to a misalignment parameter of 
the B—DNA helices of 23 (although this value is dependent upon the rather 
arbitrary normalization of the theoretical plots from Fig. 8.4.).

The second case, which is still acceptable, shows that the results can 

be accounted for if there was a finite tilt of about 20° of the drug molecules
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and it is thought that such changes in tilt might well occur with changes 

in the DNA conformation upon hydration, without being detectable. It will 
be remembered that neither the ESR nor the optical investigation showed 
noticeable variations with the relative humidity but some X-ray diffraction 
patterns of the P/d  12 batch at low relative humidities (close to the room 
conditions) revealed the coexistence of both the A and B conformation of 
DNA (Fig. 8.5.).

In conclusion, the dichroism results confirmed the findings of the ESR 
investigations The preferred orientation of the drug molecule relative to 
the helix axis with a tilt angle in the range 0 - 20° and the possibility 
of a scatter in the binding angle making a small contribution to the total 
misorientation. It is not possible to decide firmly on the basis of these 

results whether the binding of CPZ* to DNA is "externally" or by "intercal
ation" , but one is inclined to believe that an external mode of binding would 
fit better the behaviour inferred from the above results as well as those 

of the ESR investigation. Particularly such a mode of binding would allow 

for departures from the rigorous perpendicularity of the drug molecule to 
the helical axis and in this way it would allow for the binding of CPZ+ 

to both the B and A forms of the DNA. Such a situation would not require 

alterations of the classical ideas on intercalation (see below) and would 

also provide a simple explanation (see below) for the orientational trans

ition that takes place in the DNA upon "stretching".

8.4.2. RNA and "Stretched" DNA Fibres.
The results which are to be discussed in this section are interesting 

both for the binding of GPZ on to these species and also in relation to the 
general aspects of drug binding to nucleic acids. Particularly, the results 

confirm that CPZ+ as well as the "intercalating" drugs bind to the RNA, and
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show that they adopt an ordered distribution inside the fibre, facts little 
emphasised in the literature.

It will be remembered, however, that the intercalation is thought to be 
possible only in the B  form of the DNA (Ref. 15, 16.) and not the A form 
or the similar two forms (with tilted bases) of the Poly I . Poly C (Ref. 17.).

The X-ray diffraction patterns of the Poly I  . Poly c/c p z+  fibres 
(Fig. 8.6) show that the RNA assumed the 12 fold helix conformation (Ref. 17.), 
characterised by a tilt of the bases of about 12° measured between the normal 
to the base and the helical axis (N.B. the authors used a different definition 
of the tilt) and an angle of ascent of the phosphate backbone of about 32°.
The angle of ascent is the angle made by the tangent to the continuous 

helix drawn at the radius of the phosphate groups, with the plane perpen
dicular to the helical axis.

A comparison of the measured dichroic ratios (2 - 2.4 for both the CPZ+ 
and the "intercalating" drugs - Ref. 1.) with the theoretical calculations 
shows that the results cannot be accounted for in terms of the molecule 
being Sandwiched" between the RNA base pairs with a tilt angle of about 12° 
because this would require a too large misalignment (30 - 33°), the exist
ence of which is not supported by the appearance of the X-ray diffraction 

patterns.
On the other hand, the results can easily be accounted for if one assumes 

that the tilt angle was the same as the angle of ascent of the 12—fold helix 
(32°) and the Gaussian parameter was equal to 10 - 20°. (N.B. The biref

ringence value would fit a misalignment parameter of about 20°). it seems 
reasonable to suggest that due to the close packing of the helices the CPZ+ 
and the "intercalating" drugs are determined to fill the grooves of the 

RNA, where theyadopt an angle of tilt equal to the ascent angle of the groove. 

It is possible that the molecules, while exhibiting a weak nonspecific 
attraction towards the negatively charged backbones, are quite free to move
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along the groove of the M A  and this ability to move (and hence to interact 
with each other and with the solvent)could be correlated with the fast 
decay of the CPZ+ radical bound in the RNA fibres.

In the "stretched” DNA fibre, the reversal of the dichroism upon stretch
ing shows that the drug molecules, rather than leaving their binding sites 
and becoming randomly oriented (as one would expect on the basis of the 

intercalation model), remained bound in a regular fashion on to the DNA but 
their orientation relative to the helical axis suffered a dramatic change.
The comparison of the theoretical and experimental results brings out an 
interesting point.

On the one hand, it is predicted that the dichroism should reverse for 

a tilt angle of the molecule greater than 5k0 in the "absorption 

isotropic in the plane” model (which is the more likely), or, in the "single 
transition" model, for a tilt greater than 350 l6\  a dichroic ratio of 

0.6*f implies that the angle of tilt should be considerably higher than the 
smallest of these two figures (perhaps about ?2°). On the other hand, the 
birefringence becomes zero for an angle of tilt of the bases e^ual to about 

32°.
This situation decisively rules out the possibility of the drug mole

cules being stacked on to the nucleic acid bases so that they would move 

together upon stretching, and infers the existence of an external mode of 
binding. An interesting possibility would be the one by which the mole

cules didn't have to leave their original binding sites on the "normal"

DNA during the transition to the "stretched" conformation but just suffered 
a rotation together with the groups on which they were bound (e.g. the 
phosphate groups on the bases), so that the drug molecules, while being 

sensitive to the movement of the bases, undergo a change in their tilt 

angles that is larger than the change of the tilt of the bases themselves.
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8.4.3. Conclusions.

In addition to confirming the ¿SR results on the binding of CPZ+ to 

the DNA, the present investigation showed that the interaction of CPZ+ with 

the three different kinds of nucleic acid can be better understood in terms 

of an external mode of binding on to the nucleic acids, as opposed to inter

calation. One cannot exclude the possibility that the binding involves 

the same basic interactions in all the three cases (such as electrostatic 

attraction to the phosphate chains), possibly supplemented by other stabil

izing forces (hydrogen bonding, hyprophobic effect), the balance of which 

would determine in each case the preferential orientation of the drug, (and, 

indirectly, the chemical stability of the radical).
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CHAPTER 9 . 

CONCLUSIONS.

Ia this chapter the affinity and specificity of the radical cation 
of CPZ in relation to DNA and the possible biological implications of 
these studies is discussed.

The chapter is continued with a discussion of related pieces of work 
performed with other drugs. The limitations of the method developed are 

pointed out, and improvements, both on the instrumentational and experimental 
side, are suggested. Possible extensions of the ESR work with CPZ+, as well 

as with other drugs, will be outlined, together with suggestions for further 
work.

9.1. The interaction Between CPZ+ and the Nucleic Acids.

9.1.1. Discussion of the Behaviour of CPZ+ to Various Nucleic Acid S?e<H*g

and Possible Biological Significant 
The experimental results relevant to this discussion were collected 

together in the table from Fig. 9.1. The observed change of the colour of 
the CPZ+ radical upon its interaction with the DNA (see Section 6.2.2.) as well 

as the stabilization of the colour are consistent with a strong binding of 

CPZ+ to the DNA. The observed independence of the stabilizing effect and 

the invariance of the character of the ESR spectra with the P/D ratio suggest 

that the binding of CPZ+ to DNA takes place in individual fashion, rather than 
in aggregate, at all the p/D ratios. At the same time, the formation of 

complexes of a well defined geometry, as revealed by the orientational study 

performed on fibres (Section 6A.), implies that the binding is specific, i.e.



COMPARISON 
OF 

THE 
AFFINITY 

AND 
SPECIFICITY 

OF 
CPZ^ 

TO 
VARIOUS 

NUCLEIC 
ACID 

SPECIES

•° ,
(0 o* r
H* *O h.

©M
2Orn
(0-I50X
Zo
PI
o.

HI7)Z
3)

XOr•<
XOr•<
o

o0
c
r  2n ©1 Én r
r  J
H 7)01
r

XO
r•<

XO
r■<
o

r
oo•0
pio

O
z
3)

2O

z
o

0
X
rx
H1 -< 3 
C ©

z
o

z
o

z
o

en
XX
r■<

•< ; •<n ! n© i »
•<
n©

X0»
XO
o<n

-<nto
o
z
X

rmtoto
H
I
X
Z

•<
PI0)

T Y P E  O F  N U C L E I C  
A C I D  O R  P O L Y -  
N U C L E O I D E

D O E S  T H E  C O L O U R  
O F  T H E  S O L U T I O N  
C H A N G E  U P O N  
M I X I N G  _____

z
o 2t’ w

(0n-4-4n»
-4
X3Z

•<
PI(0

I
i

•<
1 n  ©
i

n
£

r
3)

~  7)
vi O
<j) m

D
\

D

I
S
 

C
O
L
O
U
R
 

I
N
 

S
O
L
U
T
I
C

X CO Z  CO
P z H

! 3  .<
~  3) 
~  r

3) 3) 
Z  00

n o) r O  «
© r

3) G) M
1 \ n  n
Î □ r  n
i L--- —.... .— — °

O -4 
w  X to n x

tlMP088IBLE 
TO OBTAIN 

GEL8)
Z
o

•<no
-<n©

I S  C O L O U R  
I P R E S E R V E D  U P O N  
I D R Y I N G  T H E  F I B R E

NO EXCHANGE 
NARROWING 
IN SOLUTION.

-TOO WEAK 1 TOR E3R. -SOME ORI 
ENTATION BY OICHR.

EXCHANGE
NARROWING
AGGREGATES

O«0PI oO «oM 3)z r
3) HXe cPI C0rr
opiXM
3o

X)PI
êHiX)n
*4 I o n oz■’io»33)-4« roz

z0 ItoHiz□Mz
e
H1n
©
H izo
H iz0)
3)zu
HXin
X7)OHnoH
H ioz
oX

X)ntocrHto

IB PI 4O X Xc o n  n■o »■4 I»

o7)
H

PI
Z-4n
o

T Y P E  O F  C O M L E X  
D E D U C E D  B Y  E S R

0) o o H 2n o
œ c •4 n xto nH> XoX 3)zCD PI

N3)HMOz
ox
HXn
ooroc7)

z3)X)X)oe
HIzo
COc-4

X)3)□
H IO Xr ©
3) z o
HXn
3)0)G>X)n o3)H PI to n

■o3) H Hnto 50 M 7.zO 3)
H i (Ùz o HIro pi

Xor-t
o

HO
3C-4C3>r
onoX•<
Ox
HXn
503)OMo3)rto

I I x e o PI o X X) xn
q  to 3)-4nto

zo
H izOXo to 3) (0 (0

IDr-<
xoX)3PIO
3)-4
roe r3) » X ©\  n o' X)r \  n o3) •o
H iz©

oo
oXI33)H
H IOz

EIHOX
-4Xn
X)3)
o
H ioXr«
3)50PI
©■47)Oz©r-<

I
xo50
H ©

I©
H iz
o

zo
H iz©

z
©

31 3) © © ©XI H!PI z © □ X M -i <n m w o c

n«cr

x 
o © X)n50 ©
xH PI ©

I
©-450Oz©©X  3PI ©

XrroEno
©•<
■4Xn
roo•0no

xr
©

xH
rxX©n
•ovo

z
©-4X©

I N ■ X H
H ioz
0 x
-41 PI
XXo
H ioXi r

XX-4H
PIX
z
ox
zo
H iz©
XH
X
r
r
x
\o•zo
X
©©7)n©xHn

zo
0cXr
XX©1
H Ioz

OOZorcCOMozCO



134.

it probably involves the simultaneous formation of more than one chemical 
link.

In comparison, the RNA species display distinct behaviours at low and 
high P/D ratios (see Fig. 9-1.), which are consistent with the formation of 
drug aggregates under the low P/JD (high drug concentration) conditions. The 

affinity of the drug molecules to each other is in that case greater than the 
affinity of the individual drug molecules to the nucleic acids. The tend

ency of the drugs with extended chromophores to form aggregates in concentrated 
solutions is well documented: it is manifested by the planar acridines (Ref, 

1., p 429) and- it has also been shown to occur in the case of the chlorprom
azine analogues Thionine and Toluidine, both of which are "bent" tricyclic 

structures containing nitrogen and sulphur atoms in the central ring (Ref. 2.).

The experimental results show that the effects (such as the stabilization 
of the radical) resulting from the formation of aggregates along the various 
types of RNA molecules are different in each case, probably depending on the 
particular geometry of the aggregate ; geometry which would be determined in 

turn by the local interactions and the conformation of the binding site on 

the nucleic acid molecule. In this context it is necessary to understand 

the physical basis of the observed stabilization or destabilization of the 

radicals upon their binding to the nucleic acids. From the data available, 

it appears that the decay of the radical species involves a chemical reaction 

between two radical molecules or possibly a reaction involving water, or 

both (see Chapter 6.). Thus if the stereochemistry of the binding of the 

drug is such that the chemical groups involved in these reactions are 
protected from water or from contact with other molecules, the binding would 

result in the stabilization of the radical. This seems to be the case with 

the CPZ+-DNA interaction. The opposite holds for the destabilization effect, 
in which case the nucleic acid can act as a catalyst, enhancing the rate of 

decay. This seems to be the situation in the case of the low P/D complexes 

of CPZ+ with the regular double stranded Poly I . Poly C.
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A particularly stable complex was formed between CPZ+ and the partially 

denatured ("looped") Poly I . Poly G. The ESR investigation of these 
complexes (see Chapter 7) demonstrated that they consisted of clusters of 
about six radical molecules. The unpaired spins of these radicals interacted 
in such a way as to produce exchange narrowed ESR signals, similar to the 

signals obtained from dry pastes of pure CPZ+ . The colour and the strength 
of the ESR signals of these pastes were also persistent. It is insuffic
iently clear which particular feature of the "looped” structure of the nucleic 
acid was responsible for the formation of the CPZ+ clusters. It is, however, 
significant that "exchange narrowing" complexes were not obtained with reg
ular double stranded Poly I.Poly G (where the low p/D ratios resulted in 

an accelerated decay of the radicals rather than in clustering) nor with 

natural transfer M A  (where the binding of the radicals, both as individuals 
and aggregates, was weaker, as deduced from the fact that the interaction 
produced no detectable colour change).

It is thus apparent that a particular conformation of the binding site 
and possibly a particular base composition is required in order to produce 

the clustering of the drug molecules. The conformational requirement was 
also underlined by the observed inability of CPZ+ to form stable complexes 

with the single stranded polyribonucleotides. It is suggested that more 

information in respect of base specificity should be obtained by repeating 

the experiments with synthetic double stranded polyribonucleotides of a 

different base composition and with natural RNA from other sources. In 

this context it is also suggested that the base specificity of the ENA-GPZ+ 

interaction be investigated using DNA species which are rich in particular 
base compositions. For example, the binding of CFZ+ to Micrococcus Lyso- 

deikticus DNA (72# Guanine and Cytosine) and Clostridium Perfringens (30# 
q  + c) could be studied. (N.B. Calf thymus ENA has 50# G + C content.)

The formation of persistent complexes between CPZ+ and the nucleic
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acids may have a direct significance for the biological function of this 
drug. It will be recalled that the drugs from the class of Phenothiazine 

tranquilizers to which CPZ belongs, have a long, persistent effect after 
administration (Ref. 3.). At the same time, it has been shown (see Chapter 
l) that the biologically active form of these drugs was that of cation 

radical. While it does not seem justified to consider the of cpz+

to the nucleic acids as being the mechanism of action of the drug, it is 
clear that the formation of stable complexes with either the DNA or RNA 

could account for the observed persistence of the drug in the organism. it 
should be noted that the presence of nucleoprotein and enzyme systems com- 
plexed with the nucleic acids in the living cell are likely to create an 

environment rather devoid of water, similar to the environment existent in 

the fibres, which would favour the stability of the cation radicals. It is 
also possible that the binding of these radicals to the nucleic acids is 

responsible for disturbances in the replication of the nucleic acids which 
are detected as side effects (deficient regeneration of the skin)» effects 
which are similar to those caused by other drugs which form complexes with 

the nucleic acids (mentioned in Chapter 4).
In connection with possible extensions of the present work, it should 

be pointed out that the drug Promethazine (see Fig. k.l.) appears to be 

more effective and have a more prolonged action than CPZ. it is suggested 
that the interaction of this drug with the above types of nucleic acids 

should be studied,in order to detect if there is any change in the affinity 

of this drug, compared to that of CPZ+ , to a particular nucleic acid speciesj 

affinity that could be correlated with the superior chemotherapeutic activ
ity of this drug. The radicals Promethazine and the related Promazine 
(Fig. ^.1.)» 'both of which have more symmetrical molecules than CPZ, have 

already been mentioned in Section 6 .3 .5 ., where it was suggested that the 
study of their ESR spectra in solution could lead more easily to an inter

pretation of the isotropic hyperfine structure, than is the case with CPZ. The
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British Pharmaceutical Codex (Bef. 3.) lists a number of insufficiently well 
characterized coloured compounds obtained from Promethazine by treating the 
drug with different acids or bases. It seems possible that some of these 
might be free radicals and it is thus suggested that an extension of the 
ESR solution work to the study of these compounds would be appropriate.

9.1.2. Intercalation vs. External Binding.
The results of the ESR investigation of DNA-CPZ+ fibres demonstrated

•j*the preferred orientation of the CP2 molecule with the general plane of the 

tricyclic system perpendicular to the helical axis, as for intercalation.
The accuracy with which this orientation was established was ±20° in the 

angle of tilt, the uncertainty arising chiefly from the considerable degree 

of misorientation existing inside the fibres. The best orientation was 
achieved with a batch of fibres of P/D ratio 12, and corresponded to a 
Gaussian misalignment parameter of 27° (see Section 6.k.). These parameters 

were confirmed by the quantitative analysis of the optical dichroism results

obtained from the same fibres.
However, from the available data, there is not enough evidence that 

could support the hypothesis of the intercalation of the bent CP2+ Chromo

phore between the basepairs of the USA. In saying so, one has in view the

following facts:
i) CPZ does not cause the unwinding of the supercoiled closed circular 

UNA. 01tracentrifugation studies performed by Waring (Ref. U.) showed that

in the case of the "intercalating” drugs (see chapter 4), the local unwind
ing caused by intercalation propagates and causes the reversal of the super- 

coiling existing in this DNA species, the magnitude of this effect being
proportional to the D/P ratio. Such effects were not observed with chlor

promazine. However, the studies reported were carried out with the native 

CPZ species, so that these results might not be directly relevant to the 

intercalation of the CPZ+ cation radical.
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ii) The pitch of the UNA helix as measured from the separation of the

layer lines from the fibre X-ray diffraction pattern (Fig. 8.5.) does not
oshow the expected 1-3A increase relative to the pitch of a control DNA 

fibre. Neither do the CPZ analogues Toluidine and Thionine (Ref. 2.) cause 
a similar effect. The analogy with these two compounds was included because, 

contrary to the native or oxidised CPZ species, they bind to the DNA with

a high affinity and it was hoped that a detectable effect would be observed.
4.It should be noted that the changes in the helical pitch expected with CPZ 

are at the limit of accuracy of the measurements and it is felt that a 

detailed and careful X-ray diffraction investigation of a larger number of 
DNA-CPZ+ fibres is essential.

While it does not seem justifiable to rule out decisively the hypo- 

thesis of intercalation, the possibility of external binding of CPZ to the 

DNA was also investigated. An experiment with molecular models showed that 
CPZ+ can be fitted externally on to the DNA, so that its general plane wa3 
perpendicular to the helical axis. In the tentative model from Fig. 9.2., 

the molecule is "sitting" on the phosphate backbone with its chromophore 

accommodated in the large DNA groove, oriented approximately perpendicular 

to the helical axis. The structure is stabilized by an electrostatic 

interaction between the protonated terminal dimethyl-amino group of the CPZ 

sidechain and a phosphate group of the backbone. The ring nitrogen (poss

ibly being also positively charged) is close to another phosphate group, 

while the surface of the chromophore forms a hydrophobic contact with the 

apolar core of the DNA helix. An attractive feature of this model is that 

the sulphur atom of the ring (which is the one which acquires an oxygen 

atom upon conversion of the radical to the sulphoxide) is in close contact 

with the core of the helix, so that there wouldn't be room to accommodate 

an extra oxygen atom. This could explain the way DNA stabilizes the 

radical (i.e. by protecting the sulphur position from external attack) as

r 10.9. e t e n t a t i v e m o d e l ro r t h e e x t e r n a l a t t a c h m e n t  or t h e c p z
r a d i c a l  ONTO THE B-ONA. t h e 8TRUOTURE IB STABILIZED BY ELECTROSTATIC 
jNTERACTIONS WITH THE PHOSPHATE BACKBONE AND BY HYOROPHOBIO EFFEOT.
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well as the reason why the sulphoxide has low affinity to the DNA Th« 
conformation + '

tiaa of the CPZ molecule itself was the same as that reported
previously (Eef. 5.). As this investigation »as far fron being exhaustive,
it is possible that other satisfactory models might also exist.

It is considered that the major limitations in the present ESR deter
minations arise from the finite degree of ordering of the specimens. It 
would be clearly of a great advantage if the orientation of CPZ+ relative 

to the helical axis was known with a greater accuracy. it was shown that 

the ordering could be improved if larger P/D (i.e. smaller drug concentrations) 
were used, but in this way one approached the sensitivity limit of the 

apparatus. The enhancement of the sensitivity of the spectrometers (e.g. 

by fitting a solid state phase locked microwave source to the X-band spectro
meter) is suggested as an instrumentational improvement for the future.

92. Other Pieces of Work.

Following the objectives outlined in Section 4.3., it was attempted 
(without being able to complete the work) to apply the methods developed in 

connection to the DNA-CPZ+ interaction to study the interaction between the 
DNA and compounds that are generally assumed to intercalate. Such a study 

is necessary, since although the intercalation is accepted as a possible 
mode of binding, there has been so far no direct proof of its existence.

The evidence was usually indirect, coming from measurements of hydrodynamic 

properties of solutions or measurements of X-ray diffraction patterns, etc.
(Ref. 1., p429). The increase of the helical pitch as measured from X-ray 

diffraction patterns is one of the strongest tests for intercalation, although 
it should be admitted that this is by no means the only binding mechanism 

that could result in the elongation of the DNA helix; an external mode of 
binding could impose the same changes.



l4 o .

It was thought that the quantitative ESR method developed above, 

possibly coupled with optical dichroism measurements, could provide strong 

orientational evidence for or against intercalation.

9.2.1. The Binding of the Phenazine Radical to DNA.

The first radical investigated was 5-Methyl Phenazine*. Its molecule 

(Fig. 9.3-) a tricyclic structure, containing two Nitrogen atoms in the 
central ring. According to the criteria presented in Section 4.1.1., this 

molecule should be planar and could intercalate.

The radical was obtained from Phenazine Methosulphate by reduction with 
Sodium Borohydrate in anaerobic conditions (because the oxygen reverses the 

reaction) (Ref. 6.). All the reagent solutions were deaerated by bubbling 

oxygen-free nitrogen gas -through them. It was found convenient to mix the 
reagents in a syringe, thus protected from contact with the air. Good 
yields of radical were obtained provided the concentrations of the reagents 

were small (approximately 10 M)j higher concentrations resulting in the 

precipitation of the material.
The ESR spectrum of a Phenazine+ solution consisted of seven major 

hyperfine lines (separated by approximately 0.66 mT), each line presenting 

a partially resolved structure consisting of about 13 lines. This spectrum 

was similar to that reported previously (Ref. 6.).
Complexes of Phenazine+ with DNA in 0.05 M NaCl/0.01 M sodium acetate 

buffer (pH 6.0) were made and fibres obtained by the methods already des

cribed. The P/D ratios ranged between 4 and 16. The ESR spectra of INA- 
Phertazine+ solutions and gels consisted of a single, fairly broad line (of 
width 1.62 mT), without resolved hyperfine structure (Fig. 9.^). Xn ^ ^ s  

respect the spectra differ from the solution spectra previously reported 

(Ref. 6.), which showed a resolved seven-line structure, the overall spread 
of which was comparable to that presently observed. It is possible that
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the poor resolution of the experimental spectra was caused by a dipolar 
broadening mechanism (see Section 2.4.2) and can be correlated with the 

precipitation of some of the material, which inevitably occurred upon 
complexing. The observation of ESR signals from more diluted samples was 

beyond the limit of the apparatus.
The X-band and Q-band spectra of the fibres made from these complexes 

also consisted of broad single lines, of width about 2.1 mT (Fig. 9.4.).
The spectra recorded with the magnetic field parallel to the fibre axis 

were slightly more extended, which might imply the existence of some anis
otropy and hence of a preferential orientation of the drug molecules inside 
the fibre. The X-ray diffraction patterns from the same fibres revealed 

a great degree of misalignment.
It is thought that conclusive results on the binding of Phenazine to 

DNA could be obtained by improving the method of making complexes and fibres 
(possibly using lower drug concentrations) and by improving the sensitivity 

of the spectrometer.

9 2.2. Attempt to Synthesise an Intercalating Nitroxlde Probe for the
Nucleic Acids.

An attempt was made to attach a nitroxide group to an "intercalating" 

diamagnetic drug. Such a radical would offer the advantage over the CPZ+ 

and Phenazine+ radicals, of a greater chemical stability.

In particular, attempts have been made to attach the five-membered spin 

label 22-55 Tetramethyl 3 pyrroline 1 oxyl 3 carboxylic acid (Fig. 3*le) 
to Proflavine (Fig. 9.3) using the catalyst Dicyclohexyl Garbodiimide in 
Tetrahydrofuran as solvent (Ref. 7.). Proflavine Hemisulphate (obtained 
from Sigma Chemicals Co.) was converted to Proflavine by treatment with a 
20% NaOH solution. The condensation reaction was expected to result in 

the formation of a rigid peptide link between the two molecules. These
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experiments have so far produced am insufficient yield to be useful in 
practice. However, recent work elsewhere has suggested that a more 

appropriate coupling reagent is - Thionyldiimidazole (Ref. 8.).
This reaction would result in the formation of a freely rotating link, 

so that the radical obtained could be used to produce information on the 
motional freedom associated with the different binding sites. It is 
thought that depending on the conformation of the particular binding site, 

the attachment of this radical to the DNA would either result in a restriction 

of the mobility of the nitroxide group, or it would cause the group to adopt 
a rigid preferred orientation. An orientational ESR study performed on 

fibres, coupled with molecular model building could thus provide information 

about the particular geometry of the binding site. It is suggested that the 

synthesis of the proflavine radical be pursued and once the technique is 
established it should be a relatively simple exercise to synthesize deriv

atives of the dyes Toluidine and Thionine, both which have "bent" molecules. 
The binding of these molecules with a range of nucleic acids should then be 

studied by ESR, using fibres and solutions. It is hoped that such studies, 
complemented by X-ray diffraction and optical measurements could provide 

valuable information in relation to the general aspects of drug binding to 

nucleic acids and in particular to intercalation.
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O O H I A  = 1 3 1 . 3



I F I D E L T A . L T .  5 0 . 0 )  D O H I A =  2 . 5  « D E L T A  
I F ( D E L T A  .ST. 0 . 0 ) D O H I  A = 0 .0 

C C O N V E R S I O N S
G A M M A R =  G AM.M A *PI / 1 8 0 . 0  
T H E T A R  = T H E T A « = I  / 1 8 0 . 0  
P S  I R * P S I « p I / 1 8 0 . 0  
S P 2  = S I N ( P S  I R )
C P 2 = C 0 S ( P S I R )
S T O = S I N ( D A M M A R )
C T O = C O S ( G A N N A S )
ST 2 = S I N ( T H F T  A R )
C T 2 = C 0 S C T H E T A R )
G O T O  39 4  

39 1  C O N T I N U E  
C T H F  P O p D E R  C A S E  ( N 0 = 3 )

D O L O W A = 0 .0 
D O H I A  = 9 0 . 0  
D 0 L 0 W B = 0 .0 
D O R I S  = 1 3 0 . 0

C A X I A L  S T M R F T R Y  N E E D S  N O  B E T A  V A R I A T I O N S  >
I F ( G X . E O . G Y . A N D . A X . F O . A Y  ) D 0 H I B = 0 . 0
G O T O  3 9A 

3 90 C O N T I N U F
C T H E  C A S E  O F  A S I N G L E  C R Y S T A L  (NO =2)

D O L O W A  = A r IX 
D O H I A  = A F I  X 
D O L O R B  = R F I  X 
D O R I B  = B F I X  
G O T O  3 9 4

C T H E  L I M I T S  OF T H E  D O  L O O P S  IN R E A L  D E G R E E S  H A V E  B E E N  SET. 
394 C O N T I N U E
C T H F  I N T E G E R  L I M I T S  A N D  S T E P S  OF T H E  D U  L O O P S  . 

I A l = < n O L O W A « 5 0 0 . 0 ) « 1 0 . 0  
I A 2 = ( D O H I A  « 5 0 0 . 0 ) « 1 0 . 0  
i m = ( D O L O H 3 « 5 0 0 . 0 ) « 1 0 . 0  
I H 2 = ( O O H I  3 ♦ 5 0 0 . 0 ) « 1 0 . 0  
I F l = ( O O L O H F  « 5 0 0 . 0 > « 1 0 . 0  
1 F 2 = ( D 0 H I F  » 5 0 0 . 0  M 1 0 . 0  
IA S T E P =  A S T E P  « 1 0  ♦ 0 . 5  
1 0 S T E P =  B S T E P  « 1 0  « 0 . 5  
I F S T E P =  F S T E P  « 1 0  « 0 . 5  

C I N I T I A T I O N  .
c o u n  r = o .o 
S P  = 0 . 0

C / / / / / / / /  S F T  U P  O R I E N T A T I O N  A L F A  (Tl).
D O  2 0 5  I A L F A = I A 1 , I A 2 , I A S T E P  
A L F A  = F L O A T ! I A L F A ) / 1 0 . 0  - 5 0 0 . 0  
A L F a R= A L F A  « R I / 1 8 0 . 0  
S T l = S ! N ( A L r AR)
C T 1 = C 0 S ( A L F A R )

C T H E  G A U S S I A N  O R O B A R I L I T Y  (PA)
P A = !  . 0
I E O ' O  . N E . 4 .OR. D E L T A  . E l .  0 .0 > G O T O  8 8 8  
A » G =  - ( 4 L F A / D E L T A ) « « 2  / 2 . 0  

C T E R M I N A T E  T H E  L O O 3 Ir T H F  A R G U M E N T  G F T S  T O O  S M A L L .
IF ( a r g  .LT. ( - 2 0 . 0 ) )  liOTJ 2 0 5  
P A  = E X P ( A R G  ) / D E L T A  

3 8 8  C O N T I N U F
P =  A S S ( S I N  ( * L r A R) )

C / / / / / / / /  T H E  h e i g h t  OF T H I S  O R I E N T A T I O N .



!

■ s
H E I G H T  ! ? • = (

C T E R M I N A T E  T HF L O O P  IF T H E  W E I G H T  IS 0 E X C E P T  IF T H E  S P E C T R U M  IS N O T  P A R T  O F  A
C S U M M A T I O N  HH = N $ F T  W = I G H T s l .

IF ( WEI G h T .Ei.n.rt .AN D .  O D H 1 A  .EO. O . O )  W E 1 G H T = 1 . 0  
I F I H E I S H T  .=■). 0 . 0  > G O T O  2 0 5  

Z / / / / U H  S E T  U =  O R I E N T A T I O N  r e t a  (FI)
DO 20 A I Ì E T A i 1 3 1 . I H ? , I R S T E P  
S E T A  a F l O A T ( I R E T A ) / 1 0 . 0  - 5 0 0 . 0  
G E T A R r S F T A  . P I / 1 R 0 . 0  
S r i = S I N ( T = T A ? )  
c r i r c n s i o P T A R )

c / / / / / / / /  S E T  .¡P O R I E N T A T I O N  FI ( F 2 ) .
D O  ? 0 A  Ir I = ! F i , I F ? , I F S T E P  
F ! = F L O A T (  J F i ) / i o . 0 - 5 0 0 . 0  

C C O N V E R T  F R O M  D E G R E E S  TO R A D I A N S .
FI R = r ! »D !/1.R0.O

C / / / / / / / /  C A L C J L A T F  T R F  C U O R D I N A T F S  O F  T H E  M A G N E T I C  E 1 E L D  IN T H E  M O L E C U L A R  F R A M E  
I F ( N O . E D . 4 ) G O T O  S R 2

Z T H I S  IS T H F  D A R F  O'  A S I N G L E  C R Y S T A L  O R  P O W D E R .
Xt = S T 1 . C F 1
YL * S T l » S r i  
ZL - C T 1 
G O T O  2 0 2  

3 7 ?  C O N T I N U E  
C T H I S  IS H E  F i a p =  C A S E .

SE 2 « S I N ( r IR )
C F 2 : C 0 S ( r IR)
XL f - S T 0 * ( ~ P 2 » ( C T 1 . C E 1 . C T 2 « C F 2  - S E 1 * C T 2 * S E 2  - S T 1 » C F 1 « S T 2 >  - S P 2 *

1 (CTi «r-F; , S F 2  ♦ S r i » C F 2  )> ♦ C T 0 * ( C P 2 * ( - S r i * C T 2 « C E 2  - C T 1 » S T 2  )♦
2 S T l » S r 2 » S ° ?  )
YI = - S T 0 i f C 3 ',» ( - C T l » C F l » S F 2  - 5 F l » C F 2 )  - S P 2 «  (- C T  1 » C F 1  « C T 2 » C F 2  ♦ 

l S F l « C 7 2 . S F - >  » S T 1 * C F 1 . S T 2  )) - C T  0» ( S T l  • ( C T 2 « C )  2 * S P 2  ♦ S E 2 « C P 2 >
2 ♦ C T 1 » S T 7 * S 3 ? )
ZL = - S T 0 » ( C T l « C r l « S T 2 » C F 2  - S F l « S T 2 * S F 2  ♦ S T 1 » C F 1 « C T 2 >  ♦

1 C T 0 * ( - S T 1 » S T ? . C F 2  * C T l » C T 2 )
2 0 2  C O N T I N U E
C / / / / / / / /  C A L C U L A T E  T H F  S P L I T T I N G  A N O  G  V A L U E .

A I D *  S O R K  ( S X » X L ) * * 2  ♦ ( A Y* Y L  > • * 2  ♦ < A Z * Z L ) * » 2  )
G = G v » x _ « . 5  ♦ G y * Y L » » 2  ♦ G 7 * Z L * » 2
SP . i s  « V f  t g h t  
C C J M T r C O U N T  ♦ 1 . 0

C A L L  T h e  P A R A M E T E R S  W E R E  C A L C U L A T E D .  W R I T E  T H I S  P A R T I A L  R E S U L T  .
I F ( I P R I N 7 . E G . l ) W R I 7 E ( 2 » 5 0 7  ) C O U N T ,A L F A ,B E T A ,E I , A ( 1 ) . G  ,

1 P A  .R, J = I G H T
5 0 7  F O R M A T  ( 1 V , e a . O . K  ^ 7 . P ) .  1 X , F U  . J , 2 X . F 8 . 5 . 2 7 X  .

1 I P Z ’ 1 . 3  , ? X .  ? ( r l l . 3 . 2 X )  f  )
C / / / / / / / X  Bull 0 J p  T H E  S P E C T R U M .

C A - L  S 3 E C T R ( 1 . A . I . F R F O . G . O H . D H M . W E I G H T . A A . B 8 . X  . 1 0 0  0. C O U N T  . I S H A P 1 ,
1 ¡ P R I N T  , R A N G = . S T A R T )

7 0 4  C O N T I N U E  
2 0 4  C O N T I N U E  
2 7 5  C O N T I N U E
C W R I ’F T h e  S U M D F  T M =  w e i g h t s . D I V I O E  T h e  S P E C T R A  B Y  T H I S  .

I F I I P R I N T  . e t . 1 ) W RJ TE < 2 , 3 9 3 )  S ?
W N l T t l 2 . ? T M )  C O J N T
IF(SP.EI). 0.*o ) G O T O  3 01 

C / / / / / / / Z  N O R M A L I Z E  T H E  S P E C T R U M .
D O  ?5 j  ! I s l , 1 3 0 0  
k m  ! H ) r  A A C  ! -I)/S3



2 5 1  B B M H ) * B 3 ( ! H ) / S d  
3 0 1  C O N T I N U E  
C

C
C T H E  T W O  S F C T 1 0 N S  R E J O I N  H E R E  
C
C / / / / / / / /  P L O T  T H E  S P E C T R U M  <BR > .

i n i P R I N T  .ED. 1) W R I T E  ( 2 . 9 0 3 1  
CALI G R A P H S < X . B 3 , 1 0 0 0 . 1 . 0 . 2 , G H X , G R T >  

C M A R K  T H E  G V A L U E S  
M A R K Y ( 1 ) = 0 . 0  
M A R K  Y ( 2 ) = 0 . 0  
M A R K Y ( 3 ) = 0 . 0  
M A R K Y ( 4 ) = 0 . 0
M A R k X ( 1 ) = ( 6 6 2 5 . 0 « F R R O / 2 . 0 0 3 6  ) / 9 . 2 7 3 1
Ir C N O . F O .  1) G O T O  7 0 2 0  
M A R K  X (2) = ( 6 6 2 5 . 9  * F R E O / SX ) / 9 . 2 7 3 1
M A R k X ( 3) = ( 6 6 2 5 . 0 • F R E Q / GY ) / 9 . 2 7 3 1
M A R K X ( 4 ) = ( 6 6 2 5 . 0 • F R E Q / GZ ) / 9 . 2 7 3 1
GOTf? 7 0 2 1
MAR»» X ( 2 ) = ( 6 6 2 5 . .0 * F R E Q / G )/ 9..2731
M A R K  X (3) = MA RK X (2)
M A R K X I 4 )  = M A R K X ( P )

7021 CONTINUE
CALI G R A 0 H S ( M A R < X . M A R K Y . 4 . 2 , 6 . 2 . G R X , G R Y )
WIIITEI2. 7 0 7 ) 1  R U N  

C C L E A R  T h e  S T O R A G E  A R R A Y S .
1r ( I R U N . E O .  1> G O T O  65 
IT ( I A D O . E G . 1) G O T O  4 00 

6 5  DO 1 i = 1 . 1 0 0 0  
A1 ( L ) = 0 .0 

1 B ( L ) = 0 . 0  
4 0 0  C O N T I N U E  
C A O O U P T P E  A R R A Y S .

DO 2 5 0  I H = 1 . 1 0 0 0  
Alt ! M ) = A l t  H )  ♦ AA ( IH) »RA 

2 5 0  B ( 1 M )  = 3 ( I H )  ♦ B 9 ( I H ) » R A
C P L O T  T h e  S U M  S 3 = C T R U M  IF R E O J I R E D .

IF C I A D O  .ED. 0) G O T O  7 0 2 2  
W R I T £ ( 2 , 9 0 3 )
CALI G R A = H S ( X . B  . 1 0 0 0 . 1 . 0 . 2 . G R X . G R Y )
C A L L  G » a R H S ( m a R < X , M A R K Y , 4 . 2 , 6 . 2 . G R X . G R Y )
1 R = I H U N - 1
W R I T E  ( 2 . 5 0 5 )  I R . I R U N

7 0 2 2  C O N T I N U F
C R E P E A T  W I T H  a  D I F F E R E N T  L I N F S H a P E  IF I S H A P E  = 2 . R E S E T  THE O R I G I N A L  C O N D I T I O N S .  

I r ( I S H A P E . N E . 2  .OR. I S H A P l . N E .  0 ) G O T O  70 
I S H A P 1  = 1
G O T P (  4 4 . 5 0 0 3 . 6 0 0 3 . 6 0 0 3 ) .NO 

7 0  C O N T I N U F
if([Shape.ed.2 .and. isha3i.ed.i iishapi = oc

c
C IF I R = P £ T = 1  O N E  C A N  R E P E A T  T H E  R U N  W I T H  P A R A M E T E R S  A L T E R E D  I N S I D E  IMF P H O G K A -  

Ir t I W E P E T  .ED. O I G O T O  9 9 9c
C T H I S  IS t h e  s e c t i o n  T O  C O M P U T E  B O T H  X B A N D  0 B A N D  S P E C T R A .

I F i F R F O . N E . F R S T D R  ) G O T O  6 0 0 7



ONE PASSES THROUGH THESE STATEMENTS ONLY AT THE FIRST RUN

T H E  A L T E R N A T I V E S  F R E Q U E N C Y  . R A N G :  A N D  S T A R T I N G  F I E L D  M U S T  B E  G I V E N  H E R E  
AS F R Q N E R .  R N N E H ,  S H N E W .

FKO'.EW: 30.
SRNrw'i 10630.
RNN! H = ? 8 0 .

i n ( F r e o .l t . ? n . o . a n d .f r q n e h .l t . 2 0 . 0 ) .o h . « f r e q .g t .s o . o . a n d .
! F R 3 N S U . 3 T . 2 0 . 0 ) )  G O T O  6 0 0 7

0 S A F E T Y  M A R G I N  IF 3 O T H  F R E Q U E N C I E S  A R E  O F  T H E  S A M E  T Y P E  IS I N C L U D E D  .
C A L S O  R E T U R N  TO O R I G I N A L  F R E Q U E N C Y .

F P E P  = FR.ÎNEH 
R A N G 6 = RNNEVi 
S T A F ' T i S R N E H
G O  TC1 ( 4 4 . 6 0 3 3 . 6 0 0 3 . 6 0 0 3 ) ,  N O  

6 0 0 7  FREfl = F R S T O R  
RANr,£ = R N S T O R
s t a r t = s r s t o r
I K U =  I R U * 1

C S T A R T  R C A N C M I N G  AS D I R E C T E D  P Y  T H E  C O U N T E R  IRU. O N E  C A N  A L T E R  A N Y  P A R A M E T E R  
C ( E X A M R i E S -  IR J  = 0 . G A H M A  = G A M M A . 5 .  . IF ( I G O T O  7 0 0 2  , 1 S H A P D 1  , E T C .  )

G O T O ( 7 0 0 1 , 7 0 0 ? , 7 0 0 3 . 7 0 0 4 , 7 0 0 5 . 7 0 0 6 ) , I RU 
7 0 0 1  C O N T I N U E  

! P Jr n
G C T f  ( 4 4 , 6 0 0 3 . 6 0 0 3 . 6 0 0 3 ) , N O

7 3 0 2  C O N T I N U E
G O T O  ( 4 4 , j o 0 3 , 6 0 0 3 . 6 0 0 3 ) , N O

7 3 0 3  C O N T I N U E
G O T O  ( 4 4 , 6 0 0 3 . 6 0 0 3 . 6 0 0 3 ) . N O  

7 0 0 4  C O N T I N U E
G O T p  ( 4 4 , 6 0 0 3 . 6 0 0 3 . 6 0 0 3 ) . N O

7305 CONTINUE
G O T O  ( 4 4 , 6 0 0 3 . 6 0 0 3 . 6 0 0 3 ) . NO 

7 0 0 6  C O N T I N U E  
S T O P

2 9 2  F O R M A T  ( 3 r .l 0 .5 )
4 5 2  F O R M A  T ( 4 r 1 0 . 5 )
1 9 9  F O R i ' A T ( 6 r 1 0 . 5 )
2 0 3  F O R P A T ( ? n o . S )
5 0 0  F O R M A T  ( 4 1 1 . F 6 . 0 ,  U )
3 FOR' A T ( 3 r l 0 . 5 .  12)
5 F O R * A T ( ? " t 0 . R )
1 GO F O R M A T ( P " 1 0 . 5 )
9 0 3  F O R M A T  ( H i / /  )
1 3 1  F 0 R V A T I 1 2 R  L I N E H I D T H S :  / ( 1 2 * . F l O .5 ) )
1 9 B  F O R M  a t  ( 1 ? H  l I N S a' I DTH: , f s .2 . 7 H  G A U S S .  )
2 9 3  F O R '  A T (/ ? IH L G R 5 N T 7 I A N  L I N E S H A P F .  )
5 0 6  F O R M A T ( / ? H  G A U S S I A N  L I N F S H a P E .  )
9 9 5  F O R M A T ! /  7 6 Y , 2 0 H S U M  O F  T H E  H E I G H T S :  . 1 P E 1 5 . 5 / )
2 3 3  F O R M A T ( 7 6 X . F 6 . 0 . 1 X . 1 1 H C O M P O N : N T S  )
7 3 7  F Q R “ A T ( 1 G 1 X .  7 H R U N  N O  .13)
3 G 5  F n H ' A T ( 2 4 (  T ' R  S U M  O F  T H F  S D E C T R A  . I 2 . 5 H  A N D  ,12)

E N D
S U B R O U T I N E  S = E C T R ( N . A . I . f r e o . g . d . d h h . p .A 3 . a , X . N P ,

1 C O U N T , I S H a p f , I P R I N T  . R A N G E , S T A R T )

C CALCULATES AN3 AGJMJLATES ESR SPECTRA FROM SUCCES!VE CALLS.



C R E T U R N S  T H F  A C U M U L A T E D  A B S O R P T I O N  A N D  D E R I V A T I V E  S P E C T R A .
C T H E  A C U M U L A T O R  IS C L E A R E D  IE C O J N T  ,LE. 1 . 0
C I N P U T  ° A R A M E T E R S = N ( N U M 8 F R  OE N U C L S I ) , A (S P L I T T I N G  IN G A U S S ) . I ( N U C L E A R  S P I N ) ,
C E R E 0 ( G H 7 ) , G  V A L U E . O ( L I N E W I D T H ) . O H H C S P I N  D E P E N D E N T  R I D T H . I E  DM = Q , ) . P ( W E I G H T ) *
C I S H A P F ( f l = L O R  = N T Z I A N . l  = G A U S S I A N ) , I P R ! N T ( 0  = N O  P R I N T O U T  Of I N T E R M E D I A T E  R E S U L T S ) ,  
C N P T N U M 3 F R  O F  P O I N T S ) .
C

REA| A 9 f l ) , 3 ( l ) . X ( l )
R E A L  A ( 1 0 ) ,  I ( 1 0 ) .  M ( 1 0 ) »  D H H ( 8)
I N T E G E R  J A ( 1 0 ) .  J B ( 1 0 )

C
I F ( C O U N T  .G T . 1 . 0  > G O T O  301 

C AT C O U N T  1 P E R F O R M  T H E  F O L L O W I N G  - 
C C L E A R  T H E  A R R A Y  AS 

D O  3 0 0  L = 1 , NP 
3 0 0  AU(l ) = 0 .0
C C A L C U L A T E  T H E  S T E P

S T E P = R A N G E  / F L O A T ( N P )
C S ET R E S T  O F  A A N D  I T O  0 
6 6  N N s H M

I F ( N . F 3 . 1 0 ) G O T O  13 1  
D O  6 L = N N . 1 0  
A (L ) = 0 . 0  

6 I ( L ) = 0 . 0
C S E T  T H E  L I M I T S  O F  T H E  D O  L O O P S  F O R  T HE N U C L E A R  S P I N S .
131 0 0  7 L = 1 .10

J A (1 ) = C 1 0 . 0 - K L )  > » 1 0 . 0  * 0 . 0 0 2
7 JR(l )= ( 1 0 . 0 * 1 (L) ) » 1 0 . 0  * 0 . 0 0 2

L A 1 = J A ( 1 )
L R 1  = J 3 (1 )
L »2 = JA ( 2)
L B ?  = J 3 (2 )
L A3 = J A (3)
L R 3  = J 3 (3 )
L A 4 e J A (4 )
L R 4  = J 9 ( 4 )
L A 5  = J A (5)
L B S  = J 9  (5 )
L A 6 = J A (6)
L R 6  = J 9 (6 )
L A 7 s  J A (7)
L B 7  i j B ( 7  )
L A 0 s J A ( 0 )
L B 3  s J 9 (3 )
L A 9 r J A ( 9 )
L O R  = J 3 (9 )
L A I O s j A ( I O )
L B l P = J 9 ( 1 0 )

C C A L C U L A T E  C O N S T A N T S  
P I = 4 . 0 * A T A N ( 1 . 0 )
C O N S T r , = S 0 R T ( 2 . 0 / P I )
C O N S T L = 2 . 0 / ( P I * S Q R T ( 3 . 0 )  )

C
3 0 1  C O N T I N U E

DH*T>
H F = ( 6 6 2 5 . 0  * F R E O  / G ) / 9 . 2 7 3 1  

C
C S E T  I)» C O M B I N A T I O N S  O F  N U C L E A R  S 3 IN C O M P O N E N T S  B Y  N E S T F D  D O  L O O P S .

L M  = P
0 0  9 9  L 1 - L A 1 . L B 1 . 1 0



LM=t f Ul
M ( 1 1 = L 1 / 1 3 . 0  - 1 0 . 0
DO «8 L ? = L A 2 . L 3 ? , 1 0  
M ( 2 1 = L 2  / i n . O  - 1 0 . 0  
DO 07 L 3 = L A 3 . L P 3 . 1 C  
0 ( 3 1  = 1.3 7 1 0 . 0  - 1 0 . 0
DO OS L 4 = L 4 4 . L R 4 , 1 0  
0(4) = l 4 / 1 0 , 0  - 1 0 . 0
D O  05 L 5 = L A 5 . L 8 5 . 1 0  
0 ( 5 1 = l 5 / 1 0 . 0  - 1 0 . 0
DO 94 L6 = L A 6 ,L 3 6 *10 
0 ( 4 1 = 1 6  7 1 0 . 0  - 1 0 . 0
D O  03 1 7  = L A 7 . ' _ 0 7 . 1 P  
M ( 7 1 = L 7  / 1 0 . 0  - 1 0 . 0
D O  02 L B = L A B . L 8 S , 1 0  
M ( 31 = L 8 / 1 3 . 0  - 1 0 . 0
D O  91 L 9  = LA 9 • L P 9  » 10 
M ( 9 1 =L 9 / 1 0 . 0  - 1 0 . 0
D O  oo L 1 0 = L A 1 3 . L 3 1 0 . 1 0  
M ( 1 0 ) = L 1 3 / 1 0 . O  - 1 0 . 0

c calcolate t h e  3-13ITI0SI o r  t h e  h y p e r f i n e  l i n e
RE St'LT = 0 . 0  
Ir ( C . E 3 .  01 G O T O  81 
D O  8 l = l . N

3 R E S U L T = R E S U L T .  A ( L 1 » M ( L 1  
31 C O N T I N U E

RE Si L T = H r * R = 3 J L T  
I r { D . E D .  0 . 0 )  D H  = D H H ( L M I

C P R I N T  T H E  r e s i l t  ir R E 0 U 1 R E 0  
I F ( I P R I N T  0 1 G 0 T 0  1 70

C t h i s  IS t h e  F O R M A T  i f  T H E R E  A R C  M O R E  N U C L E I
1 F (f . EO. Î I 3 D T 0  2 10
H R 1 T E C 2 . 9 1  ( M ( L ) . L = 1 . N )

9 F O R Ç A T ( / 3 6 4  R O S I T I O N  o r  H Y P E R F . L I N E  F O R  S P I N S :  / ( 1 6 X . F 4 . 1 ) )  
W R I T E « 2 . I I ) R E S U L T

11 F O R C A T I  P 2 H  T H I S  L I N E  O C C U R S  AT . 1 P E 1 5 . 6 . 8 H  G A U S S .  )
U R  I T E ( 2 . 1 1 3 )  I H

1 1 0  F 0 R “ A T ( 1 H .  , 4 4 K , 6 M H I D T H =  , F 6 . 2  . 7 H  G A U S S .  1
G O T E  1 2 0

C T H I S  IS T H E  F O R M A T  IF T H E R E  IS D N L Y  O N E  N U C L E U S
2 1 0  C O N T I N U E

U H I T E ( 2 . ’ 1 U  M C I ) ,  R E S U L T .  D H
2 1 1  F O R h a T( 4 o x , F 6 . t , 2 X »  1 P E I S . 3. O P F 6 . 2  1

C C A L C U L A T E  L I N E  S H A P E S  

1 2 0  C O N T I N J F

D O  51 I H = 1 . ‘JP
Y ( I ‘il = S T A R T  ♦ f l o a t ( I H - i ) . S T E P
H = X ( 1H J

! F ( I SH A P r ■E D . 1 ) 3 D T 0  5 0 0  
C L D R E N T 7 Î 4 N  ’ :-(ESHa = f

a P ( I H 1 = a R ( ! H ! « ( 1 . 0  / ( 1 . 0  ♦ 4 . 0 * C ( H - R F S U L T ) « * ? ) /  ( 3 . 0 » O H » » 2 1 11•
1 < C O n S T l  / D H  1 * P
G O T O  5 3 1

50 G C O N T I N U E



C G A U S S I A N  L I N E S H A ® E
A R G  = ( - 2 . 0 ) *  <( H - R E S U L T ) » » 2  )/ ( D H * D H  )
IF < A R 3  .LT. (- 3 0 . 0 )  > G O T O  6 0 0  
A R ( I H )  r A 3 ( H )  ♦ ( C O N S T G  / O H )  • EXP( A R G )  *P 

6 0 0  C O N T I N U F
5 0 1  C O N T I N U E
C
51 C O N T I N U E
C O N E  H Y P : L I N E  IS C O M P L E T E D
C
90 C O N T I N U F
91 C O N T I N U E
92 C O N T I N U E
93 C O N T I N U E
94 C O N T I N U F
9 5  C O N T I N U E
9 6  C O N T I N U E
9 7  C O N T I N U E
9 8  C O N T I N U E
9 9  C O N T I N U E  
C
C C A L C U L A T E  T H E  F I R S T  D E R I V A T I V E  
C

B < l ) = n . o
DO 6 8  I H = 2 . N P  
I M H = I H - 1
B ( I H ) = (  A R ( I H ) -  AB ( I H H )) /  S T E P  

6 8  C O N T I N U E
C
C A LL L T N F S  C O M P L E T E D .  R E T U R N  T H E  A R R A Y S  TO T H E  M A I N P R O G R A M

R E T U R N
E N D
S I I 3 R O U T I N E  G R A P H S !  X. Y . M .  I C A L L , I S I G N . I P H  I N T ,A ,B )

C TH E  S U B R O U T I N E  S T O R E S  S U C C 6 S I V E  P L O T S  ( L A B E L E D  I C A L L = 1 , 2 ......I P K I U  ) OF
C H X - Y  » P I N T S  A N D  “ P I N T S  O U T  T H E  C O M B I N E D  G K A P H  W H E N  I C A L L  = I P R  I N T .
C S E T  I S I G N = 0  F O P  A U T O M A T I C  c h a n g e  o f  THE P L O T T I N G  S Y M B O L S . O T H E R R I S F  TH E  C H O I C E  
C OF S Y M B O L S  IS C O N T A I N E D  IN T H E  A R R A Y  MM { T H E  D A T A  S T A T E M E N T  B E L O W ).
C A A N D  9 H A V E  T O  BE D I M E N S I O N E D  IN M A I N P R O G  W I T H  T He E X P E C T E D  T O T A L  N U M B E R  
C OF P O I N T S I A  A N D  8 S T O R E  T H E  X A N D  Y C O O R D S  F R O M  S U C C E S I V E  C A L L S . )
C A L S O  M A I N P R O G  S H O U L D  H A V E  C O M M O N  NN( 1 0 0  ) , M S  1 G N{ 1 0 0 )  ,MS. I P O I N T d O O  )

D I M E N S I O N  A i l ) . 9 ( 1 )
D I M E N S I O N  X ( 1 ) , Y ( 1 )
I N T F G E R  A R R A V C 1 0 5 ,  4 4)
C O M M O N  N N { 1 0 0 ) . M S I G N ( 1 0 0 ) . M S . ( P O I N T ( 1 0 0 )
I N T F G E R  X A X . Y A X . S I G N . M M (44)
R E A L  V E R T ( 9)» O R  I 7 ( 6 )
D A T A  MM / 1 H  . 1 4 » , 1 H X . 1 H . . 1 H * . 1 H 1 , 1 H 2 , 1 H 3 . 1 H 4 , 1 H 5 . 1 H 6 . 1 H 7 . 1 H 8 ,

1 1 HR, I H A . I H 9 . 1 H C . 1 H 0 . 1 H E . 1 H F . 1 H G . 1 H H . 1 H I . 1 H J . 1 H < .1 M L .1 H M ,1 M N ,
2 l H O ; i H P . l H 0 , l H R . l H S . l H T . l H U . l H V . l H W . l H Y . l H 2 , l H - . l H r . l H ( , l H ) , l H / /  
I F d C A L L . N E . D G O T O  4
D O  6 1 * 1 . 1 0 0  

6 N N ( I ) s 0  
HS = (1

4 C O N T I N U F
I f ( I C A L L . G T . 1 0 0 ) G O T O  5 0 0  
K(l- I C A L L

. 1 F ( M 3 . E O . O > G O T O  5 0 0
I F ( N N ( X O ) . N E . 0 ) 3 O T O  1 30 
NH(r.a>=M 
IS=I S I G N



I » R = I P R I N T
IP ( I C A L L . L T . l . O ^ . I P R I N T . L T . l . O R . M . L T . l . O R . I S ! G N . L T . O ) G O T O  5 0 0  
ir « I s .ED. 0 ) IS = I C A L L  ♦ 1 
I r C I S . 5 0 . 4 5 ) A R I T E ( 2 . 5 0 2 )

5 0 ?  T O R C A T I  R ? R  E A R N I N G  F R O M  T w E  P L O T T I N G  S U B R O U T I N E :  T H E  A4 S I G N S  E x  
1 H A J S T P D . T 4 E  L A S T  S I G N . / . W I L L  BE U S E D .  )
I F Í J S . G T . 4 4 ) 1 5 = 4 4  
MSICN(*<Q) = MM< IS)
IP01 = M S ♦1 
ID 3 l N T ( K 0 ) = I D 0 l  

MS = M S *  'JN( < Q )
I n o ? = m  sj=o
DO 1 I = 1 3 0 1 . I O O ?
J = J - 1  
A < I ) = X (J )
8 ( I )= Y (J)

1 C O N T I N U E
I f (i j a l l.l t .i 3 r jreturn

51 A ‘4A X A  = A( 1 )
A H l N A s A C 1)
A V A X d = B ( 1)
A M I N B = 3 ( 1)
D O  6 2  1 = 1 . MS
I F ( A ( I ) . G T . A M A X A ) A « A X A = A ( I )
I F ( A ( I ) . L T . A H I N A ) A H I M A = A ( I )
I F ( R ( I ) . G T . A M A X B ) A H A X B = B ( I )
I F ( p ( I > . L T . A ' M N 3 ) A M I N 3  = 9 ( I )

5 ?  C O N T I N J E
xs gale =(a v a x a-a m i n a) /ioa.
YSGALE =(ANAXB-AHINR) / 40.
IF C X S C A L E . E D . 3 . 0  .OR. Y S G A l E . 6 0 . 0 . 0  ) G O T O  5 0 0  
X A X r M M (4 ? )
YAX=MM( 6)
D O  SO 1 = 1 . 1 0 5  
D O  SO J a l .  44 

30 A R R A Y < I , J )= H M (  1)
I F ( A M A X A » A M I N A )  6 0 . 6 1 . 6 1  

6 D  I = - A M I N A  / X S C A L E  ♦ 5 . 5  
D O  <5 J = 1. 44 

6 5  A R R A  Y ( I . J) = Y A X  
G O T O  6?

61 I = 1
D O  6 2  J = l .  44

6 2  A R R A Y ( I , J ) s Y A X
6 ?  IF C A M A X p s A M l ' l S )  7 0 . 7 1 . 7 1
70 J 2 A W A X 3  / Y S C A L E  ♦ 1 . 5  

D O  75 1 = 1 . 1 0 5
7 5  A R R A f ( I , J ) r  / A x  

G O T O  79
71 J = 4 4

D O  72 1 = 1 . 1 0 5
72 A R R a Y ( I . J )= X A X

79 C O N T I N U E
J = 44
D O  t ù  1 = 5 . 1 3 5 . 2 0  

5 0  A R R A f f I . J ) = M M C 2 3 )
DO 5 3 I 1=1.I-all 
! F (N N ( I I ) . N E . 3 ) G O T O  1 2 0  
1= - A M I N A / X 5 G A L E  - 5 . 5



J= A M A X 3 / Y S C A L E  -»1.5 
A R R A Y ( I , J ) = M M ( 1)
G O T O  53

1 2 0  S 1 G N = M S I G N (  I! )
I D O J = ! P O I N T ( I  I ) 
i n O ? = I P O I N T ( i n * N N < I I )  -1 
DO 1 2 2  L = I 0 0 1  » 1 0 0 2  
1= < A d )  - A M I N A  )/ X S C A L E + 5 ,5 
U = ( A M A X R  - 0 ( L ) l / Y S C A L E *  1 . 5  
A R R A Y !  1 , J )= S I G N  

1 2 ?  C O N T I N U E  
5 3  C O N T I N U E

DO 1 0 9  1 = 1 . 9
1 0 9  V E R T  ( I ) = A M A  XB - ( A M A X 8 - A M I N 9 ) * !  I - D / 8 .

00 110 1= 1.6
1 1 0  OR ! 7( I > = A M I N A  ♦ ( A M A X A  - A M  I N A ) • ( I-1) / 5.

W R I T E I 2 . 9 0 )  V E R T ( 1 ) , ( ( A R R A Y ( I , J ) , I = 1 . 1 0 5 ) . J = 1 . 5 ) . V E R T (2).
1 < ( A R R A Y < I , J ) , I = 1 , 1 0 5 ) , J = 5 . 1 0 > . V F R T < 3 > . ( ( A R R A Y ! I , J ) . 1 = 1 , 1 0 5 ) .
2 U = 1 1 . 1 5 ) . V E R T ( 4 ) , ( { A R R A Y ( I , J ) » I = 1 . 1 0 5 ) . J = 1 6 . 2 0 ) , V E R T ( b )  .
3 ((ARRAY!I,J),1=1,105),J=21,25). VERT(6), ((ARRAY(1.J),1=1,
4 105).J = 26.30).VERT(7).((ARRAY!I.J).1=1,105).J=31.35).VERT! 8).
5 ((ARRAY(I.J),1=1.105),J=36,43),VERT(9).!(ARRAY(I.J).I=1,1C5).
6 J = 4 1 . 4 4 ) , ( O R I Z ! I ) . 1 = 1 . 6 )

90 F O R M A T  ( / 1 X , 1 P E 9 . 2 , 1 X . 1 0 5 A 1 , 4 ( / 1 1 X . 1 0 5 A 1 ) .
1 7 ( / l x , F 9 . 2 , l X , 1 0 5 A l ,  4 ! /  1 1 X . 1 0 5 A D )  / 1 X . E 9 . 2 . 1 X , 1 0 5  Al /
? 3 O 1 X . 1 0 5 A 1  / >/
3 9 X , E 1 0 . 3 ,  5 < 10X. E 1 0 . 3  ) )
R E T U R N

1 3 0  C O N T I N U E
H R  I T E ( 2 . 1 3 1 ) KG

1 3 1  f o r m a t i / 5 ? m  e r r o n e o u s  c a l l  o f  s u b r o u t i n e  g r a p h s . a t t e m p t  t o  u s e  i c
1 A L L  = .13. 7 H  T R I C E .  /)
RFTllRN

5 0 0  C O N T I N U E  
W R I T E ( 2 , 5 0 1 )

5 0 1  F O R M A T ( / 4 0 H  E R R O N E O U S  I N P U T  T O  P L O T T I N G  S U B R O U T I N E  /)
R E T U R N
R E T U R N
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